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ABSTRACT OF THE DISSERTATION 

 
 

Regulation of Translocation by Endoplasmic Reticulum Chaperone HSPA13 and 
Consequences on Proteostasis 

 
 

by 
 
 

Mateo F. Espinoza 

 

Doctor of Philosophy, Graduate Program in Microbiology 
University of California, Riverside, December 2019 

Dr. Joseph C. Genereux, Chairperson 
 
 

Import into the endoplasmic reticulum (ER) is a necessary process for the 

third of the eukaryotic proteome that participate in the secretory pathway. 

Proteins that take up residence in the ER or in a cellular membrane must 

successfully enter the Sec61 translocon in order to gain access to the ER 

lumenal complexes responsible for protein maturation.  

Our studies identify HSPA13, a truncated ER-residing Hsp70 protein, as 

an inhibitor of ER import and protein processing. We demonstrate this effect by 

introducing a new peroxidase-based biotinylation assay for selectively labeling 

proteins on either side of the ER membrane. We utilize the secretory protein 

transthyretin (TTR) as a model substrate and show that TTR is inefficiently 

translocated. Furthermore, we discover that TTR that mistargets to the cytosol 

experiences slow degradation. We utilize ultracentrifugation to demonstrate a 

loss of protein solubility that is dependent on HSPA13. 
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Additionally, we explore HSPA13 function by identifying interactors using 

affinity purification followed by liquid chromatography coupled with tandem mass 

spectrometry. Among the discovered interactors were members of protein 

complexes that are involved with signal sequence cleavage and glycosylation of 

nascent protein entering the ER. We discover that mutations targeting HSPA13 

ATPase activity increase HSPA13 regulatory functions, namely inhibition of ER 

protein translocation, maturation and secretion. We also associate the regulatory 

activity of HSPA13 to cytotoxicity, which is enhanced with HSPA13 ATPase 

mutants. 

HSPA13 is conserved in metazoans and presumably provides an 

unidentified role in cell homeostasis. We employed the CRISPR/Cas9 gene 

editing system to develop HSPA13 knockout cells which were found to have 

impaired proteostasis which was observed when they were challenged with ER 

calcium disruption. Cells lacking HSPA13 also mishandled TTR, which provided 

additional evidence of compromised protein regulation. 

 In summary, this dissertation describes the effects of HSPA13 that 

diminish ER protein translocation and maturation, perhaps through direct 

interaction with the machinery involved with both processes. Additionally, 

overexpression or depletion of HSPA13 destabilizes proteostasis and confers 

deleterious effects. 
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Chapter 1: Introduction 
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Introduction 

 

 

Neurodegenerative Disease and Protein Misfolding 

 

The active maintenance of folded protein is critical for cellular processes 

since protein functionality is dependent on proper conformation. Proteins 

naturally unfold over time or under the presence of environmental stress, leading 

to an unfolded state or a misfolded conformation, neither of which provide the 

activity or function of the native conformation [1, 2]. These unfolded and 

misfolded proteins are addressed by either refolding through chaperones or 

disposal of by the cellular protein quality control machinery, leading to the 

ubiquitin proteasome system or autophagy degradation pathways [3-7]. In 

addition to loss of function, unfolded and misfolded proteins are at risk of forming 

cytotoxic aggregates that cannot be degraded and can disable functional protein 

through non-specific interaction, including the maintenance factors that would 

normally handle aberrant protein [8]. The cell must sequester aggregates into the 

aggresome which prevents them from interfering with other cellular components. 

The effects of protein aggregation can be mitigated during cell division: one of 

the daughter cells may take the contents of the aggresome, leaving the other 

relatively unburdened [9-12].  
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Cells that do not undergo constant division are particularly susceptible to 

proteinaceous pathologies. Several neurodegenerative diseases (ND) have been 

linked to the occurrence of abnormal protein deposits and persistent amyloid 

aggregates [13-16]. The most notable examples include Parkinson’s disease 

(PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), and 

Alzheimer’s disease (AD), which is the sixth-leading cause of death in the United 

States. Each ND has a distinctly associated proteins, and thus a unique 

etiologies, pathogeneses, and physiological loci. For example, in PD, α-synuclein 

forms aggregates form intracellularly [17]. Similarly, AD is linked to tau, which 

forms cytoplasmic mass of misfolded protein, as well as amyloid beta (Aβ), which 

forms toxic aggregates extracellularly in the brain [18]. Huntingtin, which is linked 

to HD, and superoxide dismutase (SOD), associated with ALS, both aggregate in 

the cytoplasm [19]. Although each disease is associated with its respective 

pathogenic protein, for the most part, NDs are described as incurable and 

terminal, ultimately leading to irreparable and fatal damage of the nervous 

system [20]. 

There is debate over what stage of protein aggregation is the causative 

agent of neurodegeneration, but most evidence supports the notion of soluble 

intermediate-size oligomers as the most pathogenic form [21, 22]. For example, 

in AD, the toxic species is suggested to be the oligomers of Aβ, which has pro-

apoptotic properties [23]. Oligomeric Aβ may interfere with communication 

between neurons and promote apoptosis [24-26]. There is evidence that Aβ 
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oligomers associate with neuronal receptors such as the neurotrophin receptor 

and the N-methyl-D-aspartate receptor [27-29]. Additionally, soluble oligomeric 

Aβ potentially forms channel pores that can affect intracellular calcium gradient, 

possibly in conjunction with α-synuclein, which is associated with PD [30-33]. 

However, although Aβ transferred between mice causes aggregation, synthetic 

Aβ does not, indicating that host factors are necessary for proteopathic 

pathogenesis [34].  

Additionally, several NDs are associated with aging, with elderly being 

more susceptible to neurodegeneration [35]. With a growing elderly population, 

NDs are expected to become increasingly significant issue. Currently, the 

economic burden of AD alone costs $170 billion, including lost labor and required 

caretaking, while other dementias will cost an additional $70 billion [36, 37]. 

Numerically, there is estimated to 500,000 individuals in the United States that 

have PD and ten times as much with AD. 

In addition to the diseases mentioned above, there are several rare NDs 

with clinical significance that are also associated with misfolded and mismanaged 

proteins. Prion disease, which is linked to the prion protein (PrP), includes 

scrapie in sheep, chronic wasting disease (CWD) in deer, bovine spongiform 

encephalopathy (BSE) in cattle and Creutzfeldt-Jakob disease (CJD) in humans. 

As a proteinaceous neuropathy, prion disease manifests as the formation of 

holes in the brain tissue, resulting from neuronal death. Although prion infection 

generally has a long asymptomatic incubation time, CJD has a notably short 
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period of time between diagnosis and death, about a year. In addition, the variant 

form of the disease (vCJD) has garnered attention over the past couple of 

decades due to its classification as a transmissible spongiform encephalopathy 

(TSE) [38]. Both the classical and variant forms of CJD are linked to the PrP, 

which, like the previously mentioned disease-associated proteins, can form 

amyloid fibrils and is associated with neurotoxicity [39-42]. Prion infectivity and 

transmissibility is connected to the ability of PrP in the scrapie-causing 

conformation (PrPSC) to convert normally folded PrP (PrPC) into the pathogenic 

PrPSC form [43]. However, even if PrPSC is absent, PrPC can still misfold into 

PrPSC, provided the environment is amenable to the shift [44]. The infectious 

factor of vCJD is of interest as proteins are not of the typical classes of 

contagious pathogens: bacterial, protozoan or viral. PrP is generally accepted as 

the causative agent for classical and variant CJD, although competing 

hypothetical infection cycles involving viruses and bacteria exist [45, 46]. 

However, the presence PrPSC is a common factor between the prion disease 

between host species and the absence of other putative pathogens in some 

disease models lends support to the notion that PrPSC is most likely the lone 

causative agent. 

 Another rare ND tied to protein misfolding is familial amyloid 

polyneuropathy (FAP), which is associated with destabilizing mutants of the 

hormone shuttle protein transthyretin (TTR) [47]. Like PrP, TTR is an 

amyloidogenic protein associated with neurodegeneration and is normally routed 
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through the secretory pathway. Similarly, to PrP, TTR is a known substrate of 

ER-associated degradation (ERAD) and is a client of the ER quality control 

systems [48].  TTR normally forms a homotetramer that is comprised of 14 

kilodalton TTR subunits [49]. Nearly half of TTR comprises of beta sheets, which 

are common between amyloidogenic proteins [50]. In the homotetramer, the beta 

sheets form a barrel that acts as the binding pocket for hormone molecules, 

typically carrying thyroxine and retinol, from which TTR is named. Wild-type TTR 

is also causative of cardiomyopathic senile systemic amyloidosis, a more 

widespread ND that is mostly age-associated. Like PrP, TTR can form amyloid 

and oligomers that are cytotoxic to neurons. However TTR-associated FAP is 

familial, with several disease-associated mutations having been identified, each 

affecting the stability and pathogenicity of TTR differently. 

 

Proteostasis: Definition and Overview 

 

The production of protein as effectors and regulators of cellular function is 

a tightly regulated process that requires a myriad of mechanisms for proper 

expression and function. The active maintenance of protein production, 

abundance and maturation is referred to as protein homeostasis, or proteostasis, 

and is conserved across domains, with heat shock proteins (HSP) present in 

virtually all life, from bacteria to humans. The canonical example of proteostasis-

associated regulation was discovered in Drosophila and involves HSPs 
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expressed in response to elevated temperatures. High body temperature was 

observed to lead to protein destabilization, giving the heat shock response (HSR) 

its namesake [51,52]. However, the HSR is activated in the event of protein 

destabilization and is not limited to heat shock; other environmental factors such 

as chemical denaturants and low pH can cause loss of protein conformation that 

lead to HSR induction [52, 53]. 

 The unfolding of protein has two detrimental consequences: the first is the 

loss of protein function and, as a result, deficiency in the pathways and systems 

that affected proteins are members of [54]. The second effect is that unfolded 

proteins with exposed hydrophobic regions pose a risk to other proteins as 

potentially destabilizing interactors. This is consistent with the occurrence of 

NDs, in which misfolded protein form amyloid oligomers that are cytotoxic to 

neurons. In response to an increase in unfolded and misfolded proteins, heat 

shock proteins and other chaperones are upregulated to refold the proteins in 

question or assist in their degradation [55-58].  

In eukaryotes, the maintenance of proteostasis is performed by machinery 

specific to each subcellular compartment. The endoplasmic reticulum (ER) 

contains a notably sophisticated system for detecting and responding to the 

presence of unfolding proteins within the lumen. Due to the high protein traffic 

that passes through the ER as part of the secretory pathway, the ER contains a 

regulatory system called the unfolded protein response (UPR), which comprises 

of sensors, signal pathways and target genes. The UPR can be divided into three  
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Figure 1.1: ATF6 Branch of the Unfolded Protein Response. ATF6 (in green) is 

bound to the ER membrane. Under normal conditions, BiP (in red) is bound to 

the lumenal domain of ATF6. During ER stress, presence of misfolded protein 

will lead to BiP binding to substrate proteins, allowing ATF6 to be transported to 

the Golgi. The ATF6 is then cleaved, freeing the cytosolic domain which then 

enters the nucleus and acts as a transcription factor, leading to UPR 

upregulation.  
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arms, all of which are activated with the presence of unfolded protein [59]. Each 

UPR arm is named after the membrane-bound sensor that initiates signal 

transduction [60]. ATF6, the key protein in the ATF6 arm of the UPR, is activated 

in the presence of unfolded protein and is transported to the Golgi apparatus 

(Fig. 1.1). The N-terminal domain of ATF6 is then cleaved and acts as a 

transcription factor, upregulating UPR genes [61, 62]. Another UPR arm involves 

protein kinase R-like ER kinase (PERK) that phosphorylates the translation 

initiation factor eIF2 alpha subunit, preventing further general translation [63, 64]. 

PERK activation also leads to selective translation of ATF4, which is leads to 

upregulation of genes associated with autophagy [65, 66]. The last UPR arm 

involves inositol-requiring enzyme 1 (IRE1) which also leads to inhibition of 

translation [67]. IRE1 activation leads to regulated IRE1-dependent decay of 

mRNA (RIDD), which depletes transcript needed for protein synthesis, as well as 

the alternative splicing of XBP1 mRNA, allowing for the translation of the UPR 

transcription factor XBP1s [68]. Like the transcription factors upregulated by the 

other arms, XBP1s leads to the expression of UPR factors to increase the 

cellular folding capacity. 

UPR induction is generally thought to be a protective process; pausing 

translation into the ER prevents overburdening of the ER proteostasis systems, 

while an increased expression of chaperones can increase the folding capacity to 

address misfolding proteins [69]. However, there is also evidence that chronic 

UPR activation is detrimental for NDs and exacerbate the neurotoxicity of 
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proteopathic oligomers [70]. Furthermore, upregulation of UPR targets can 

promote apoptosis, which is the case for pancreatic cell death associated with 

diabetes [71, 72]. 

 

ER and Translocation 

 

The ER acts as the processing hub for proteins destined for membrane 

embedding and secretion. Protein that is targeted for the ER contains a signal 

sequence at the N-terminus of the nascent protein. During synthesis, the signal 

sequence protrudes from the free ribosome and is recognized by the signal 

recognition particle (SRP). Elongation of the polypeptide resumes when the 

ribosome is docked to the surface of the ER membrane and the new protein is 

inserted into the Sec61 translocon complex, which acts as a protein transport 

channel for peptide entry into the ER. Once inserted, the new protein can then be 

modified and folded into the proper conformation, with one notable post-

translational modification being the cleavage of signal sequence. Loss of signal 

sequence is necessary for secreted proteins, but not for membrane-bound 

proteins, which use the signal sequence as an anchor in the membrane. During 

synthesis, transmembrane proteins can also switch topology of the initial signal 

sequence by flipping N and C termini to either side of the membrane. If the 

protein has multiple transmembrane domains, these too will be inserted via 

Sec61.   
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As the recipient of about a third of the eukaryotic proteome [73], the ER 

hosts a complement of chaperones and molecular sensors, tied in the UPR 

proteostasis network, to assist in maturation of nascent protein as well as 

detecting and disposing of proteins that have failed to fold into their native 

conformations. An example of a UPR-inducible chaperone is BiP, a member of 

the Hsp70 chaperone superfamily that resides in the ER. As an Hsp70, BiP 

assists in folding and processing proteins that enter the ER. 

  

 

Hsp70 Structure and Function 

 

Across phylogenetic domains, Hsp70s are universally used for refolding 

promotion and maintaining proteins [74, 75]. In Escherichia coli, the Hsp70 DnaK 

is responsible for participating in the refolding of bacterial proteins; in humans 

heat shock cognate 71 (Hsc71) is constitutively expressed and HSPA1A is 

upregulated during stress [76]. Hsp70s commonly possess an N-terminal 

nucleotide binding domain (NBD) which catalyzes ATP into ADP and requires a 

nucleotide exchange factor (NEF) for replenishing a new ATP molecule into the 

NBD binding pocket. The ATPase activity of the Hsp70 NBD regulates the C-

terminal substrate binding domain (SBD) via interdomain interactions (Fig. 1.2). 

The Hsp70 SBD interacts with unfolded proteins while in the “open” conformation 

with a low affinity. At this state, an ATP molecule is bound to the NBD which 
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binds to the lid of the SBD, which keeps the SBD binding pocket open. However, 

delivery of unfolded substrate protein to the SBD by an Hsp40 induces catalysis 

of ATP, leading to an ADP molecule in the NBD. The lid of the SBD is freed and 

clamps on the substrate protein in the “closed” conformation which has high 

affinity to the substrate protein and promotes refolding. The replacement of ADP 

with ATP in the NBD by an NEF reopens the SBD, freeing the substrate protein. 

If the protein requires refolding, it may be captured again by an Hsp40 and then 

the cycle may repeat [77].  

