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ABSTRACT 

 

Title of Dissertation: Characterization of Wild Type and Mutant Atp13a2 Proteins Linked     

             to Parkinson’s Disease 

Janet E. Ugolino, Doctor of Philosophy, 2011 

Dissertation Directed by:  Mervyn J. Monteiro, Professor 

Graduate Program in Biochemistry and Molecular Biology 

Center for Biomedical Engineering and Technology 

Department of Anatomy and Neurobiology 

University of Maryland, Baltimore  

 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder 

characterized by tremor at rest, postural instability, bradykinesia, and rigidity.  Mutations 

in ATP13A2 have been linked to the development of Kufor-Rakeb syndrome (KRS), a 

juvenile-onset form of parkinsonism with dementia. The ATP13A2 gene is alternatively 

spliced to produce three Atp13a2 protein isoforms. However, little is known about the 

function of Atp13a2 in the cell or how mutations in the gene cause disease.  It has been 

reported that wild type (wt) Atp13a2
Isoform-1 

proteins localize to lysosomes while mutant 

Atp13a2
Isoform-1 

proteins are retained in the endoplasmic reticulum (ER) and rapidly 

degraded by the proteasome. These findings suggest mutant Atp13a2
Isoform-1 

proteins are 

eliminated by the ER-associated degradation (ERAD) pathway, the process by which 

misfolded proteins are retro-translocated from the ER to the cytoplasm for degradation by 

the proteasome, although direct evidence for this was not demonstrated. We approached 

this question by examining protein turnover after disrupting specific components of the 

ERAD pathway. Interference of ERAD by either inhibition of the proteasome, or 

expression of a dominant negative p97/VCP QQ mutant, or knockdown of erasin, slowed 

the turnover of mutant Atp13a2
Isoform-1 

proteins. Furthermore, immunoprecipitation assays 



 
 

 

 

revealed Atp13a2 proteins are ubiquitinated, as expected.  Functional studies in HeLa 

cells indicated that overexpression of the wild type Atp13a2
Isoform-1 

protein is 

cytoprotective against agents that cause ER stress, manganese toxicity, and starvation.  

Similar studies of the Atp13a2
Isoform-3 

proteins revealed surprising differences. In contrast 

to the Atp13a2
Isoform-1 

protein, wild type Atp13a2
Isoform-3 

was found to localize to the ER, 

be rapidly degraded by the proteasome, and its overexpression was found to be cytotoxic.  

These results provide new insight into functional differences between wild type and 

mutant Atp13a2 proteins, which are likely to be important in understanding the 

pathogenicity of Atp13a2 proteins in PD.  
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BACKGROUND 

Section 1.1: Parkinson’s Disease 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder which 

causes severe motor dysfunction.  Classical PD is characterized clinically by resting 

tremor, postural instability, bradykinesia, and rigidity. Individuals with advanced stages 

of PD also suffer from several non-motor related symptoms, including dementia and 

dysfunctions in the autonomic nervous system, as well. The pathological hallmarks of the 

disease include loss of dopamine neurons in the substantia nigra pars compacta region of 

the brain as well as the presence of cytoplasmic protein inclusions known as Lewy bodies 

in the surviving neurons. Currently, there is no cure for PD and the only treatment 

involves alleviation of symptoms, most commonly with dopamine replacement therapy 

(Lesage and Brice, 2009; Thomas and Beal, 2007). 

PD is considered to be a disease of the elderly with the onset of symptoms 

typically manifesting in the sixth decade of life.  Although PD is not considered fatal, it 

can be severely debilitating, particularly in the late stages of the disease, and individuals 

may succumb to PD-related complications approximately 15 years after the onset of 

symptoms (Lees et al., 2009). It is estimated that 1.5 million people in the United States 

and 6 million people worldwide suffer from PD making it the second most common 

neurodegenerative disease next to Alzheimer’s disease. Because of the shifting 

demographics of the population to the more elderly, these numbers are expected to 

increase, stressing the critical need for finding a cure for PD. A compounding problem  in 

finding a cure is that by the onset of symptoms, 50-70% of neurons have already been 
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lost, which suggests understanding the molecular mechanisms that underlie this 

neurodegeneration is key to prevention and treatment of this disease (Lesage and Brice, 

2009; Thomas and Beal, 2007). 

 Section 1.1.1: Parkinson’s Disease Genes 

The exact etiology of PD remains elusive.  The majority of PD cases are defined 

as idiopathic with age being the highest risk factor for developing the disease. However, a 

small number of cases have been linked to exposure to environmental toxins like 

pesticides and heavy metals (Betarbet et al., 2000; Langston et al., 1999; Olanow, 2004). 