The primary focus of this dissertation is the ER Hsp70 protein HSPA13, 

also known as the stress 70 chaperone Stch [78]. Like other Hsp70s, HSPA13 

contains an NBD and presumably has ATPase activity. However, HSPA13 does 

not have an SBD and cannot bind with proteins in the canonical Hsp70-substrate 

interaction [79]. This raises several questions about HSPA13 presence and 

function, especially as the truncated chaperone protein is commonly present in 

metazoans; NBD-only ER chaperones are predicted in Nematostella vectensis 

(starlet sea anemone) and identified in model nematode Caenorhabditis elegans, 

and vertebrates. Additionally, HSPA13 is universally expressed in all human cell 

types, further suggesting functional importance [80]. While the conservation of 

HSPA13 implies a critical role, there is very little known about HSPA13 function. 

HSPA13 has a 42% shared identity with the NBD of BiP, except for a large 

linking insert between residues 317-361 of HSPA13 that does not align with BiP. 

The linker sequence is poorly conserved, but nevertheless present across   
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Figure 1.2: Diagram of Hsp70 Cycle: Hsp70 with substrate binding domain (SBD) 

and nucleotide binding domain (NBD; in red and blue, respectively) changes 

between open and closed conformation depending on whether there is an ATP 

(green hexagon) or ADP (yellow hexagon) bound to the NBD. While open, the lid 

of the SBD interacts with the NBD, keeping the SBD binding pocket exposed for 

interaction with exposed unfolded domains. Open conformation Hsp70 may 

interact with Hsp40 (purple) carrying unfolded substrate (light brown), facilitating 

the consumption of ATP and leading to Hsp70 switching to the closed 

conformation. The Hsp70 is clamped to the substrate and folding through 

cochaperones (not shown) can occur. The ADP is exchanged for new ATP by 

nucleotide exchange factor (NEF; teal), opening the SBD and releasing the 

substrate protein.  
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species. Like BiP, HSPA13 expression is upregulated by the IRE1 wing of the 

UPR, specifically by the presence of transcription factor XBP1s. 

Despite not having a characterized function or role, HSPA13 has been 

associated with diseases, namely gastric cancer and prion-based neuropathy. A 

deletion mutant of HSPA13 was found to be strongly associated with gastric 

cancer in the Japanese population, suggesting that HSPA13 function [81, 82]. 

HSPA13 was also shown to interact with thioredoxin-interacting protein (Txnip), 

which is drug target of interest due to its involvement in inflammation and 

diabetes [83-85]. However, the most relevant HSPA13-associated disease to this 

dissertation is prion disease. In mice containing human chromosome 21, which 

contains the Hspa13 gene, inoculation with infectious PrP led to lifespans that 

were shorter than those of PrP-infected wild-type mice. The earlier onset of 

symptoms and death indicated an enhanced pathogenicity of prions when 

HSPA13 was present [86]. Specifically, overexpressing mouse Hspa13 

recapitulated the same lifespan attenuation. Furthermore, siRNA knockdown of 

Hspa13 lowered prion infection levels in cell culture, reinforcing the correlation of 

HSPA13 levels with prion toxicity.  

Factors that accelerate prion disease include mutations of PRNP, the 

gene encoding PrP, loss of proteasomal protein degradation function and 

modulating the kinetics of PrP import into the ER [87, 88]. Lowering the efficiency 

of PrP translocation lead to advanced aging traits in mice as well as decreased 

fitness during development. Of the three factors impacting PrP toxicity,   
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translocation efficiency was determined to be a more probable target of 

regulation by HSPA13. In addition to the enhanced neurotoxicity shown when 

HSPA13 is present with PrP, CRISPR knockout of HSPA13 resulted in 

hypersensitivity to signal peptidase inhibitor cavinafungin, which implies a 

potential role in maturation of ER proteins, which generally require cleavage of 

their signal sequences. Lastly, HSPA13 was found to associate with the Sec61B 

component of the translocon channel [89]. This putative translocation regulatory 

role was the basis for the focus ER import and proteostasis experiments that 

revolved around HSPA13 effect on overexpressed ER proteins  

 

Import and TTR-based Proteostasis Models 

 

 While PrP was determined to be affected by HSPA13’s unidentified 

function, mammalian prion in a scrapie conformation presents a significant 

hazard due to its transmissibility, toxicity and degradation resistance. 

Furthermore, PrP is a transmembrane protein, which poses difficulties in 

analysis, as opposed to a soluble protein in the secretory pathway. Instead, we 

employed the transthyretin (TTR) model for investigating HSPA13. As a hormone 

shuttle, TTR is normally secreted as a homotetramer, but can dissociate over 

time or due to the presence of mutations. Monomeric TTR can for amyloid or 

aggregates due to the tendency to unfold and expose its beta sheets. 
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 Mammalian cell culture was used as the biological model system for 

testing HSPA13 effects and function. Human embryonic kidney cell line 293T 

(HEK293T) was chosen as a model due to its common usage as a workhorse 

line for cell biology and biochemistry experiments. Additionally, the cell line is 

relatively resilient to rough handling and is susceptible to calcium phosphate-

based transfection, which was heavily utilized in this work. The controlled 

expression of targeted protein was a critical component in the study of HSPA13.  

In the following chapters, we identify a regulatory role of HSPA13 on ER 

translocation and the downstream consequences. In Chapter 2, we describe an 

effect by HSPA13 that limits the maturation and translocation of TTR and 

describe the effects of this phenotype. Additionally, we introduce a new facile 

technology that detects protein localization to either side of the ER membrane. 

We identify a list of interactors that can shed light on the role of HSA13. In 

Chapter 3, we introduce mutations to HSPA13 to interrogate Hsp70 function. We 

also employ the CRISPR/Cas9 gene editing system to develop HSPA13 

knockout lines, which we test for shifts ER proteostasis capability. We identify a 

loss of maturation with secreted protein. 
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Introduction 

  

 The endoplasmic reticulum (ER) is the site of protein targeting for roughly 

one-third of the eukaryotic proteome [1]. The proteins that enter the ER are 

diverse in structure and function, but generally contain an N-terminal signal 

sequence or a hydrophobic transmembrane domain (TMD) for recruitment of 

transport factors to cross the ER membrane. There are two converging routes of 

entry into the ER: co-translational translocation and post-translational 

translocation [2]. Between the two pathways, co-translational translocation is 

better understood and more commonplace for soluble ER-targeted proteins and 

proteins containing a TMD [3]. During protein synthesis, N-terminal signal 

sequence or a hydrophobic TMD will become exposed outside of the ribosome, 

leading to binding by the signal recognition particle (SRP) and arrest of 

elongation of the peptide chain (Fig. 2.1) [4-6]. The ribosome remains stalled until 

a series of interactions at the ER surface occur. The SRP binds to the SRP 

receptor [7], leading to docking of the ribosome to the Sec61 translocon channel. 

The nascent protein forms a loop with both N- and C-terminal ends remaining in 

the cytosol and the middle entering the ER. If a TMD is present, the orientation of 

the termini is dependent on the protein, leading to diverse topologies with the N-

terminus in the ER lumen (Type I and Type III transmembrane proteins) or 

cytosol (Type II single pass or Type IV multipass transmembrane proteins). 

Translation resumes and the elongating protein is inserted into the ER lumen as 
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it is synthesized, with elongation providing the force needed for entry. The signal 

sequence is cleaved for secretory or soluble proteins targeted to the ER; 

transmembrane or anchored proteins remain uncleaved [8-10]. Post-translational 

translocation is the less common route, taken by small secreted proteins and C-

terminal tail-anchored proteins. As opposed to the previous process, proteins 

undergoing post-translational translocation are fully synthesized in the cytoplasm, 

then directed to the Sec61 translocon. The TMD of post-translationally 

translocated proteins is bound by the 40 kDa TMD recognition complex (TRC40) 

and localizes to the ER membrane [11]. Since Sec61 channel only acts as a 

passive opening for protein, chaperones in the ER lumen are required to pull 

synthesized peptides through the translocon [12-14]. Post-translationally 

translocated proteins differ from proteins translocated co-translationally by the 

hydrophobicity of the signal sequences [15,16], which are generally less 

hydrophobic and thus have less affinity to SRP. ER protein in the cytosol will also 

bind to cytosolic Hsp70s before insertion into Sec61 [17].  

 The export of protein from the ER to the cytosol also involves channels for 

export. A crucial ER proteostasis mechanism is the ER-associated degradation 

pathway (ERAD), which uses ER chaperones to transport misfolded and 

unfolded proteins to the cytosol for ubiquitination and proteasomal degradation, 

putatively through Sec61 or the ubiquitin ligase Hrd1 [18-23]. An example of 

ERAD is in the disease etiology for cystic fibrosis (CF), where mutant CF 

transmembrane conductance regulator (CFTR) ΔF508 misfolds upon ER entry  
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Figure 2.1: Diagram of translocation of secreted protein. Shortly after elongation 

begins, the N-terminal signal sequence (brown line) of a secreted protein is 

exposed outside of the ribosome. Synthesis is arrested when the signal 

recognition particle (SRP) binds to the signal sequence and resumes when the 

SRP binds to the SRP receptor. Nascent protein is then inserted into the ER 

lumen through the Sec61 translocon with the middle of the protein looping into 

the ER and the ends at the membrane. Protein targeted for secretion is cleaved 

at the signal sequence, freeing the polypeptide.  
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[24, 25]. The misfolded protein is recognized and removed by ERAD and 

subjected to the 26S proteasome [26, 27], which degrades the protein and 

removes it from cellular circulation.  

Transport into the ER is a tightly regulated process since the ER 

environment is distinct from that of the cytosol [28, 29]. The ER lumen contains a 

high concentration of calcium ions and is overall an oxidizing milieu that is 

necessary for the chaperones and signaling factors present in the ER, such as 

calnexin and calmodulin, respectively [30, 31]. As a result, cytosolic proteins are 

likely to be rendered misfolded and non-functional in the ER. This mislocalization 

of cytosolic proteins to the ER is prevented with the signal sequence-dependent 

mechanisms mentioned above [32]. The requirement of recognizable signal 

sequences means that cytosolic proteins do not end up in the ER. However, 

mistargeting or mislocalization of ER protein to the cytosol can occur as the 

result of activation of the protein quality control (PQC) regulators. In the presence 

of ER stressors that lead to proteostatic imbalance, PQC prevents protein from 

entering the ER and promote their degradation [33]. This allows the folding 

mechanisms of the ER to prioritize and refold the misfolding proteins present in 

ER instead of new proteins [34, 35]. Such is the case for amyloidogenic prion 

protein (PrP), which can misfold and cause neurodegeneration. Importantly, PrP 

pathogenicity can be modulated by the efficiency of transport into the ER  [36-

38].  
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 Prion disease is associated with protein misfolding, a characteristic 

common to other neurodegenerative diseases [39, 40], which each have their 

respective misfolding proteins [41-46]. In prion disease, PrP in the toxic scrapie 

conformation (PrPSC) can recruit and convert PrP in the normal conformation 

(PrPC) to PrPSC [47]. Due to the increased presence of beta sheets, PrPSC can 

form degradation-resistant amyloid aggregates that further coalesce into larger 

fibrils. However, amyloid disease manifests as a result of the smaller oligomeric 

aggregates [48-52]. While the mechanism of PrP pathogenesis has not been fully 

elucidated, factors affecting PrP virulence have been identified. One such factor 

is the activity of ER proteostasis maintenance to prevent PrP aggregation [53-

56]. Another factor is decreasing the translocation efficiency of PrP, both by 

switching the signal sequence and by inducing PQC. Another host susceptibility 

factor was the presence of HSPA13/STCH, a microsomal/ER Hsp70 [57, 58]. 

HSPA13 overexpression reduced the incubation time of PrP in mice, thus 

accelerating prion disease. Furthermore, HSPA13 knockdown resulted in less 

PrP aggregation. In addition to the previous factor, HSPA13 possibly accelerated 

prion disease as a translocation inhibitor. Another piece of evidence that 

suggested HSPA13’s role in translocation was a potential association with signal 

peptidase: HSPA13 knockout cells were significantly sensitized to cavinafungin, 

a Sec11 signal peptidase inhibitor [59]. 
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The interactions HSPA13 has with other proteins would provide insight as 

to what role HSPA13 fulfills. Since Sec11 is localized at the ER membrane, there 

was the possibility that HSPA13 is also membrane associated. Additionally, 

proximity biotinylation targeting of translocon subunit Sec61B lead to 

identification of HSPA13 as a membrane-associated protein [60]. However, the 

few proteins that have been identified as potential HSPA13 binding partners have 

not been enough to establish or imply HSPA13 function. The C-terminus of 

HSPA13 was found to interact with ubiquitin-like protein/ubiquilin 2 (UBQLN2) 

through yeast two-hybrid (Y2H) assay [61]. Other Y2H-determined interactions 

involving HSPA13 include acid/base transporters necessary for regulating pH 

[62]. While these examples demonstrate interaction in the yeast model, they are 

limited due to the inherent flaws of Y2H leading to false positives [63]. HSPA13 

was also determined to interact with Txnip, through BioID [64]. One such caveat 

with the findings is localization: UBQLN2 and Txnip are cytosolic proteins, while 

the pH regulators are integral to the cell membrane, neither an expected site for 

HSPA13.  

 Here we investigate the effect HSPA13 has on ER translocation, using 

transthyretin (TTR) as a model protein. We hypothesize that HSPA13 can 

negatively regulate protein transport into the ER and can thus adversely affect 

the maturation and processing of ER-targeted proteins. To test this hypothesis, 

we utilize a peroxidase biotinylation assay for identifying protein localizing to 

either the ER or the cytosol. We also identify several HSPA13 interactors, using 
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multiplex quantitative proteomics, to support our findings that HSPA13 is involved 

with translocation regulation. Our HSPA13 interactome discovery provides insight 

to binding partners that are involved with ER import and are potentially affected 

by HSPA13 activity. We also observe the downstream effects on proteostasis 

due to protein mistargeting by HSPA13.  
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Materials and Methods 
 

Plasmid DNA  

 Mammalian expression vectors were purified as transfection-ready 

maxiprep DNA stocks. HSPA13 and eGFP control were ligated into the pDEST30 

backbone. FLAG-TTR was prepared in pcDNA3.1. BiP and ERDJ3 were 

prepared in pCMV1 and pCMV6 respectively. Cytosolic peroxidase pcDNA3 Cyt-

APEX2 was a gift from Alice Ting (Addgene plasmid # 49386 ; 

http://n2t.net/addgene:49386 ; RRID:Addgene_49386) [65]. pCMV-

erHRP(N175S mutant) was a gift from Joshua Sanes (Addgene plasmid # 79909 

; http://n2t.net/addgene:79909 ; RRID:Addgene_79909) [66]. 

 

Site-Directed Mutagenesis 

 Primers (Integrated DNA Technologies) incorporating the nucleotide 

changes needed for amino acid substitution were included for site-directed 

mutagenesis (SDM) PCR amplification of the wild-type plasmid. Amplification 

was conducted with Q5 polymerase (New England BioLabs s M0491S). Post- 

PCR template DNA digestion was performed with DpnI (New England BioLabs 

R0176S). Amplicons were ligated with T7 DNA ligase (New England 

Biotechnologies M0318S) and transformed into DH10β electrocompetent cells 

using a Bio-Rad MicroPulser electroporator set at 1.4 kV. 
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PIPE Cloning 

 Primers for PIPE PCR were designed to bind to either the vector 

backbone or the targeted insert, with an overhanging sequence on the 5’ end 

which was complementary to the opposite amplicon. The amplified vector and 

insert, resulting from the separate PCRs, were digested with DpnI and combined 

in a 3:17 vector to insert ratio. These were used to transform DH5α chemically 

competent cells, which were heat shocked at 42°C for 45 seconds.  

 

Cell Culture 

 Human embryonic kidney cell line 293 with T antigen (HEK293T) were 

expanded and grown in Dulbecco’s Modification of Eagle’s Medium (DMEM; 

Corning 10-013-CV). SH-SY5Y neuroblastoma cells were similarly grown in 

DMEM/Ham’s F-12 (Corning 15-090-CV). Cells were transfected at 20-60% 

confluence, prior to extensive contact inhibition. Transfection vehicle was calcium 

phosphate (Ca3(PO4)2), formed by mixing DNA in 250 mM CaCl2 and 2x HEPES 

buffered saline (2x HBS) 1:1 under vortex. The resulting transfection solution was 

added dropwise to the cells with fresh media replenishment following 16 hours 

after. For drug treatments, cells were given fresh media containing dimethyl   
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sulfoxide (DMSO)-solubilized drugs and incubated for 16 hours. For harvesting, 

cells were rinsed twice with 1x phosphate buffered saline (DPBS; GE Hyclone 

SH30028.03) and lysed in protease inhibitor (Roche c0mplete EDTA-free) diluted 

1:10 in radioimmunoprecipitation assay (RIPA) buffer, which consisted of 50 mM 

Tris, 15 mM NaCl, 1% Triton X100, 0.5% deoxycholate and 0.1% sodium dodecyl 

sulfate (SDS). 

 

Protein Quantification 

 Protein concentration prior to immunoassay or mass spectrometry was 

determined by spectrophotometry (Agilent Cary 50 and 60). Protein solution was 

diluted 1:1000 in Bradford reagent or 1x BioRad Protein Assay Dye (5000006). 

 

Microsomal Separation 

 HEK293T cells were suspended in HBS/PI, consisting of 20 mM HEPES, 

100 nM NaCl and 1 M EDTA.  Cell suspensions were incubated with digitonin for 

30 minutes, then centrifuged for 10 minutes at 10,000 x g, resulting in separated 

pellets and supernatants. Pellets were resuspended in HBS/PI with 1% Triton x 

100. Both pellets and supernatants were reduced and boiled for Western blot. 
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Proximity/Translocation Assay 

 HEK293T cells expressing either ER-targeting horseradish peroxidase 

(ER-HRP) or APEX2 with the nuclear export sequence (Cyt-APEX2) were 

incubated with 0.5 mM biotin phenol for 30 minutes. Hydrogen peroxide (H2O2; 

final concentration of 1 mM) was added to the cells under gentle agitation for one 

minute. The labeling reaction was stopped by a quenching solution, consisting of 

5 mM Trolox, 10 mM sodium ascorbate and 10 mM NaN3, all in DPBS. The 

quenching-DPBS was used to rinse the cells three times. The cells were 

harvested and lysed in a mixture of quenching solutions (using above 

concentrations) in RIPA and protease inhibitor. 

 The labeled lysates were incubated with avidin-coated beads  and rotated 

overnight at 4°C. The beads were centrifuged and rinsed with wash buffer, 

consisting of 100 mM Tris and containing 2x RIPA, 1 m KCl, 100 mM Na2CO3 

and 2 M urea. Labeled protein was eluted from the avidin beads by boiling with 

Laemmli containing 10 mM DTT for 10 minutes. 

 

Immunoprecipitation and Glycosylation Assay 

 Cells were crosslinked with 2 mM dithiobis(succinimidyl propionate) (DSP) 

for 30 minutes under rotation, at room temperature, followed by quenching with 1 

M Tris (pH 8.0; diluted 1:11) for 15 minutes under rotation, at room temperature. 

Normalized proteins suspensions (cell lysate or media) were first incubated for 

pre-clearance with sepharose 4B beads for 30 minutes under rotation. Pre-
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cleared lysates were then incubated overnight with M2 anti-FLAG magnetic bead 

(Sigma-Aldrich M8823-1ML) with rotation. The M2 beads were rinsed four times 

with RIPA and precipitated via magnetic rack. The bound protein was eluted by 

boiling the beads in Laemmli loading dye at 100 °C for five minutes. Dithiothreitol 

(DTT; final concentration of 25 mM) was added to the samples, which were then 

boiled again.  

 

Western Blot 

Laemmli loading dye including 100 mM DTT was diluted 1:6 in normalized 

protein solutions. The Western blot samples were boiled for five minutes and 

loaded onto 1 mm SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels 

cast in the Bio-Rad Mini-PROTEAN system. Samples were run through the 

stacking layer, under 65 volts for 30 minutes, followed by 175 volts to the length 

of the gel.  

The gels, filter paper and nitrocellulose membrane were saturated in 

Towbin’s buffer, consisting of 25 mM Tris, 192 mM glycine, 20% methanol (per 

Bio-Rad transfer buffer recipes). The assembly was semi-dry transferred in a Bio-

Rad Trans-Blot Turbo for 60 minutes at 25 volts and 1 A. After transfer, 

membranes were assayed for overall transfer efficiency and quality with Ponceau 

S stain. 
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Membranes with transferred protein were blocked with 5% milk in Tris 

buffered saline (TBS) for 40 minutes, then rinsed repeatedly with TBS with 0.1% 

Tween 20 (TBST). The membranes were probed with primary antibody diluted 

1:1000 (anti-FLAG, anti-HSPA13) or 1:5000 (anti-beta actin) in TBS containing 

5% bovine serum albumin (BSA) and 0.1% sodium azide (NaN3) for two hours. 

The membranes were rinsed with TBST, then probed with secondary antibody 

targeting the primary host and conjugated to 680 nm (anti-mouse) or 800 nm 

(anti-rabbit) fluorophores. The secondary antibodies were diluted 1:20000 in 5% 

milk in TBS and incubated with the membranes for 40 minutes. The membranes 

were repeatedly rinsed with TBST, followed by a final rinse in TBS. Completed 

Western blots were imaged with a Li-Cor Odyssey Fc, using 700 nm and 800 nm 

filters and exposure times of 10 minutes each. The images were adjusted and 

rotated with Li-Cor’s Image Studio, with quantification also performed, if 

necessary. 

 

Ultracentrifuge 

 Normalized cell lysates were balanced to within 2 mg of each other with 

RIPA in Beckman-Coulter polypropylene ultracentrifuge tubes (357448) and spun 

in a Beckman-Coulter Optima Max-XP ultracentrifuge, using a TLA-55 rotor. 

Samples were spun at 77,000 x g for four hours, at 4°C and under vacuum. 

Pellets formed from ultracentrifuge were rinsed four times with RIPA and 

incubated overnight with 8 M urea at 4°C. The solubilized pellets were diluted 1:4 
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with RIPA for a final urea concentration of 2 M and prepared for Western blot by 

addition of reducing Laemmli and boiling for 5 minutes at 100 °C for 5 minutes. 

The boiled solubilized pellets were spun at 21,000 for 5 minutes to precipitate 

any remaining debris.  

 

Mass Spectrometry 

 Isolated proteins were precipitated with methanol-chloroform, then 

solubilized in 100 mM HEPES buffer containing 1% Rapigest. The samples were 

reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 minutes, 

followed by alkylation with 5 mM iodoacetamide for 15 minutes. The proteins 

were digested into peptide fragments with 1% trypsin and incubated overnight at 

37°C. The peptide samples were solubilized in 100 mM HEPES (pH 8.0) and 

labeled with tandem mass tags (TMT) dissolved in acetonitrile, up to a final 40% 

concentration of acetonitrile. Incubation with TMT solution took place over one 

hour at room temperature, followed by quenching with ammonium bicarbonate 

(0.4% final concentration). The labeled peptides were pooled and dried to 10 uL, 

then brought up to 200 uL with Solvent A, which consists of 5% acetonitrile and 

0.1% formic acid, and acidified to pH 2. The samples were incubated at 37°C for 

30 minutes and centrifuged at 21,000 x g to remove Rapigest to complete mass 

spectrometry (MS) sample preparation. 
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The prepared peptide mixture was processed with liquid chromatography 

mass spectrometry (LC-MS), performed with a Thermo LTQ Velos Pro mass 

spectrometer and EASY-nLC 1000 liquid chromatograph. For each set of 

samples, the peptides were loaded on a multidimensional protein identification 

technology (MuDPIT) column. Separation of peptides was conducted in an 

analytical column containing 3 micron C18 resin (Phenomenex), using a 7-55% 

gradient concentration of Solvent B, which consisted of 80% acetonitrile and 

0.1% formic acid, at a flow rate of 500 nL/min. A current of 3 kV was used for 

electrospray ionization. A 60 second exclusion duration at normal resolution was 

used to allow for data-dependent analysis. High energy collisional dissociation 

(HCD) at 38 kV (3 steps; 12% width) was used, followed by identification and 

quantification of the MS/MS spectra through the IP2 search engine, using the 

ProLucid algorithm for analysis. 
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Table 2.2 Tandem Mass Tag Channels (Immunoprecipitation, Ultracentrifugation)  

IP – Replicate  Channel 

GFP-1 126 

GFP-2 127C 

GFP-3 128C 

HSPA13-FLAG-1 129N 

HSPA13-FLAG -2 130C 

HSPA13-FLAG -3 131 

UC – Replicate  Lysate Channel Pellet Channel 

GFP-1 126 126 

GFP-2 127C 127N 

GFP-3 128C 128N 

HSPA13-1 129N 129N 

HSPA13-2 130C 130N 

HSPA13-3 131 131 
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Results 
 

HSPA13 Effects on TTR Import 

 To test the hypothesis that HSPA13 has an inhibitory effect on ER-

targeted protein, we used transthyretin with a FLAG tag (FLAG-TTR) inserted 

behind the signal sequence so that the epitope would be located at the N-

terminus of the mature TTR protein. Western blots of lysates from HEK293T cells 

transfected with FLAG-TTR revealed two monomeric forms of FLAG-TTR: one at 

the expected 16 kilodaltons (including the double FLAG tag) and a heavier 18 

kilodalton species. This larger monomer was predicted to be uncleaved immature 

FLAG-TTR that still contained the signal sequence since the signal sequence 

was approximately 2 kilodaltons [67]. With HSPA13 co-transfection, the mature 

FLAG-TTR monomer decreased in quantity (Fig. 2.2A), while slightly increasing 

the amount of the immature monomer. Addition of proteasome inhibitor MG132 

lead to a synergistic effect with HSPA13, with further diminishment of mature 

FLAG-TTR and an increase in the amount of immature FLAG-TTR (Fig. 2.2A, B), 

indicating that the immature monomer is targeted for degradation, most likely due 

to destabilization. An unstable and uncleaved ER protein suggested failed ER 

import since the signal peptidase components are localized to the ER lumen. In 

addition, the 26S proteasome is cytosolic, further implying the immature 
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Figure 2.2: HSPA13 effects on FLAG-TTR maturation. A) HEK293T cells 

transfected with FLAG-TTR mammalian expression vectors with or without 

HSPA13 co-transfections were grown to full confluency with a 16-hour treatment 

with MG132 proteasomal inhibitor or vehicle. The lysates were reduced and 

denatured for SDS-PAGE, followed by Western blotting. The indicated antibodies 

were used for probing the blot, followed by near-IR fluorescent secondary 

staining. B) Percent immature FLAG-TTR of total near-IR signal. Ratios were 

assessed for significance using ANOVA, followed by Tukey’s post hoc test (n = 4; 

**, p < 0.01; *, p < 0.05).  
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Figure 2.3: Microsomal separation of ER proteins by digitonin. A) Schematic of 

digitonin-based microsomal separation assay. ER contents (yellow) are 

contained in microsomes that lyse at higher concentrations of digitonin but 

remain intact at lower concentrations. Microsomes can be precipitated by 

centrifugation, leading to a pellet and supernatant fraction. Lysed microsomes 

will result in ER proteins in the supernatant. B) HEK293T cells transfected with 

FLAG-TTR, with or without HSPA13 were incubated with variable concentrations 

of digitonin for 30 minutes, then centrifuged for pellet and supernatant fractions.  
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FLAG-TTR is also in the cytosol since MG132 increased its abundance. MG132 

increases ER protein load by inhibiting ERAD, but this did not explain the relative 

increase of immature FLAG-TTR with HSPA13 since mature FLAG-TTR 

decreased. The presence or absence of signal sequence is suggests localization 

to either the cytosol or ER, respectively, however there remained the possibility 

that immature FLAG-TTR had successfully translocated across the ER 

membrane without cleavage. To determine the location of the immature 

monomer, we utilized microsomal separation to isolate and lyse the ER across 

an increasing gradient of digitonin (Fig. 2.3) [68]. We found that the immature 

monomer appeared in the supernatant at lower concentrations of digitonin, 

whereas the mature monomer appeared much later. The contrasting 

accessibilities of each monomer supported the previous result suggesting that 

the mature FLAG-TTR monomer is ER-localized while the immature monomer is 

in the cytosol.  

 We revisited the question of whether HSPA13 impairs translocation of 

FLAG-TTR. While microsomal separation was useful in determining which form 

of FLAG-TTR was present in the ER, the impact of HSPA13 on compartmental 

preference of the monomers was not clear due to the limitations of the assay. 

With gradient microsomal separation, observed trends between proteins and 

locale across increasing digitonin concentrations, but determining small shifts in 

relative abundance, such as those that were proposed with HSPA13, was 

impractical. In addition, microsomal separation is inefficient in practice, since 
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multiple gradient samples are required per treatment (e.g. Fig. 2.3B required one 

Western blot per condition). Thus, we utilized a labeling assay to identify proteins 

on either side of the ER membrane. We employed two soluble peroxidases for 

the labeling assay: an ER-localizing horseradish peroxidase (ER-HRP) and a 

cytosolic APEX2 with a nuclear export signal (Cyt-APEX2). Both peroxidases 

were able to catalyze a reaction with biotin-phenol and hydrogen peroxide, 

leading to biotinylation of neighboring proteins (Fig. 2.4A). Since ER-HRP and 

Cyt-APEX2 targeted different locales, we predicted that the labeled proteins 

would be preferentially either ER-localizing or cytosolic, depending on which 

peroxidase was present. Proteins tagged with biotin could then be purified by 

avidin-conjugated beads. The purified protein could be separated out by SDS-

PAGE and identified with Western blot.  

The efficacy of this method was demonstrated by the labeling of Hsp70 

proteins from either environment. As we expected, Hsp70s from the cytosol or 

the ER were purified in the presence of their respective peroxidase. Importantly, 

purification was dependent on biotin-phenol and was thus the result of labeling. 