Additionally, mutations in a number of genes have been linked to developing PD and 

account for approximately 5-10% of cases. These Mendelian forms of PD are often 

associated with juvenile and early-onset forms of the disease, which is defined as the age 

of onset being less than 20 and 50 years of age, respectively.  Currently, 16 PARK loci 

and 11 genes have been implicated in the development of PD or PD-like syndromes 

(Lesage and Brice, 2009). Six of these genes have been clearly defined as the causative 

gene in several PD individuals and families (Table 1). Both Mendelian and idiopathic 

forms of PD share common pathophysiologies. For example, missense mutations in -

synuclein, as well as duplications and triplications of the -synuclein gene locus, cause 

early-onset autosomal dominant PD (Chartier-Harlin et al., 2004; Kruger et al., 1998; 

Polymeropoulos et al., 1997; Singleton et al., 2003; Zarranz et al., 2004). The -

synuclein protein is the main component of Lewy bodies which are the pathological 

hallmark of idiopathic PD (Spillantini et al., 1997). Thus, studying these genes will 

provide a greater understanding of PD as a whole. 

Both the functions of these PD-linked genes and the dysfunctions caused by their 
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mutations are the subject of much investigation. As shown in Table 1, these genes code 

for proteins that exhibit a wide-range of functions in the cell. For example, the -

synuclein gene codes for a presynaptic protein that has been shown to be involved in 

regulating neurotransmitter release and vesicle trafficking (Abeliovich et al., 2000) 

(Yavich et al., 2004) (Chandra et al., 2004).  The parkin gene codes for an E3 ubiquitin 

ligase that has been implicated in the degradation of various substrates (Chung et al., 

2001; Imai et al., 2000; Shimura et al., 2000; Zhang et al., 2000b). The PINK1 gene 

encodes a mitochondria kinase that has been shown, along with parkin, to target damaged 

mitochondria for degradation via the lysosomes. (Matsuda et al., 2010; Narendra et al., 

2010). Another PD gene, LRRK2, codes for a tyrosine-like kinase whose substrate is 

unknown.  LRRK2 has been implicated in neurite growth and has been shown to 

associate with synaptic vesicles and various organelles including the mitochondria and 

the lysosome (Biskup et al., 2006) (MacLeod et al., 2006). The DJ-1 gene codes for a 

protein with chaperone and antioxidant properties (Shendelman et al., 2004; Taira et al., 

2004).  My work focuses on ATP13A2 (PARK9) which codes for a putative lysosomal P-

type ATPase with unknown substrate specificity (Ramirez et al., 2006).    

Studying the genes listed in Table 1 has provided further insight into the 

molecular mechanisms that underlie the development of both familial and idiopathic PD.  

These mechanisms include protein misfolding and aggregation, disruptions in 

mitochondrial function, and oxidative stress (Cookson and Bandmann, 2010; Robinson, 

2008; Thomas and Beal, 2007). For example, mutations in -synuclein lead to an 

increase in the propensity of the -synuclein protein to aggregate.  These aggregates have 

been shown to be toxic in both cell culture and animal models (Waxman and Giasson, 
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2009). Furthermore, expression of mutant -synuclein has been shown to inhibit both 

proteasome and lysosome-mediated (i.e. autophagy) protein degradation pathways 

(Cuervo et al., 2004; Lindersson et al., 2004; Martinez-Vicente et al., 2008; Petrucelli et 

al., 2002; Stefanis et al., 2001). Lastly, expression of -synuclein has been shown to 

cause mitochondrial dysfunction and sensitizes cells to damage from mitochondria toxins 

(Martin et al., 2006; Song et al., 2004; Stichel et al., 2007). Further studies of these PD-

linked genes will help elucidate how the convergence of these pathways leads to the 

development of PD. 

Table 1:  

PD Genes 

Locus Position Gene Inheritance Onset Protein Information 

PARK1/4 4q21 -synuclein AD, sporadic EO Presynaptic protein 

PARK2 6q25-q27 Parkin AR, sporadic JO, EO E3 ubiquitin ligase 

PARK6 1p35-p36 PINK1 AR EO Mitochondrial Kinase 

PARK7 1p36 DJ-1 AR EO Anti-oxidant protein 

PARK8 12q12 LRRK2 AD, sporadic LO, EO Kinase 

PARK9 1p36 ATP13A2 AR JO, EO P-type ATPase 

AD, autosomal dominant; AR, autosomal recessive; EO, early onset; JO, juvenile onset, 

LO, late onset.  Table adapted from (Thomas and Beal, 2007). 

 

Section 1.2: Kufor-Rakeb Syndrome and ATP13A2  

 ATP13A2 was first linked to PD after genetic analysis of two large families from 

Chile and Jordan suffering from Kufor-Rakeb syndrome (KRS), an autosomal recessive 

inherited parkinsonism with juvenile onset. Individuals with KRS exhibit many of the 

same motor dysfunctions associated with classical PD, like rigidity and bradykinesia, as 

well as other atypical symptoms like dementia and eye movement defects (Ramirez et al., 

2006). Little is known about the pathology of KRS but neuroimaging analysis of KRS 
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individuals has revealed widespread brain atrophy, dysfunctions in the dopaminergic 

pathway, and in some cases evidence of iron accumulation in the brain (Bruggemann et 

al., 2010; Najim al-Din et al., 1994; Schneider et al., 2010). 