Cytosolic HSPA1A was purified with Cyt-APEX2 labeling (Fig. 2.4B). Similarly, 

binding immunoglobulin protein/glucose requiring enzyme 78 (BiP/GRP78) was 

present when ER-HRP was used. Selectivity between the two purifications was 

demonstrated by the preferential precipitation of cytosolic β-actin with labeling 

carried out by Cyt-APEX2. We did observe intense background with HSPA1A 

probing from ER purification without HSPA13 (fifth lane), but this was determined 
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to be from the anti-TTR probing, using the same channel as anti-HSPA1A. Other 

replicates where HSPA1A is probed first do not display this background (data not 

shown). As expected, HSPA13 was also labeled by ER-HRP, showing ER 

localization. We determined that FLAG-TTR overall expression was not greatly 

affected by the presence and activity of either peroxidase by observing similar 

FLAG-TTR present in the unlabeled lysates. However, in the purified eluates, 

FLAG-TTR presence was detected in the cytosol with the Cyt-APEX2 when 

HSPA13 was cotransfected. Interestingly, an unidentified intermediate band with 

a mass between the immature and mature monomers was also isolated from the 

cytosolic labeling. For ER labeling, FLAG-TTR signal decreased with HSPA13, 

further supporting the notion of inhibition of translocation by HSPA13.  
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Figure 2.4: Proximity Labeling Assay A) Schematic of labeling strategy and 

timeline. ER-HRP and Cyt-APEX2 peroxidases (green hexagons) are expressed 

in either the ER or cytosol, respectively. Upon addition of hydrogen peroxide 

(H2O2) and biotin-phenol (BP), the targeted locale is labeled (cytosol, pink 

background; ER, orange background), allowing for selective purification. B) 

Representative Western blot of HEK293T lysates (left) and avidin-purified eluates 

(right).  
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HSPA13 Interactome 

 The discovery of import inhibition by HSPA13 led to questions concerning 

the role HSPA13 has with regulation of translocation. HSPA13 was suggested to 

be membrane-bound due to its identification as a proximally positioned protein to 

Sec61B. Additionally, the sensitivity of HSPA13 knockout cells to signal 

peptidase inhibitor was considered to be indicative of HSPA13 interaction with 

the membrane associated Sec11 signal peptidase complex. However, a direct 

interaction with membrane-bound ER proteins or signal peptidase complex 

members had not been established, prior to this work. The interactions HSPA13 

has with other proteins has not been well-characterized, other than the few 

proteins identified through Y2H. We designed a cloning strategy to introduce a C-

terminal FLAG affinity tag to HSPA13 (HSPA13-FLAG). We employed the 

polymerase incomplete primer extension (PIPE) cloning method to insert FLAG 

to the existing HSPA13 expression vector [69] (Fig. 2.5). HSPA13-FLAG was 

then assessed for functionality by testing the effects on FLAG-TTR aggregation, 

using an ultracentrifugation-based Western blot assay (vide infra). In HEK293T 

cells, HSPA13-FLAG demonstrated the same insolubility shifts of FLAG-TTR as 

the untagged HSPA13.  
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Figure 2.5: Construction of HSPA13-FLAG using PIPE Cloning. A) Primers 

designed to insert C-terminal FLAG affinity tag (cyan highlight) to the HSPA13 

open reading frame (green highlight), just before the stop codon (red highlight), 

were used for polymerase incomplete primer extension (PIPE) amplification of 

the HSPA13 expression vector. During amplification of the parent (top panel), 

both the forward (bottom) and reverse (top) primers have overhangs on the 5’ 

end encoding FLAG. B) Post-transformation, the resulting plasmid (bottom panel) 

contained the FLAG tag appended to the HSPA13 sequence. 
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After determining that the FLAG did not affect HSPA13 functionality, we 

then tested the ability of HSPA13-FLAG to pull down binding partners by co-

immunoprecipitation (CoIP). We crosslinked with dithiobis(succinimidyl 

propionate) (DSP) to preserve protein interactions in the cells through the 

stringent rinsing conditions. BCAP31/BAP31, a protein associated with apoptosis 

and the Sec61 translocon, was discovered as a bait-dependent interactor of 

HSPA13-FLAG, which shed light on a possible route of HSPA13 inhibits 

translocation (Fig. 2.6A, B). In addition, the alpha subunit of the Sec61 translocon 

(SEC61A) interacted with HSPA13 (data not shown), albeit at a weaker 

association. BiP was found to interact with HSPA13-FLAG, but its levels from 

CoIP were largely unaffected by DSP. DSP-independent binding implied that BiP 

recognized HSPA13-FLAG as a substrate since the interaction was strong and 

likely due to be through the BiP substrate binding domain. BCAP31 was used to 

optimize crosslinking conditions for HSPA13-FLAG immunoprecipitations which 

were then used for liquid chromatography mass spectrometry (LC-MS) (Fig. 

2.7A, B). The proteins identified as HSPA13-FLAG interactors included members 

of membrane-bound complexes which was consistent with our findings of 

BCAP31 being an HSPA13-FLAG interactor (Fig. 2.7C). Interestingly, signal 

peptidase complex subunit 2 (SPCS2) and signal peptidase catalytic subunit 

Sec11C were identified as interactors of HSPA13-FLAG and possibly explains 

the sensitivity of HSPA13 knockout cells to signal peptidase inhibitor.  
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Figure 2.6: HSPA13-FLAG IP optimization. A) Western blot of 

immunoprecipitations (IP) of lysates from HEK293T cells transfected with either 

HSPA13 or HSPA13-FLAG and crosslinked with 1 mM dithiobis(succinimidyl 

propionate) (DSP). B) Western blot of IP eluates from cells expressing HSPA13-

FLAG resolved on a 10% acrylamide SDS-PAGE gel. Cells were treated with 

various concentrations of DSP prior to IP. Lysate (Lys) was run on the rightmost 

lane for comparison. Blot was probed with the indicated antibodies. Upper FLAG 

slice shows HSPA13-FLAG; lower slice shows the light chain of the anti-FLAG 

mouse antibody used for immunoprecipitation, demonstrating even application of 

immunoprecipitating beads.  

  



 62 

 

  
A B 

C 



 63 

Figure 2.7: Mass spectrometry of HSPA13 interactors. A) Schematic of 

immunoprecipitation-based identification of HSPA13 interactors. HEK293T cells 

transfected with GFP mock or HSPA13-FLAG expression vectors were 

crosslinked and lysed for IP. The eluates were labeled with tandem mass tag 

(TMT), pooled and prepared for LC-MS utilizing multidimensional protein 

identification technology (MuDPIT). B) Western blot of eluates acquired during 

procedure shown in A. Immunoprecipitations (IP) are shown on the left slices; 

input lysates on the right. C) Volcano plot of identified proteins co-

immunoprecipitated with HSPA13-FLAG. Proteins marked in red denote 

significant interaction with HSPA13. These were determined by applying 

Benjamini-Hochberg correction which established false discovery rates (FDR), 

based on given p-values and p value-dependent ranks; proteins that did not 

significantly co-precipitate are in blue.  
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Another group of HSPA13-FLAG interactions was with several proteins 

involved with adding and removing N-linked glycans from nascent ER proteins. 

From the CoIP coupled with LC-MS, we observed HSPA13-FLAG interacting with 

glycosyltransferases STT3A and STT3B, both of which are members of the 

oligosaccharyl transferase complex (OST). Glucosidases mannosyl-

oligosaccharide glucosidase (MOGS) and neutral alpha-glucosidase AB 

(GANAB) were also found to interact with HSPA13-FLAG (Table 2.3). Together, 

these results indicate that HSPA13 may play a role in maturation, specifically 

with signal sequence cleavage and glycosylation.  

Further evidence supporting HSPA13 as a regulator of nascent protein 

maturation was the interactions of a large ER-residing chaperone complex 

members hypoxia upregulated protein 1 (HYOU1), BiP and peptidyl-prolyl cis-

trans isomerase B (PPIB) [70]. The three proteins have established functions 

with folding newly synthesized proteins in the ER: HYOU1 acts as a chaperone 

and as a NEF for BiP [71, 72], which also participates in initial chaperoning. PPIB 

additionally assists in the folding of ER proteins by its proline isomerase activity 

[73, 74].  

There was a possibility that HSPA13 regulates protein synthesis due to 

the 13 ribosomal proteins that were identified as HSPA13 interactors (2 shown 

on Table 3.3). These appeared to have a lower logarithmic fold change of bait to 

mock ratio (log2FC) than other interactors, perhaps due to range limitations of the 

DSP crosslinker. Another caveat is that the while HSPA13 is exclusively ER-
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localized, the ribosome is cytosolic, making direct interaction highly unlikely. 

However, despite the relatively low strength of association between HSPA13 and 

ribosomal proteins, the positioning of the ribosome proximal to the HSPA13-

containing complex on the lumenal face of the ER remains a possibility, 

especially considering the implications of the interactions mentioned above that 

connect HSPA13 to nascent protein folding and processing. However, since 

ribosomal proteins are common contaminants for affinity purification coupled with 

mass spectrometry, the identification of ribosomal subunits as HSPA13 

interactors are possibly false positives. 

 

HSPA13 Results in Persistent FLAG-TTR 

 Since HSPA13 resulted in an immature monomer of FLAG-TTR that was 

distinct from the mature monomer, we tested if the proteostatic handling was 

different between the two. We previously tested the sensitivity of FLAG-TTR to 

degradation by using the proteasomal inhibitor MG132. However, the initial 

experiment took place over days and did not show short-term effects on FLAG-

TTR. Transthyretin is normally secreted as a hormone transport protein and was 

not expected to be retained in the cell. However, HSPA13 introduced an 

immature form of FLAG-TTR that did not localize to the ER, that presumably did 

not follow the secretion process that mature TTR would be subjected to. We thus 

utilized an assay to determine the relative rates of efflux and degradation of 

FLAG-TTR, with and without an HSPA13 presence. To prevent protein synthesis 
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from convoluting the results of the assay, we used cycloheximide (CHX) to arrest 

ribosomal activity and an MG132 pre-treatment to inhibit proteasomal 

degradation (Fig. 2.8A). Over the course of four hours, lighter, mature FLAG-TTR 

signal decreased in proportion at a higher rate than the heavier immature 

monomer (Fig. 2.8B), most likely due to secretion since the immature monomer 

was previously shown to be cytosolic. In comparison, β actin signal did not 

change over time. Furthermore, MG132 had negliglible effects across conditions 

and did not mitigate the rate of efflux of mature FLAG-TTR, indicating that the 

percent decrease was not due to proteasomal activity (Fig. 2.8C). Interestingly, 

HSPA13 overexpression lead to lower rate of mature monomer loss, although the 

mature monomer signal was relatively weaker initially. This also implied that the 

immature monomer present with HSPA13 was also relatively static compared to 

immature FLAG-TTR without HSPA13. In addition to the findings of inhibited 

translocation of FLAG-TTR with HSPA13 overexpression, these results further 

support an altered fate for proteins that are mistargeted by HSPA13’s 

translocation effect. 

 

HSPA13 Causes FLAG-TTR Aggregation 

 Transthyretin is a protein known for the potential to misfold and form toxic  

amyloid aggregates [75, 76] (Fig. 2.9A), although disease usually manifests as 

the result of mutations that affect TTR tetramer stability or as individuals age and   



 68 

  



 69 

Figure 2.8: Cycloheximide chase of FLAG-TTR. A) Timeline of chase treatment 

and sample collections. B) HEK293T cells transfected with FLAG-TTR, with or 

without HSPA13 expression vectors were treated with cycloheximide (CHX), 

followed by harvests at 0, 2 and 4 hours post-treatment. Lysates of cells 

harvested were used for Western blot. Cells treated with MG132 (2 hours pre-

CHX) are on the right half; cells receiving vehicle are on the left. C) Densitometric 

quantifications of percent mature of total monomer signal.  

  



 70 

wild-type TTR gradually accumulates in extracellular aggregates over time. Since 

we were using the wild-type FLAG-TTR and not an unstable mutant, we would 

not expect to observe intracellular aggregates over the short time course of cell 

cultures. However, HSPA13 was observed to enhance the pathogenicity of PrP, 

another amyloidogenic protein. Additionally, lowering the translocational 

efficiency of PrP resulted in increased cytotoxicity. We hypothesized that 

HSPA13 would negatively impact proteostasis in a TTR context, since TTR is an 

amyloidogenic protein that is targeted to the ER, like PrP. We predicted that the 

inhibition of translocation would shift the aggregation propensity of TTR. To test 

this hypothesis, we employed gradient acrylamide SDS-PAGE Western blotting. 

We transfected HEK293T cells with FLAG-TTR with and without HSPA13. Whole 

cell lysates were denatured by reducing and boiling, then separated out by 

gradient SDS-PAGE and fixed for Western blot. FLAG-TTR was inherently 

aggregation-prone due to the appearance of high molecular weight smears of 

FLAG-TTR above 50 kilodaltons. Co-transfection of HSPA13 with FLAG-TTR 

resulted in an increased intensity of the high molecular weight aggregates, with a 

coincidental loss of monomeric FLAG-TTR (Fig. 2.9B), which suggested that 

FLAG-TTR was increasingly aggregation-prone with HSPA13. This result was 

recapitulated in SH-SY5Y neuroblastoma cells, which demonstrated that the 

effects of HSPA13 are not specific to the HEK293T cell model and are applicable 

in a neuronal cell line. The occurrence of HSPA13-dependent aggregation was  
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Figure 2.9: Transthyretin aggregtion. A) Graphic of TTR aggregation for familial 

and systemic diseases. TTR in normal conformation (tan trapezoids) form 

tetramers to shuttle hormones. Tetramers break down into stable dimers, then 

monomeric TTR [77]. The monomers can misfold into an aggregation-prone 

conformation (blue arrowheads) and form aggregates. B) Western blot of lysates 

from cells expressing FLAG-TTR with or without HSPA13 co-transfections. 

Lysates of HEK293T and SH-SY5Y cells were resolved on a 4-20% acrylamide 

gradient gel and fixed to nitrocellulose for Western blot. C) Densitometry 

quantification of TTR monomers and high molecular weight (HMW) smears from 

lysates of HEK293T cells transfected with FLAG-TTR and HSPA13 expression 

vectors (n=8; **, p < 0.005). Error bars are standard error of mean by two-way 

Student’s t-test. D) Ubiquitin assay of FLAG-TTR. HEK293T cells transfected 

with ubiquitin with HA tag (Ub-HA), received FLAG-TTR or the D18G mutant, 

which is actively ubiquitinated and degraded. The cells transfected with FLAG-

TTR-D18G were treated with MG132 or DMSO while the cells that had FLAG-

TTR were cotransfected with or without HSPA13. The lysates were subjected to 

anti-FLAG immunoprecipitation (IP) and separated by 12% acrylamide SDS-

PAGE in preparation for Western blot. Antibodies used for probing are indicated. 

Bottom panel (FLAG) shows FLAG-TTR and FLAG-TTR-D18G bait signal (< 20 

kDa).  
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visually demonstrated on gradient Western blot, but did not immediately show 

significance with smear signal quantification (Fig. 2.9C). These smears were not 

due to ubiquitination, as HSPA13 overexpression reduced the ubiquitinylation of 

immunoprecipitated FLAG-TTR (Fig. 2.9D). Furthermore, the FLAG-TTR formed 

faint aggregates independent of HSPA13. To establish a more stringent 

aggregation assay, we used ultracentrifugation to separate insoluble proteins 

from soluble proteins in the proteome (Fig. 2.10A). HEK293T cells transfected 

with FLAG-TTR with or without HSPA13 were lysed for protein extract which was 

then subjected to ultracentrifugation at 77,000 x g for four hours. The soluble 

supernatant and insoluble pellet were separated and the pellet was dissolved in 

urea. All fractions, including the pre-ultracentrifugation total lysate, were used for 

SDS-PAGE and Western blot. In the fractions without HSPA13, FLAG-TTR 

remains relatively the same, between the total and supernatant, and no FLAG-

TTR is present in the pellet (Fig. 2.10B). In contrast, with HSPA13 co-

transfection, FLAG-TTR is present in the total lysate, but proportionally changes 

after centrifugation, with more mature FLAG-TTR found in the supernatant and 

most of the immature FLAG-TTR ending up in the pellet. This indicated that the 

immature band was forming the aggregates and connected the impairment of ER 

protein maturation by HSPA13 to the aggregation of FLAG-TTR. Thus, we 

demonstrate an enhanced aggregation propensity of transthyretin with HSPA13 

presence. We also tested the HSPA13-FLAG construct mentioned above and 

observed the same FLAG-TTR solubility shift (Fig. 2.10C). 
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Figure 2.10: Ultracentrifugation-based precipitation of insoluble proteins. A) 

Schematic of ultracentrifugation strategy. Lysates subjected to 77,000 x g for 4 

hours are separated into supernatant and pellet. Protein is solubilized and 

extracted from the pellet with 8 M urea. B) Western blot of fractions resulting from 

ultracentrifugation of HEK293T cell lysates, with 2.7% of total volume loaded for 

total lysate and supernatant; 33% of the insoluble pellet. Cells were transfected 

with FLAG-TTR expression vectors, with or without HSPA13 co-transfection. 

Total lysate (T), supernatant (S) and pellet (P) of each treatment were resolved 

on a 15% acrylamide gel for SDS-PAGE, followed by near-IR fluorescent 

Western blot with the indicated antibodies. C) Western blot of fractions pre- and 

post-ultracentrifugation from lysates of HEK293T cells expressing FLAG-TTR 

with HSPA13 or HSPA13-FLAG co-transfections. Total (T) lysate, supernatant 

(S) and pellet (P) were resolved on a 12% acrylamide SDS-PAGE gel. The upper 

FLAG slice shows HSPA13-FLAG; the lower is FLAG-TTR.   
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The aggregation of FLAG-TTR was implied to be due to the presence of 

uncleaved signal sequence. To determine if uncleaved TTR is inherently 

aggregation-prone, we mutated the glycine one residue C-terminal of the TTR 

cleavage site to a proline (TTRG1P) which impairs signal sequence cleavage (Fig. 

2.11 A) [78, 79]. HEK293T cells expressing either TTR were tested for 

translocation efficiency, using the peroxidase-based proximity labeling assay 

introduced previously. As expected, TTRG1P formed immature monomers, 

observed as the higher molecular weight monomer, approximately two 

kilodaltons heavier than the mature monomer (Fig. 2.11B). TTRWT, like FLAG-

TTR was exclusively in the ER, whereas TTRG1P was found in both the ER and 

cytosol. Intriguingly, both mature and immature forms colocalized into either 

environment.  

To determine if signal sequence cleavage loss causes TTR aggregation, 

HEK293T cells were transfected with TTR and TTRG1P and lysed for 

ultracentrifugation and Western blot (Fig. 2.12A). TTR was retained in the soluble 

fraction post-centrifugation, similar to the migration of FLAG-TTR without 

HSPA13. TTR also solely appeared as the mature monomer. In contrast, TTRG1P 

formed both mature and immature monomers, as well as a stable dimer 

observed at 28 kilodaltons. TTRG1P also mostly precipitated into the insoluble 

pellet with all forms maintaining relative proportion to each other, implying that 

TTRG1P aggregates were heterogenous between the mature and immature 

monomers. In comparison, we demonstrated, that with HSPA13, insoluble FLAG- 
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Figure 2.11: Effects of mutating signal sequence-proximal proline of TTR. A) 

Schematic of TTR signal sequence (yellow highlight) at N-teminus. PCR-based 

site-directed mutagenesis (SDM) on TTRWT was used to induce a substitution of 

the glycine immediately after the signal sequence cleavage site to proline (red 

text), which reduces cleavage efficiency. B) Proximity labeling of HEK293T 

lysates transfected with either TTRWT or TTRG1P resolved on 15% acrylamide 

SDS-PAGE gel. Resulting Western blot was probed with the indicated antibodies.   



 79 

  

A 

B 



 80 

Figure 2.12: Insolubility specific to TTR maturation defects. A) Ultracentrifugation 

of cleavage-resistant TTR. Lysates of HEK293T cells expressing either TTR or 

TTRG1P were fractionated by ultracentrifuge, resulting in 15% acrylamide SDS-

PAGE, with 2.2% of total lysate (T), 2.5% of supernatant (S) and 12.5% of pellet 

(P) loaded. Western blot was probed with the indicated antibodies. B) 

Ultracentrifugation of proteins under ER-PQC. HEK293T cells were transfected 

for FLAG-TTR expression with or without HSPA13. Thapsigargin (Tg) was added 

16 hours before harvest. Cell lysates were subjected to ultracentrifugation and 

processed for Western blot, with 66% of the solubilized pellet loaded versus 

2.6% of the total lysate.    
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TTR consisted predominantly of the immature monomer. Thus the aggregation of 

TTRG1P provided a similar yet distinct model of TTR aggregation that described 

how HSPA13 possibly promotes the aggregation of FLAG-TTR. 

HSPA13 is regulated by UPR activation, which is tied to ER protein quality 

control (ER-PQC). When induced by ER destabilization, ER-PQC prevents 

nascent ER-targeted proteins from entering the ER lumen, preventing further 

burdening of a strained ER proteostasis system. To see if UPR activation would 

produce a comparable effect to HSPA13 overexpression, we treated HEK293T 

cells expressing FLAG-TTR with calcium pump inhibitor thapsigargin. Calcium is 

required for several ER chaperones and folding factors; loss of calcium results in 

ER proteostasis imbalance and UPR induction. We found that lysates of cells 

treated with thapsigargin did not produce aggregates detectable by 

ultracentrifuge-fractionated Western blot (Fig. 2.12B). Thus the intense 

aggregation was HSPA13-dependent and not the result of UPR activation, 

meaning that the FLAG-TTR aggregation pathway resulting from HSPA13 

overexpression is distinct from PQC translocation attenuation.  

 

HSPA13 Effects on Proteome Solubility  

Since HSPA13 showed aggregation of FLAG-TTR, there was the 

possibility that other proteins were similarly affected. We then tested the overall  

impact of HSPA13 on the proteome. Lysates of HEK293T cells transfected with 

HSPA13 were precipitated using the ultracentrifugation conditions used for 
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determining FLAG-TTR solubility shifts. The insoluble proteins replicates were 

labeled with tandem mass tags (TMT), then pooled for liquid chromatography 

mass spectrometry (LC-MS) coupled with multidimensional protein identification 

technology (MuDPIT) (Fig. 2.13A). Of the identified proteins, only HSPA13 was 

significantly abundant in the insoluble fraction (Fig. 2.13B). The vast majority of 

proteins found in the pellet did not increase in abundance relative to the GFP 

mock. This demonstrated a specifity of the effects of HSPA13 aggregation, which 

means that the HSPA13-dependent aggregation pathway has a limited range of 

substrates. There is also the possibility that proteins that are susceptible to this 

pathway are not above the nucleation concentration threshold for self-

aggregation [80]. 
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Figure 2.13: Identification of insoluble protein A) Schematic of liquid 

chromatography mass spectrometry (LC-MS) coupled with multidimensional 

protein identification technology (MudPIT). HEK293T cells transfected with either 

GFP or HSPA13 expression vectors were lysed and the protein solutions were 

subjected to ultracentrifugation at 77,000 x g for 4 hours. The replicate protein 

pellets were extracted in 8 M urea then labeled with tandem mass tags (TMT) 

and pooled for LC-MS and MudPIT. B) Abundance ratios between HSPA13 and 

GFP treated lysates. Proteins with significant change (p < 0.05) are labeled in 

red, while proteins that pass Benjamini-Hochberg are in green.  
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Discussion 

 In this study, we demonstrate that HSPA13 reduces translocation 

efficiency of FLAG-TTR with established and new ER localization assays, 

supporting the prior evidence that HSPA13 is associated with signal peptidase 

and is membrane-associated. The maturation of FLAG-TTR was affected by 

HSPA13 expression, observable by the increase of uncleaved FLAG-TTR 

containing the signal sequence. This immature monomer was found to be 

predominantly cytosolic with microsomal extraction. A new labeling technology 

revolving around proximity labeling lead to the confirmation that immature FLAG-

TTR was cytosolic and that HSPA13 promoted the reduction in maturation. The 

lowering of translocation efficiency may be the reason that prion disease 

accelerates with HSPA13, especially since inhibiting translocation can contribute 

to other diseases [81]. This was supported by the separate localization of the 

immature and mature FLAG-TTR monomers and the associated aggregation. 

Additionally, we demonstrate HSPA13 association with the translocon by 1) 

recapitulating previous findings that HSPA13 is membrane associated through its 

interactions with membrane-bound complexes and 2) identifying BCAP31 and 

SEC61A as interactors, although the latter had a weaker interaction. These 

results strongly suggest that HSPA13 participates in the translocation of nascent 

proteins. The accumulation of cytosolic immature FLAG-TTR suggests that the 

role of HSPA13 is that of a negative regulator of translocation and that the lack of 

cleavage is due to mistargeting and inaccessibility to signal peptidase. 
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There is also the possibility that the immature FLAG-TTR is cytosolic as 

the result of ERAD-based retrotranslocation. In this model, HSPA13 

overexpression inhibits FLAG-TTR maturation, presumably through the HSPA13 

interaction with signal peptidase subunits. Immature FLAG-TTR is recognized by 

the presence of signal sequence and is then rerouted to the cytosol for 

degradation. We did observe long-term MG132-dependent rescue of immature 

FLAG-TTR, which supports this route. Additionally, uncleaved ER protein in the 

cytosol is normally degraded [82]. However when we introduced TTR with an 

inefficient cleavage site (TTRG1P mutant), we observed a slight presence of both 

cleaved and uncleaved monomers in the cytosol, whereas the HSPA13-

dependent mislocalized FLAG-TTR was immature. Thus, this potential pathway 

is unlikely to explain our HSPA13-dependent mislocalization effect. 

We found that FLAG-TTR failing to translocate to the ER is relatively 

persistent in the short-term and is thus handled differently than mature FLAG-

TTR, most likely due to the different environments of the ER and cytosol. 

Furthermore, the immature FLAG-TTR was shown to be aggregation prone, most 

likely due to the high beta-sheet composition and the amyloidogenicity of TTR. 

Preventing the cleavage of TTR similarly lead to TTR becoming slightly cytosolic 

and also lead to TTR aggregation. Together, this sheds light on the way HSPA13 

exacerbates prion disease in mice. The reduced incubation time for PrP with 

increased HSPA13 presence may be due to reduced translocation efficiency of 

PrP, leading to cytosolic PrP aggregating and becoming neurotoxic more rapidly.  



 87 

The most supporting evidence we gather relative to the FLAG-TTR 

translocation and maturation findings in Chapter 2 were the interactions with the 

translocon and signal peptidase machinery. Prior to this work, HSPA13 was 

suspected to be membrane associated through its identification of proximity 

labeling of the Sec61 translocon. We confirmed this by co-precipitating BCAP31, 

which also interacts with Sec61β in order to regulate the export of ERAD 

substrates from the ER [83, 84]. We also identified Sec61α, although the 

interaction strength was lower than most other identified proteins. These findings 

provide a possible explanation as to why FLAG-TTR mistargets when HSPA13 is 

present. 

The interaction with BCAP31 is also interesting in the context of HSPA13 

involvement with cancer. BCAP31 is cleaved in the presence of TNF-related 

apoptosis-inducing ligand (TRAIL), via caspase-8 activation [85, 86]. The cleaved 

form of BCAP31 (BAP20) is an inducer of ER stress and promotes apoptosis [87-

89]. TRAIL-mediated apoptosis is possibly the route that a deletion mutant of 

HSPA13 is involved in gastric cancer. While wild-type HSPA13 was found to 

induce apoptosis, deletion of V223-L226 was not able to activate the TRAIL-

mediated pathway. This is possibly due to the interaction with BCAP31 and 

would be a potential route of HSPA13 functional analysis. 

Despite a drastic aggregation effect with FLAG-TTR, the impact of 

HSPA13 translocation inhibition was extremely isolated, with solubilities of the 

proteome under HSPA13 overexpression being virtually unaffected. This implies 
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that the range of proteins that are affected by HSPA13 regulation is likely small. 

There is a possibility that either the structure of the signal sequence or the 

kinetics of translocation for particular proteins are determinants for HSPA13 

influence. A potential limitation to our study is the secretome range of HEK293T; 

since HEK293T is not a line that heavily utilizes the secretory pathway, the 

absence of secreted proteins prevents an appropriate comparison to cells that 

secrete large quanitites of proteins such as human hepatocyte cell line HepG2. 

Protein aggregation is dependent on concentration of aggregation-prone proteins 

and nuclei [90, 91], and is potentially why the insoluble HEK293T proteome was 

limited with our approach. 

A possible role HSPA13 could participate in is promoting ER PQC. Since 

inhibiting translocation is a definitive effect of PQC, the import defects observed 

with HSPA13 could potentially be through PQC induction. This could be a 

possible parallel function to BiP, which is also a suspected PQC factor [67, 92, 

93]. Since HSPA13 shares similarities to the BiP nucleotide binding domain, 

HSPA13 could possibly regulate translocation by substituting for BiP at the 

translocon. The advantage of this role would be that HSPA13 would maintain the 

regulatory capacity during ER stress, whereas BiP would bind misfolded protein 

and leave the translocon regulatory function unoccupied. In turn, this model of 

function for HSPA13 activity would also free BiP from regulation and prioritize 

holdase and chaperoning activity. 
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 In summary, questions still remain about the functional aspects of 

HSPA13. We have identified an effect where import, glycosylation and secretion 

are affected by HSPA13, but the mechanism and role HSPA13 possesses are 

still unknown. Potentially, HSPA13 may share a role with BiP, due to the 

sequence similarities. HSPA13 conservation with BiP would be an interesting 

route for HSPA13 functional investigation, since BiP has a wide array of 

interactions that HSPA13 could potentially participate or compete with BiP in. 

These interactions have impacts on ER translocation and proteostasis, both 

aspects that HSPA13 overexpression was found to influence.  
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Chapter 3 – Proteostasis instability associated with HSPA13 knockout and 

ATPase mutation  

  



 99 

Introduction 

 Hsp70 chaperones are a vital part of cellular function, conserved across 

domains from bacteria to mammals [1]. Across species, Hsp70s occupy the role 

of binding and chaperoning unfolded proteins. The interaction between Hsp70 

and their substrates is crucial in fate determination of both proteins and cells. 

While Hsp70s can assist in directing proteins for refolding or degradation [2-4], 

their overexpression can also promote cell survival [5-9], notably in 

hepatocellular cancer [10, 11]. 

 Structurally, Hsp70s possess conserved domains that are necessary for 

function and interaction with other proteins (Fig. 3.1): a nucleotide-binding 

domain (NBD) that is bound to either an ATP or ADP and a substrate-binding 

domain (SBD). The SBD interacts with unfolded or misfolded protein by 

recognition of hydrophobic residues that are exposed when proper conformation 

is lost [12, 13]. The binding of either ATP or ADP to the NBD determines which 

conformation the Hsp70 is in. If an ATP is in the binding pocket of the NBD, the 

SBD is open with the C-terminal lid binding with the NBD, allowing substrate 

proteins to loosely interact with the SBD. Hsp70 NBDs are normally weak 

ATPases but binding of Hsp40/DnaJ lowers the activation energy. Consumption 

of ATP results in ADP bound to the NBD, and the Hsp70 SBD lid closes on the 

substrate, effectively preventing dissociation [14, 15]. During this time, Hsp70 

acts as a holdase and  
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Figure 3.1: Domain organization of Hsp70s. Hsp70s switch between open and 

closed conformations (top). The nucleotide-binding domain (NBD; blue) is an 

important determinant of Hsp70 conformation and regulates the substrate binding 

domain (SBD; red) which interacts with unfolded substrate. Hsp70s across 

phylogenetic domains retain similar structure and sequence, including conserved 

residues necessary for E. coli DnaK ATPase activity (gold stripes). ER Hsp70s 

BiP and HSPA13 both contain an N-terminal signal sequence (purple) and NBD. 

HSPA13 lacks an SBD region and contains an uncharacterized 44 residue 

interrupting linker in the NBD.   
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with other proteins. The SBD opens again when a new ATP is exchanged for the 

ADP by a nucleotide exchange factor. At this point, Hsp70 may hand off the 

substrate protein to refolding chaperones such as Hsp60 or assist in targeting the 

protein for degradation. 

The endoplasmic reticulum (ER) is a distinct subcellular compartment 

where secreted and membrane-associated proteins are synthesized and 

processed. The ER is separated by the cytosol by the ER membrane and 

requires its own ER-specific repertoire of chaperones to fold proteins. In 

metazoans, two Hsp70s reside in the endoplasmic reticulum (ER). One is the 

glucose-requiring protein 78, also known as binding immunoglobulin protein 

(BiP/GRP78). As an ER chaperone, BiP is responsible for binding and 

processing nascent protein that is translocated across the ER membrane [16-18]. 

Since proteins enter the Sec61 translocon as an unfolded peptide chains, BiP 

participates in the nascent protein folding as well as ER-specific modifications 

[19]. Additionally, BiP maintains proteostasis during times of ER stress and is 

upregulated as the result of unfolded protein response (UPR) activation [20]. BiP 

also plays a role in embryonic development  and cell proliferation [21]. The 

second known ER Hsp70 HSPA13 has not been fully characterized and its 

function is largely unknown. 
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HSPA13 is a unique member of the Hsp70 family in that it does not have 

an SBD, which leads to questions about function and role. Like other Hsp70s, 

HSPA13 is conserved among vertebrates and similar invertebrate NBD-only ER 

Hsp70 proteins are observed and predicted in Caenorhabditis elegans and 

Nematostella vectinis respectively [22, 23] . In humans, HSPA13 expression is 

moderately expressed in the majority of tissues [24], implying a general function. 

This notion is supported by occurrence of disease associated with HSPA13 

mutation. There have been several single-nucleotide polymorphisms (SNPs) in or 

flanking the Hspa13 gene that have been found to be associated with gastric 

cancer [25]. In addition, the deletion of residues valine 223 to leucine 226 in 

HSPA13 has shown to prevent apoptosis in the TNF-related apoptosis-inducing 

ligand (TRAIL) pathway [26]. Disease-associations with HSPA13 have otherwise 

been established in model contexts, with exacerbation of prion disease in mice 

as well as the transthyretin aggregation phenotype mentioned in the previous 

chapter [27].   

 In this chapter, we interrogate HSPA13 function via functional mutation 

targeting conserved Hsp70 residues associated with NBD ATPase activity, and 

determine that HSPA13 regulatory function is not abrogated, but increased with 

ATPase functional mutation. We also associate HSPA13 overexpression with an 

inherent cytotoxic phenotype that is maintained and intensified with ATPase 

mutants. Furthermore, we establish that moderate HSPA13 levels are important 

to overall proteostasis by developing cell lines lacking HSPA13 and challenging 
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them with proteostatic disruption. We investigate the overall viability of HSPA13 

knockout cell lines as well as their ability to handle amyloidogenic protein. Lastly, 

we demonstrate that HSPA13 overexpression results in marked loss of secretion 

as well as a loss of quality control of secreted proteins. 
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Materials and Methods 

 

Plasmid DNA  

 Mammalian expression vectors were purified as transfection-ready 

maxiprep DNA stocks. HSPA13 and eGFP control were ligated into the pDEST30 

backbone. FLAG-TTR and FLAG-A1AT were prepared in pcDNA3.1 and pCMV1 

respectively. CRISPR/Cas9 vector pX330A-1x2 was a gift from Takashi 

Yamamoto (Addgene plasmid # 58766 ; http://n2t.net/addgene:58766 ; 

RRID:Addgene_58766) [28]. 

 

Site-Directed Mutagenesis 

 Primers (Integrated DNA Technologies) incorporating the nucleotide 

changes needed for amino acid substitution were included for site-directed 

mutagenesis (SDM) PCR amplification of the wild-type plasmid. Amplification 

was conducted with Q5 polymerase (New England BioLabs s M0491S). Post-

PCR template DNA digestion was performed with DpnI (New England BioLabs 

R0176S). Amplicons were ligated with T7 DNA ligase (New England 

Biotechnologies M0318S) and transformed into DH10β electrocompetent cells 

using a Bio-Rad MicroPulser electroporator set at 1.4 kV. 
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Table 3.1: Primers and Oligonucleotides 

Primer/Oligonucleotide Sequence (5’-3’) 

K100A.SDM.F CACAATATATGATGCCGCAAGATTCATAGGCAAGATTTTT

ACCGCAGAGTTGGAGGC 

K100A.SDM.R GAATCTTGCGGCATCATATATTGTGTTTTGAGGATTTGAA

TCTGCCAGCTCTACGCTTTC 

T230A.SDM.F GCGGAGGAGCTCTAGATGTGTCTTTACTGAATAAACAAG

GAGGG 

T230A.SDM.R CATCTAGAGCTCCTCCGCCCAAGTCTATCACCAAGACGT

GGAAG 

HSPA13KO.CRISPR.1

F 

CCACGAGAGAGATGACGATCTTAGG 

HSPA13KO.CRISPR.1

R 

AAACCCTAAGATCGTCATCTCTCTC 

HSPA13KO.CRISPR.2

F 

CCACGTCGAGAGCCAACATATTCTG 

HSPA13KO.CRISPR.2

R 

AAACCAGAATATGTTGGCTCTCGAC 
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PIPE Cloning 

 Primers for PIPE PCR were designed to bind to either the vector 

backbone or the targeted insert, with an overhanging sequence on the 5’ end 

which was complementary to the opposite amplicon. The amplified vector and 

insert, resulting from the separate PCRs, were digested with DpnI and combined 

in a 3:17 vector to insert ratio. These were used to transform DH5α chemically 

competent cells, which were heat shocked at 42°C for 45 seconds.  

 

Cell Culture 

 Human embryonic kidney cell line 293 with T antigen (HEK293T) were 

expanded and grown in Dulbecco’s Modification of Eagle’s Medium (DMEM; 

Corning 10-013-CV). Cells were transfected at 20-60% confluence, prior to 

extensive contact inhibition. Transfection vehicle was calcium phosphate 

(Ca3(PO4)2), formed by mixing DNA in 250 mM CaCl2 and 2x HEPES buffered 

saline (2x HBS) 1:1 under vortex. The resulting transfection solution was added 

dropwise to the cells with fresh media replenishment following 16 hours after. For 

drug treatments, cells were given fresh media containing dimethyl sulfoxide 

(DMSO)-solubilized drugs and incubated for 16 hours. For harvesting, cells were 

rinsed twice with 1x phosphate buffered saline (DPBS; GE Hyclone SH30028.03) 

and lysed in protease inhibitor (Roche c0mplete EDTA-free) diluted 1:10 in  
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radioimmunoprecipitation assay (RIPA) buffer, which consisted of 50 mM Tris, 15 

mM NaCl, 1% Triton X100, 0.5% deoxycholate and 0.1% sodium dodecyl sulfate 

(SDS). 

 CRISPR/Cas9 expression vector pX330A-1x2 was digested with BbsI then 

ligated with gRNA-encoding oligonucleotides, using T4 DNA ligase. The 

HSPA13-targeting pX330A-1x2 vector was maintained in DH10β and used to 

transfect HEK293T via calcium phosphate solution. Transfected cells were 

isolated on a 96-well plate and expanded. Once numerous enough to populate 

well of a 6-well plate, the cell lines were harvested and tested for HSPA13 

presence with Western blot. 

 

Viability Assay 

 Cells were quantified with a Bio-Rad TC-20 cell counter seeded in 96-well 

plates, with 15,000 cells per well. The cells were grown overnight with or without 

drug treatments. The media of the plates were replaced with a resazurin (25 

ug/mL; Acros Organics) in DMEM and incubated for two hours at 37°C. 

Fluorescence was measured with a Synergy H1 microplate reader at 560 nm 

excitation and 590 nm emission. 
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Protein Quantification 

 Protein concentration prior to immunoassay or mass spectrometry was 

determined by spectrophotometry (Agilent Cary 50 and 60). Protein solution was 

diluted 1:1000 in Bradford reagent or 1x BioRad Protein Assay Dye (5000006). 

Absorbance was recorded at 595 nm.  

 

Proximity/Translocation Assay 

 HEK293T cells expressing APEX2 targeting either the ER (ER-APEX2) or 

cytosol (Cyt-APEX2) were incubated with 0.5 mM biotin phenol for 30 minutes. 

Hydrogen peroxide (H2O2; final concentration of 1 mM) was added to the cells 

under gentle agitation for one minute. The labeling reaction was stopped by a 

quenching solution, consisting of 5 mM Trolox, 10 mM sodium ascorbate and 10 

mM NaN3, all in DPBS. The quenching-DPBS was used to rinse the cells three 

times. The cells were harvested and lysed in a mixture of quenching solutions 

(using above concentrations) in RIPA and protease inhibitor. 

 The labeled lysates were incubated with avidin-coated beads and rotated 

overnight at 4°C. The beads were centrifuged and rinsed with wash buffer, 

consisting of 100 mM Tris and containing 2x RIPA, 1 m KCl, 100 mM Na2CO3 

and 2 M urea. Labeled protein was eluted from the avidin beads by boiling with 

Laemmli containing 10 mM DTT for 10 minutes. 
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Immunoprecipitation and Glycosylation Assay 

 Normalized proteins suspensions (cell lysate or media) were first 

incubated for pre-clearance with sepharose 4B beads for 30 minutes under 

rotation. Pre-cleared lysates were then incubated overnight with M2 anti-FLAG 

magnetic bead (Sigma-Aldrich M8823-1ML) with rotation. The M2 beads were 

rinsed four times with RIPA and precipitated via magnetic rack. The bound 

protein was eluted by boiling the beads in Laemmli loading dye at 100 °C for five 

minutes. Dithiothreitol (DTT; final concentration of 25 mM) was added to the 

samples, which were then boiled again. Proteins tested for N-linked glycosylation 

were treated with PNGase F (New England BioLabs P0709S) per the 

recommended concentrations and durations. 

 

Western Blot 

Laemmli loading dye including 100 mM DTT was diluted 1:6 in normalized 

protein solutions. The Western blot samples were boiled for five minutes and 

loaded onto 1 mm SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels 

cast in the Bio-Rad Mini-PROTEAN system. Samples were run through the 

stacking layer, under 65 volts for 30 minutes, followed by 175 volts to the full 

length of the gel.  
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The gels, filter paper and nitrocellulose membrane were saturated in 

Towbin’s buffer, consisting of 25 mM Tris, 192 mM glycine, 20% methanol (per 

Bio-Rad transfer buffer recipes). The assembly was semi-dry transferred in a Bio-

Rad Trans-Blot Turbo for 60 minutes at 25 volts and 1 A. After transfer, 

membranes were assayed for overall transfer efficiency, consistency and quality 

with Ponceau S stain. Stained membranes were imaged with either a document 

scanner or by phone camera. 

Membranes with transferred protein were blocked with 5% milk in Tris 

buffered saline (TBS) for 40 minutes, then rinsed repeatedly with TBS with 0.1% 

Tween 20 (TBST). The membranes were probed with primary antibody diluted 

1:1000 (anti-FLAG, anti-HSPA13) or 1:5000 (anti-beta actin) in TBS containing 

5% bovine serum albumin (BSA) and 0.1% sodium azide (NaN3) for two hours. 

The membranes were rinsed with TBST, then probed with secondary antibody 

targeting the primary host and conjugated to 680 nm (anti-mouse) or 800 nm 

(anti-rabbit) fluorophores. The secondary antibodies were diluted 1:20000 in 5% 

milk in TBS and incubated with the membranes for 40 minutes. The membranes 

were repeatedly rinsed with TBST, followed by a final rinse in TBS. Completed 

Western blots were imaged with a Li-Cor Odyssey Fc, using 700 nm and 800 nm 

filters and exposure times of 10 minutes each. The images were adjusted and 

rotated with Li-Cor’s Image Studio, with quantification also performed, if 

necessary. 
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Ultracentrifuge 

 Normalized cell lysates were balanced with RIPA in Beckman-Coulter 

polypropylene ultracentrifuge tubes (357448) and spun in a Beckman-Coulter 

Optima Max-XP ultracentrifuge, using a TLA-55 rotor. Samples were spun at 

77,000 x g for four hours, at 4°C and under vacuum. Pellets formed from 

ultracentrifuge were rinsed four times with RIPA and incubated overnight with 8 

M urea at 4°C. The solubilized pellets were diluted 1:4 with RIPA and prepared 

for Western blot by addition of reducing Laemmli and boiling.  

 

Mass Spectrometry 

 Isolated proteins were precipitated with methanol-chloroform, then 

solubilized in 100 mM HEPES buffer containing 1% Rapigest. The samples were 

reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 minute, 

followed by alkylation with 5 mM iodoacetamide for 15 minutes. The proteins 

were digested into peptide fragments with 1% trypsin and incubated overnight at 

37°C. The peptide samples were solubilized in 100 mM HEPES (pH 8.0) and 

labeled with tandem mass tags (TMT) dissolved in acetonitrile, up to a final 40% 

concentration of acetonitrile. Incubation with TMT solution took place over one 

hour at room temperature, followed by quenching with ammonium bicarbonate 

(0.4% final concentration). The labeled peptides were pooled and dried to 10 uL, 

then brought up to 200 uL with Solvent A, which consisted of 5% acetonitrile and 

0.1% formic acid, and acidified to pH 2. The samples were incubated at 37°C for 
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30 minutes and centrifuged at 21,000 x g to remove Rapigest to complete mass 

spectrometry (MS) sample preparation. 

 The prepared peptide mixture was processed with liquid chromatography 

mass spectrometry (LC-MS), performed with a Thermo LTQ Velos mass 

spectrometer and EASY-nLC 1000 liquid chromatograph. For each set of 

samples, the peptides were loaded on a multidimensional protein identification 

technology (MuDPIT) column. Separation of peptides was conducted in an 

analytical column containing 3 micron C18 resin (Phenomenex), using a 7-55% 

gradient concentration of Solvent B, which consisted of 80% acetonitrile and 

0.1% formic acid, at a flow rate of 500 nL/min. A current of 3 kV was used for 

electrospray ionization. The MS/MS spectra following high energy collisional 

dissociation (HCD) was identified and quantified through the IP2 search engine, 

using the ProLucid algorithm for analysis. 

 

Table 3.2 Tandem Mass Tag Channels 

Replicate Channel 

GFP-1 126 

GFP-2 127C 

GFP-3 128C 

HSPA13-FLAG-1 129N 

HSPA13-FLAG -2 130C 

HSPA13-FLAG -3 131 
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Results 

 

 

ATPase Mutation Enhances Import Inhibition 

 Although HSPA13 is an Hsp70, it does not contain an SBD necessary for 

Hsp70-substrate interaction. HSPA13 is well-conserved with the BiP NBD, 

including residues established as important for ATPase activity in E. coli Hsp70 

DnaK (Fig. 3.1, 3.2A. Since HSPA13 is largely Hsp70 NBD, there was a 

possibility that a functional ATPase in HSPA13 was needed for the import effect 

observed in Chapter 2. In E. coli DnaK, lysine 70 mutated to alanine (K70A) 

removed hydrolytic activity and threonine 199 mutated to alanine (T199A) 

abrogated autophosphorylation, a step critical for Hsp70 ATPase activity [29-31]. 

These conserved residues were found to be present in HSPA13 and mutated 

using PCR-based site-directed mutagenesis (SDM), resulting in the K100A and 

T230A ATPase mutants in the same construct as wild-type HSPA13 (Fig. 3.2A).  

 Transfection of HEK293T cells and the resulting Western blots of the 

lysates separated on gradient gels revealed that aggregation of transthyretin 

containing N-terminal FLAG affinity tag (FLAG-TTR) was not noticeably 

diminished with K100A (Fig. 3.2B). Similarly, FLAG-TTR readily aggregated with 

T230A. These results indicated that ATPase activity was not required for FLAG-

TTR aggregation. Intriguingly, the ratio of the uncleaved immature FLAG-TTR  
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Figure 3.2: ATPase mutation of HSPA13. A) Protein alignments of HSPA13 

(bottom rows) to Hsp70s including human BiP/GRP78 (middle rows) and E. coli 

DnaK (top rows).  Top group shows conserved lysine necessary for ATP 

hydrolysis, bottom group shows conserved threonine needed for 

autophosphorylation. B) Western blot of homogenous 12% (lower three slices) 

and 4-20% acrylamide gradient gels (top slices) from HEK293T cells transfected 

with FLAG-TTR and HSPA13 variants consisting of wild-type (WT), K100A (left) 

and T230A (right). High molecular weight FLAG-TTR (HMW) ladders are shown 

in the gradient gel slice, with monomeric FLAG-TTR marked with the black 

arrowhead. Monomeric FLAG-TTR was separated on the 12% gel into the 

immature (black arrowhead) and mature (white arrowhead) forms.
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Figure 3.3: Effects of ATPase mutation on HSPA13 function. A) Western blot of 

different fractions pre- and post-ultracentrifugation from HEK293T cells 

transfected with FLAG-TTR and either of the HSPA13 variants. Each treatment 

provided a total (T) lysate, a soluble supernatant (S), and an insoluble pellet (P). 

B) Western blot of proximity-labeled eluates (top two slices) as well as inputs 

(bottom six slices). HEK293T cells transfected with FLAG-TTR, T230A and either 

cytosolic or ER APEX2 (CYT-APEX2, ER-APEX2) and treated with biotin-phenol 

(BP) and hydrogen peroxide (H2O2). Biotinylated proteins were precipitated with 

avidin beads and resolved on a 12% acrylamide SDS-PAGE gel.   



 119 

monomer to the cleaved mature monomer was higher in co-transfections with 

either ATPase mutant than wild-type HSPA13, indicating a greater inhibitory 

effect on translocation than that observed previously with HSPA13. Between the 

two mutants, T230A appeared to be the more aggressive inhibitor of FLAG-TTR 

maturation, resulting in the lowest levels of mature FLAG-TTR of the HSPA13 

variants. K100A’s effect on FLAG-TTR was intermediate between T230A and the 

wild-type. We then used the more stringent ultracentrifugation assay used in the 

previous chapter to precipitate insoluble proteins from HEK293T cells transfected 

with FLAG-TTR and either of the HSPA13 variants (Fig. 3.3A). For both mutants 

the abundance of insoluble FLAG-TTR correlated with the effect on maturation 

with more insoluble FLAG-TTR present with T230A and less with K100A. 

 Since the K100A and T230A mutations did not abrogate the effects of 

HSPA13 on maturation and aggregation, the ATPase mutants were not expected 

to rescue translocation. We utilized the proximity labeling assay introduced in the 

previous chapter and pulled down proteins present in either the ER or the cytosol 

using locale-targeting biotinylation. As we expected, FLAG-TTR was present in 

the cytosolic avidin-purified proteins from cells expressing T230A (Fig. 3.3B). 

This result indicated that the T230A mutation did not abrogate translocation 

inhibition.  
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HSPA13 Cytotoxicity is ATPase Dependent 

 The exacerbation of FLAG-TTR aggregation with HSPA13 ATPase 

mutants raised questions of overall cellular viability in an HSPA13 

overexpression context. Previously, we did not identify proteins that were 

rendered insoluble in the presence of wild-type HSPA13, which indicated the 

effects of HSPA13 are most likely targeted to a limited subset. However, the 

appearance of FLAG-TTR aggregates indicates a loss of proteostatic capacity of 

the cell and most likely occurs at the detriment of the cell. We predicted that 

HSPA13 would lower the fitness of HEK293T cells, which could be further 

lowered by introducing the ATPase mutations of HSPA13, which had stronger 

inhibitory effects. To test this, we transfected cells with mock GFP, wild-type 

HSPA13 or the T230A mutant (Fig. 3.4A). The cells were reseeded post-

transfection onto 96-well plates for viability testing. Resazurin was used as an 

indicator of metabolic activity, with resulting fluorescence being proportional to 

the viability of the HEK293T cells [32, 33]. Cells that had been transfected with 

HSPA13 had a significant decrease in viability, with about 80% of the 

fluorescence of the mock GFP-transfected cells (Fig 3.4B). Considering the effect 

wild-type HSPA13 had on FLAG-TTR, this was not surprising. However, there 

was an even greater impact with T230A. The ATPase mutant decreased the 

fluorescence of HEK293T cells to around 60% of the mock treatment. This was 

also expected, based on the FLAG-TTR aggregation intensity. 
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Figure 3.4: HSPA13 Effects on Viability. A) Lysates of HEK293T cells transfected 

with expression vectors of mock, HSPA13 or T230A were subjected to 10% 

acrylamide SDS-PAGE and subsequent Western blot. The membranes were 

probed for expression of the indicated proteins. B) HEK293T cells transfected for 

GFP, HSPA13 or T230A were incubated with resazurin for around 2 hours and 

measured for fluorescence (n = 5 (biological replicates; 10 wells per treatment); 

**, p < 0.01; F = 20.34; F crit. = 2.62). Graph includes data compiled from 5 

separate experiments which was analyzed for difference of mean fluorescence 

using ANOVA and then assessed for significance with Tukey’s HSD test.   
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HSPA13-/- Cell Lines 

In the previous chapter, we found that HSPA13 associated with several 

proteins involved with nascent protein folding and proteostasis maintenance. We 

hypothesized that the loss of HSPA13 would have drastic consequences on 

cellular proteostasis. To test this hypothesis, we used a CRISPR/Cas9 

expression vector to produce gRNAs that targeted the HSPA13 N-terminus. The 

Streptomyces pyogenes CRISPR plasmid pX330A-1x2 was used as the basis for 

the HSPA13 knockout plasmid [28]. We designed and ligated oligonucleotides 

encoding the gRNA into the pX330A-1x2 backbone (Fig 3.5A). HEK293T cells 

were transfected with the HSPA13-targeting CRISPR/Cas9 plasmid and 

monoclonally expanded. The individual cell lines were tested for endogenous 

HSPA13 expression by Western blot, which revealed that most of the cells did 

not show change in HSPA13 presence (Fig. 3.5B). A few cell lines had an overall 

decrease of HSPA13 expression, presumably from heterozygosity and lower 

gene dose. However, transfection with the CRISPR expression vector resulted in 

two cell lines that were homozygous for HSPA13 deletion and did not register 

any detectable HSPA13. These were designated 12F4 and 1A3 and verified 

through several rounds of lysate Western blotting. Initial expansion of both cell 

lines revealed 1A3 HSPA13-/- cells having growth impairment, with a noticeably 

slower doubling rate than both wild-type HEK293T and 12F4 HSPA13-/- cells 

(Fig. 3.6). Morphologically, 1A3 cells appeared smaller than HEK293T cells,  
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Figure 3.5: Knockout of HSPA13 by CRISPR/Cas9.  A) Oligonucleotide encoding 

gRNA for targeting of N-terminus of HSPA13. Start codon (green highlight) 

shown proximal to the target site (red text). B) Western blot of HEK293T lysates 

from cells transfected with px330A-1x2 targeting HSPA13, separated by 10% 

acrylamide SDS-PAGE. Cell lysates were probed with anti-HSPA13 antibody and 

compared to actin background. 
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Figure 3.6: Growth rates of HSPA-/- cell lines. After validating HSPA13 knockout 

in 1A3 and 12F4 cell lines, 3 million cells of each line, including wild-type 

HEK293T (293T), were seeded on 10 cm dishes and grown, with brightfield 

pictures taken with 4x objective at the indicated times.  



 128 

while 12F4 cells were largely indistinguishable from HEK293T in terms of size or 

morphology.  

 

Loss of HSPA13 Impacts ER Proteostasis Capacity 

Since HSPA13 is an ER Hsp70, we predicted that loss of HSPA13 could 

potentially sensitize cells to proteostatic insults. We tested 12F4 and 1A3 viability 

in comparison to HEK293T with variable concentrations of calcium import 

inhibitor thapsigargin. Thapsigargin acts as an inhibitor of sarco/endoplasmic 

reticulum Ca2+-ATPase (SERCA) pump, leading to depletion of the ER calcium 

gradient, which then leads to inactivation of calcium-dependent ER chaperones 

[34, 35]. After 16 hours of treatment incubation with thapsigargin, the cells were 

incubated with resazurin and tested for fluorescence (Fig. 3.7A). Metabolic 

activity was reflected by the overall reduction of resazurin to fluorescent 

resorufin, thus decreases in relative fluorescence could be attributed to a lowered 

viability. We found two distinct effects between the two different cell lines when 

compared to HEK293T. 1A3 was able to handle ER disruption at lower 

concentrations and maintained a similar trend to HEK293T. Intriguingly, at higher 

concentrations of thapsigargin, 1A3 viability was not as adversely affected and 

kept a higher relative fluorescence than HEK293T (Fig. 3.7B, left panel). The 

other HSPA13-/- line 12F4 had a different  
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Figure 3.7: Thapsigargin sensitivity of HSPA13-/- lines. A) Experimental timeline 

of resazurin-based viability assay. HEK293T and HSPA13-/- cells were seeded on 

96-well plates, with 1.5x104 cells per well and treated with thapsigargin for 16 

hours. Media was replaced with media containing resazurin and incubated with 

cells for two hours. Visually, resazurin reduction was observable by the gradual 

dark blue changing to pink. Plates were then scanned for fluorescence 

quantification. B) Normalized fluorescence of 1A3 (left, red line) and 12F4 (right, 

green line) HSPA13-/- cells treated with thapsigargin gradient.    
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effect: at lower concentrations of thapsigargin, there was a sharp decrease in 

relative fluorescence that eventually leveled out and converged with the loss of 

metabolic activity observed in HEK293T (Fig. 3.7B, right panel). The initial 

decrease indicated that 12F4 did not tolerate the lower concentrations of 

thapsigargin in comparison to HEK293T. This sensitivity implied a compromised 

ER proteostasis due to the absence of HSPA13. The difference in cell viability 

after treatments with thapsigargin implied that both HSPA13-/- lines were shifted 

in terms of proteostasis. For 1A3, the increased survival at higher concentrations 

suggested an enhanced ER proteostasis capacity. In comparison, 12F4 

demonstrated a sensitivity to thapsigargin, which possibly meant proteostatic 

instability.  

To validate the proteostatic shifts in the knockout lines, we tested the 

ability of 1A3 and 12F4 to handle FLAG-TTR while under proteostatic stress. 

HEK293T and either HSPA13-/- cells transfected with FLAG-TTR were treated 

with 10 nM thapsigargin and the proteasomal inhibitor MG132 (100 nM), which 

allowed for the detection of degradation-sensitive proteins. FLAG-TTR in 1A3 

cells formed denaturation-resistant dimers  in the presence of both MG132 and 

thapsigargin (Fig. 3.8A). 1A3 cells appeared to express FLAG-TTR better than 

HEK293T cells, although not significantly so (data not shown). This might be due 

to the differences in growth rate mentioned above. However, the most drastic 

distinct feature of 1A3 was the high levels of BiP expression, even in basal  
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Figure 3.8: HSPA13-/- Cells with FLAG-TTR. A) HEK293T and 1A3 HSPA13-/- 

cells transfected with FLAG-TTR expression vectors and treated for 16 hours 

with vehicle or 100 nM MG132, with or without 10 nM thapsigargin (Tg). Lysates 

were resolved on 12% acrylamide SDS-PAGE gels and transferred for Western 

blot. The membranes were probed with the indicated antibodies. B) HEK293T 

and 12F4 cells were processed in the same procedure as A. Included is a higher 

slice of anti-FLAG fluorescence imaging depicting high molecular weight FLAG-

TTR.  
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conditions. This indicated that 1A3 potentially had a constitutively active UPR, 

which perhaps explains the inherent tolerance 1A3 had with thapsigargin [36, 

37].  

In contrast, we observed that FLAG-TTR readily formed stable dimers for 

all conditions in the 12F4 cell line. Additionally, we observed high molecular 

weight aggregates in 12F4 cells that were treated with thapsigargin (Fig. 3.8B). 

These results were somewhat reminiscent of the HSPA13-inducible FLAG-TTR 

aggregation phenotype observed in HEK293T cells. However, 12F4 did not 

demonstrate the effects on FLAG-TTR maturation seen in HEK293T cells 

overexpressing HSPA13. The distribution between immature and mature 

monomers of FLAG-TTR monomer was indistinguishable between 12F4 and 

HEK293T. 12F4 BiP expression was comparable to that of HEK293T in all 

conditions, which indicated that UPR activation was not impaired. 

 Although there was no observable shift in immature FLAG-TTR in 12F4 

when compared to HEK293T, 12F4 under PQC induction lead to aggregation of 

FLAG-TTR. We tested whether FLAG-TTR lost solubility in stressed 12F4 cells 

by treating the cells with a concentration of thapsigargin (50 nM) and MG132 

(200 nM) and employing ultracentrifugation to precipitate the lysates of both 

HEK293T and 12F4 into soluble and insoluble fractions (Fig. 3.9). FLAG-TTR 

exhibited a slight maturation deficiency in 12F4 when under ER stress that was 

evident by the occurrence of the immature monomer. The amount of aggregated  
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Figure 3.9: Insolubility of FLAG-TTR in 12F4. HEK293T (293T) and 12F4 

HSPA13-/- cells were transfected with FLAG-TTR expression vector and treated 

16 hours with vehicle, 200 nM MG132, 50 nM thapsigargin (Tg) or both inhibitors. 

Cell lysates were subjected to ultracentrifugation at 77,000 x g for four hours, 

resulting in soluble supernatant and insoluble pellet. Pellets were solubilized in 

8M urea and diluted 1:4 in RIPA. Fractions were denatured and reduced, then 

electrophoresed in a 12% acrylamide SDS-PAGE gel. The resolved gel was 

transferred for Western blot and probed with the indicated antibodies.  
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FLAG-TTR did not significantly change in the pellet relative to lysate, neither 

between the cell lines nor the treatment conditions. This implied that FLAG-TTR 

was not shifted in solubility when aggregating in 12F4 and was most likely a 

distinct phenotype than that observed with HSPA13 overexpression in HEK293T. 

 

HSPA13 Effects on Secretion 

 In the canonical secretion pathway, proteins are inserted into the ER 

during translation. Once in the ER lumen, proteins are modified with post-

translational modifications (PTMs) such as cleavage of the signal sequence, N-

linked glycosylation and formation of disulfide bonds [38]. Since PTMs are 

generally necessary for correct folding and passage of quality control 

checkpoints, immature proteins do not generally reach secretion [39]. In the 

previous chapter, we observed an immature form of model secretion protein 

FLAG-TTR that contained the signal sequence. Additionally, we discovered 

HSPA13 interactions with members of the signal peptidase and oligosaccaryl 

transferase complexes, which handle signal peptide cleavage and glyosylation 

respectively.  We hypothesized that HSPA13 inhibition on translocation would 

affect downstream secretion by impeding PTM processing. To test this, we 

collected media from HEK293T cells expressing FLAG-TTR with or without 

HSPA13 and observed a drop in secreted FLAG-TTR with HSPA13 to about 5%  
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Figure 3.10: Effects of HSPA13 on secretion. A) HEK293T cells expressing 

FLAG-TTR with or without HSPA13 were cultured for both lysate and media 

collection. Media input (top slice), media immunoprecipitated (IP) eluate (second 

from top) and cellular lysate were resolved on 12% acrylamide SDS-PAGE gel 

and fixed for Western blot. Antibodies used for probing indicated. White 

arrowheads denote mature FLAG-TTR; black arrowheads for immature. B) 

Fluorescence signals from A and biological replicates (n = 6) normalized to 

FLAG-TTR secretion without cotransfection (**, p < 0.01; **, p < 0.05). Error bars 

are standard error of the mean. C) FLAG-TTR secretion with Brefeldin A. 

HEK293T cells transfected with FLAG-TTR, with and without HSPA13 were 

treated with 100 ng/mL Brefeldin A for 6 hours. Media was immunoprecipitated 

(IP) for FLAG and processed for Western blot. D) Diagram of FLAG-tagged alpha 

1 antitrypsin (FLAG-A1AT) variants with top containing native A1AT signal 

peptide and bottom containing preprotrypsin (PPT) signal peptide. E) Western 

blot of IP material from media incubated with HEK293T cells transfected with 

either A1AT, with or without HSPA13 or its ATPase mutants. Media was treated 

with PNGase F or mock prior to IP. Samples were resolved on a 10% acrylamide 

SDS-PAGE gel for Western blotting with anti-FLAG primary anitbodies. N-linked 

glycosylated (+ CHO) forms of A1AT indicated by black arrowheads; 

unglycosylated A1AT with white arrowheads.  
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relative to FLAG-TTR alone, which was a more dramatic inhibitory effect than 

what was observed with FLAG-TTR translocation (Fig. 3.10A, B). However, 

immunoprecipitation of FLAG epitope yielded an immature band present with 

HSPA13 co-transfection. This indicated that a small fraction of FLAG-TTR was 

secreted without cleavage when HSPA13 or the T230A mutant was 

overexpressed. 

 Since the appearance of immature FLAG-TTR in the media was 

presumably through the secretory pathway, we hypothesized that the immature 

protein would be sensitive to disruption of the Golgi apparatus, which is 

downstream of the ER in the secretory pathway. When we immunoprecipitated 

FLAG-TTR from media of cells treated with Brefeldin A, which collapses the 

Golgi, we observed a loss of mature FLAG-TTR relative to untreated (Fig. 

3.10C). However, when we included HSPA13, the immature FLAG-TTR 

monomer was still present, even though the mature monomer signal was 

diminished. This implied FLAG-TTR was rerouted to alternate secretion pathway 

when HSPA13 was overexpressed. 

We also tested the secretion efficiency of another secreted ERAD-

sensitive protein, alpha 1 antitrypsin [40, 41], which was also modified to contain 

an N-terminal FLAG tag (FLAG-A1AT). A1AT is normally subject to glycosylation, 

which can be detected by removal with peptide:N-glycosidase F (PNGase F) and 

subsequent size shifts on Western blot. We found that FLAG-A1AT is mostly 

unaffected by HSPA13 in terms of glycosylation and secretion (Fig. 3.10E). 
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However, when we used the ATPase mutants K100A and T230A, we observed a 

slight appearance of secreted unglycosylated FLAG-A1AT. Since signal 

sequence can also affect glycosylation efficiency [42], we used polymerase 

incomplete primer extension (PIPE) to replace the native A1AT signal sequence 

with that of preprotrypsin (PPT-FLAG-A1AT; Fig. 3.10D) [43]. We observed an 

unglycosylated band of PPT-FLAG-A1AT that appeared with HSPA13 and 

contained stronger signal with cotransfections the K100A and T230A mutants. 

This indicated that the glycosylation efficiency was dependent on HSPA13 

ATPase activity. This result provided additional evidence that HSPA13 affected 

secretory protein maturation, by lowering the efficiencies of signal sequence 

cleavage and glycosylation. 

 
 

Discussion 

The conservation of HSPA13 between metazoan is a conspicuous 

presence, due to the apparent substrate-binding domain deficiency. The 

implication that HSPA13 is a necessary Hsp70 while not possessing the ability to 

interact with unfolded protein raises questions about its function. The protein 

function of HSPA13 is largely unknown and, with a handful of interactors having 

been identified prior to this work.  

The findings that HSPA13 regulatory function can be modulated by 

mutations in the nucleotide-binding domain of residues necessary for Hsp70 

ATPase activity has several implications. The first is that HSPA13-based 
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regulation is not dependent on cycling between ATP- and ADP-bound 

conformations. FLAG-TTR was found to be not only more inhibited in terms of 

cleavage efficiency but increased in aggregation propensity with ATPase mutants 

of HSPA13. Additionally, the T230A mutation did not abrogate the impaired 

translocation phenotype described in the previous chapter. The second 

implication, using the T230A findings mentioned above imply that the ATP-bound 

conformation of HSPA13 is probably responsible for the inhibitory function. 

These results also indicate that HSPA13 ATPase function is not necessary for 

the regulatory function observed previously. Mutations of the threonine 229 

residue in BiP locked the ER Hsp70 into the open conformation [44]; it is possible 

that HSPA13 with the T230A mutation has a similar effect. Thus, there is a 

possibility that HSPA13 in an open-like conformation is predominantly regulatory 

since T230A was more influential in the formation of FLAG-TTR aggregates. This 

could be explored by introducing a “closed-like” HSPA13 that preferentially binds 

ADP. This is the case for arginine at position 197 in BiP that is needed for 

interactions with Hsp40 as well as lid interaction [45]; this residue appears to be 

present in HSPA13 (R199). 

Additionally, HSPA13 and, to a larger extent, T230A reduced HEK293T 

viability, demonstrating that presence of HSPA13, with or without ATPase ability, 

imposed deleterious effects. Taken with the inverse correlation between 

incubation time of prion disease and HSPA13 levels in mice, there is a possibility 

that inhibition of translocating and immature ER protein is the cause of 
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cytotoxicity found in HEK293T. This is also supported by the sensitivity of 

HSPA13-/- cells to signal peptidase inhibitor. We cannot rule out that the 

synergistic negative impacts HSPA13 and amyloidogenic protein have may 

occurred separately and reduce cell viability independently of each other, but the 

findings of this work suggest that HSPA13’s cytotoxicity is linked to its regulatory 

functions. The proposed model for HSPA13 effects on viability is that the 

decreased translocation observed with HSPA13 leads to rerouting of ER proteins 

to the cytosol. Mistranslocated proteins pose several problems for cells; a major 

issue is that there are proteins that are inherently unfolded in the cytosol and 

have the capacity to misfold into aggregation-prone conformations that can 

damage cellular functions. Additionally, the presence of exposed signal 

sequences and transmembrane domains can potentially promote aggregation or 

harmful interaction via their hydrophobic regions. In order to address these 

threats, cell chaperones and proteostasis factors will be occupied, leading to cell 

stress. Although there is reduced translocation with HSPA13 overexpression, 

there also appeared to be decreased translocation with HSPA13-/- cells. The 

12F4 cell line demonstrated a slight increase in immature FLAG-TTR that 

increased with PQC induction. Using the translocation-dependent cleavage 

model for FLAG-TTR, this potentially means that 12F4 cells have ER import 

deficiencies. In contrast, 1A3 cells did not promote immature FLAG-TTR and 

thus may have relatively efficient translocation, perhaps due to their BiP 

overexpression and potential upstream constitutive UPR activation which may 
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promote import. The overexpression of other chaperones in 1A3 may 

overcompensate for the import regulatory function of HSPA13. Since we 

observed an increased proteostatic capacity with 1A3, there is potentially an 

increased maturation efficiency as well. 

As shown in the previous chapter, the capability to immunoprecipitate 

HSPA13 allowed for the identification of regulatory routes that HSPA13 partakes. 

We validated that HSPA13 is membrane-associated by co-precipitating 

interactors that are membranous. Of these, we discovered that several members 

of the HSPA13 interactome were the complexes that are involved with nascent 

ER protein processing. The interactions with both glycosyltransferase subunits 

and glucosidase proteins indicated that HSPA13 is involved with regulation of 

glycosylation [46, 47], which is consistent with the observations involving 

secreted unglycosylated PPT-FLAG-A1AT species during coexpression with 

HSPA13. This also suggests that HSPA13’s role in protein fate determination 

may be more complicated than is currently understood. HSPA13’s interaction 

with members of a large ER chaperone complex consisting of HYOU1, PPIB, BiP 

and ERP29 imply involvement in the early folding of newly-translocated proteins 

[48] but does not explain the misfolding phenotype observed with FLAG-TTR, 

which presumably aggregates in the cytosol. Another interesting group of 

interactions is those between HSPA13 and members of the protein disulfide-

isomerase family, namely members PDIA3, PDIA4 PDIA6, which further 

indicates a folding-associated role. 
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Lastly, overexpression of HSPA13 not only prevented translocation of 

FLAG-TTR, but also lowered its secretion efficiency. This was no surprising since 

secretion is downstream of translocation; inhibiting translocation would 

presumably lower secretion. The secretion of immature FLAG-TTR and PPT-

FLAG-A1AT was also observed with HSPA13 expression, which indicates that 

HSPA13 is linked to regulation of protein glycosylation. This was supported by 

the mass spectrometry experiment described in Chapter 2 where co-

immunoprecipitation of HSPA13 and its interactors led to the identification of 

HSPA13 interactions with dilochyl-diphosphooligosaccharide-protein 

glycosyltransferase subunits A (STT3A) and B (STT3B) as well as with 

glucosidases mannosyl-oligosaccharide glucosidase (MOGS) and neutral alpha-

glucosidase AB (GANAB). The interaction with STT3A and STT3B supported the 

notion of HSPA13 involvement at the ER membrane due to the established 

association with BCAP31 and potential interaction with the Sec61 translocon. 

Both glycosyltransferases are members of the oligosaccharyl transferase (OST) 

complex that initiates the N-linked glycosylation of nascent proteins at the N-X-

S/T sequon [49, 50]. Since N-linked glycosylation is a strong determinant of ER 

protein fate, an effect by HSPA13 diverting early post-translational modification 

would have large impacts downstream [51, 52]. Potentially, this inhibitory function 

would work in the same manner as the effects on signal peptidase, since the 

glycosylation loss was also more extreme with HSPA13 ATPase mutant T230A. 
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Chapter 4 – Concluding Remarks 
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Summary 

 Prior to this work, little was known about the ER Hsp70 HSPA13, except 

for a limited list of potential interactors and disease associations. We investigated 

the ties HSPA13 had with translocation, using the findings that HSPA13 

knockdown resulted in signal peptidase inhibition and that the expression of 

HSPA13 was correlated to prion disease acceleration, potentially through 

mistargeting.  

 We found that HSPA13 did affect translocation, leading to impediments to 

ER-specific maturation steps. We observed that an uncleaved form of model 

substrate FLAG-TTR was induced with HSPA13 and verified that this was due to 

failure to localize in the ER by employing a new proximity labeling technology. 

Other ER modifications affected by HSPA13 included glycosylation of A1AT, 

although this was more pronounced with a non-native signal sequence. 

Downstream of the ER, impaired secretion of FLAG-TTR was observed as a 

result of HSPA13 presence, supporting the finding that FLAG-TTR was retained 

in the cytosol. FLAG-TTR was found to be more aggregation-prone with HSPA13 

coexpression, indicating a hampered proteostasis linked to HSPA13 and its 

translocation inhibition. Furthermore, the FLAG-TTR aggregates were attributed 

to an inherently decreased solubility, a feature also observed in TTR with 

inefficient signal sequence cleavage. This effect was specific to HSPA13 

overexpression; induction of UPR and PQC did not have a comparable effect on 

FLAG-TTR. Additionally, HSPA13 overexpression did not affect the overall 
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proteome solubility, implying that the effect targets specific substrates or proteins 

that have currently unidentified properties, possibly signal sequence structure. 

Intriguingly, BiP also exhibited translocation inhibition, which appeared to be 

dependent and caused by the signal sequence. However, while BiP and HSPA13 

share significant homology, their respective signal sequences appear to be 

distinct from each other. 

 We addressed functional mutations of HSPA13 targeting the ATPase 

activity. We found that mutating conserved residues necessary for Hsp70 cycling 

resulted in an exacerbated effect on FLAG-TTR maturation. This demonstrated 

that functional ATPase was not necessary for HSPA13 regulation, which thus 

may be tied to the ATP-bound conformation of HSPA13.  

 Immunoprecipitating HSPA13 yielded many potential binding partners that 

explain the regulatory effect. We observed the co-immunoprecipitation of proteins 

needed for attachment and maturation of glycans, perhaps explaining the 

glycosylation effects on A1AT. We also identified several members of the signal 

peptidase complex, which potentially relates to the uncleaved FLAG-TTR and the 

HSPA13 knockout sensitivity to signal peptidase inhibitor described before. We 

also established interactions with apoptotic factor BCAP31, as a potential route 

of regulation of cell survival, which would explain the relationship between 

HSPA13 and gastric cancer. 
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 Lastly, we used the CRISPR/Cas9 gene editing system to remove 

HSPA13 and observed altered proteostasis capacity as a result. The two cell 

lines lacking HSPA13, 1A3 and 12F4, demonstrated opposite effects when 

challenged with ER calcium disruption, with 1A3 showing a resilience to 

thapsigargin at high concentrations while 12F4 was relatively sensitive to 

thapsigargin at low concentrations. This was explained by the inherently 

activated UPR present in 1A3, implying that both lines had compromised 

proteostasis at some point. This notion was supported by the observation that 

FLAG-TTR formed thapsigargin-sensitive aggregates in 12F4. 

 

Future Directions 

 While this dissertation displays progress on our understanding of 

HSPA13, there are several questions that follow. One potential aspect that was 

highlighted by the findings of the ATPase mutants is that HSPA13 appears to 

switch between the open and closed conformations that is characteristic of 

Hsp70s. Despite not having a substrate binding domain, loss of HSPA13 ATPase 

activity enhanced the inhibitory functions, meaning that the “open-like” 

conformation is likely responsible for regulation. An interesting study would be to 

bias HSPA13 to the “closed-like” conformation and observing if this removes the 

regulatory function.  
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 Since the most pertinent disease association that led into this work was 

prion-based neurodegeneration, an interesting pursuit would be to confirm that 

HSPA13 accelerates prion disease by reducing import efficiency of PrP. This 

would also potentially highlight HSPA13 as true susceptibility factor when 

assessing risks to familial amyloidogenic disease. 

 

Conclusion 

 In this work, we discover that HSPA13 lowers translocation efficiency of 

the model secretion substrate FLAG-TTR. We initially predict this by observing 

size shifts of the FLAG-TTR monomer that correspond to an uncleaved form of 

FLAG-TTR. We confirm that FLAG-TTR is mislocalizing by employing both 

microsomal separation and a new proximity labeling assay. We also characterize 

the cytosolic FLAG-TTR as unstable and aggregation-prone, which is likely the 

mechanism that accelerates PrP pathogenesis. 

  Upon purifying HSPA13 along with its interactors, we discover that 

HSPA13 binds to several members of the translocation, signal peptidase and 

glycosylation complexes in the ER lumen, thus introducing several potential 

regulatory pathways for investigation. Of these, BCAP31 was particularly 

interesting due to its role in apoptosis. Since HSPA13 mutants are prevalent in 

gastric cancer, the interaction between HSPA13 and BCAP13 may modulate 

survival. We observed decreased viability in cells overexpressing HSPA13 or its 
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mutants; the apoptotic factors may have been activated in addition to the 

presumed destabilized proteostasis. 

 We also determine that HSPA13 is an important factor for maintaining 

proteostasis by utilizing the CRISPR/Cas9 system to remove the HSPA13 gene. 

We observed altered sensitivities to thapsigargin challenge in HSPA13 knockout 

cells. Cells lacking HSPA13 also displayed altered handling characteristics when 

transfected for FLAG-TTR. Together, these indicate that HSPA13 is necessary 

for normal protein maintenance.  

 In support with the notion of proper ER protein production being 

dependent of normal levels of HSPA13, we observed decreased secretion 

efficiency with HSPA13 overexpression. Proteins that were secreted also 

presented immature characteristics that increased with the regulatory 

enhancements of the ATPase mutants. These results demonstrate that HSPA13 

influence encompasses a range of processes. 