The syndrome was first described in 1992 in five children from a consanguineous 

family living in Kufor-Rakeb, Jordan (Najim al-Din et al., 1994).  These individuals, 

along with the Chilean family, were later found to harbor mutations in ATP13A2 in 2006 

(Table 2) (Ramirez et al., 2006). These first three described mutations are the focus of 

this work and will be described in greater detail later in the text.  Since the initial report, 

several individuals with KRS or juvenile PD have been reported harboring homozygous 

or compound heterozygous ATP13A2 mutations (Crosiers et al., 2011; Di Fonzo et al., 

2007; Eiberg et al., 2011; Ning et al., 2008; Paisan-Ruiz et al., 2010; Park et al., 2011; 

Santoro et al., 2011; Schneider et al., 2010).  Several heterozygous mutations have been 

described in individuals with early onset PD as well (Di Fonzo et al., 2007; Djarmati et 

al., 2009; Fong et al., 2011; Lin et al., 2008).  All known ATP13A2 mutations are 

summarized in Table 2. Interestingly, the extent of symptoms and progression varies 

between individuals, which may suggest a correlation between mutation type and disease 

severity.  Additionally, a follow-up analysis of the Chilean family revealed select 

heterozygous carriers exhibited mild parkinsonism symptoms, which suggest the role 

these mutations play in developing PD may be more complex than a simple loss of 

function (Behrens et al., 2010; Bruggemann et al., 2010). To date, no correlation between 

mutations in ATP13A2 and late onset idiopathic PD has been reported (Rakovic et al., 

2009). However, both KRS and idiopathic PD share common characteristics, which 

suggest common molecular mechanisms are involved in disease development. Thus, 



7 
 

 

 

studying ATP13A2 mutations may provide a better understanding of PD as a whole.  

The ATP13A2 gene covers a 26 kb region at chromosome 1p36 between two other 

PARK loci, PARK6 and PARK7 (Hampshire et al., 2001; Ramirez et al., 2006). Both 

human and mouse ATP13A2 have been shown to be expressed at varying levels in a 

variety of tissues with highest expression in the brain including the substantia nigra pars 

compacta which is the region of the brain affected in PD (Ramirez et al., 2006; Schultheis 

et al., 2004). Interestingly, Ramirez et al. found that ATP13A2 is expressed at high levels 

in surviving neurons from post-mortem brain tissue of sporadic PD patients compared to 

controls. However, the reason for this upregulation is not known (Ramirez et al., 2006).   
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Table 2: 

ATP13A2 Mutations 

DNA Mutation
1
 Protein Change Zygosity Country of Origin 

3057delC (C) 

1306+5G>A (Ex13) 

Gly1019fsX2 

Deletion:Gly399_ Leu435 

compound 

heterozygous 
Chile 

1632_1653dup22 Leu552fsX236 homozygous Jordan 

1510G>C Gly504Arg homozygous Brazil 

546C>A Phe182Leu homozygous Japan 

1103_1104insGA Thr367ArgfsX29 homozygous Pakistan 

2629G>A Gly877Arg homozygous Italy 

2552_2553delTT Phe851CysfsX5 homozygous Afghanistan 

3176T>G 

3253delC 

Leu1059Arg 

Leu1085TrpfsX3 

compound 

heterozygous 
China 

2473C>AA Leu825AsnfsX32 homozygous Greenland 

    

35C>T Thr12Met heterozygous Italy 

1597G>A Gly533Arg heterozygous Italy 

2236G>A Ala746Thr heterozygous Taiwan/Singapore 

1108_1120del13 Arg370fsX21 heterozygous Lithuania 

746C>T Ala249Val heterozygous Germany 

844A>T Ser282Cys heterozygous Norway 

1346G>A Arg449Gln heterozygous Iran 

2939G>A Arg980His heterozygous Serbia 

fs, frameshift; dup, duplication; del, deletion; ins, insertion; X, stop codon after indicated 

number of amino acids.
1
Mutations described relative to ATP13A2 sequence Accession 

Number NM_022089. The three mutations used in this work are highlighted in bold. 

  

Section 1.3: Atp13a2 Protein  

  

Section 1.3.1: Atp13a2 Isoforms 

The function of the ATP13A2 gene is not known. According to sequences 

deposited in the NCBI database, at least three major ATP13A2 transcripts are found in 

humans, generated by alternative splicing of the ATP13A2 gene. They are predicted to 

encode three different protein isoforms. The differences between these isoforms can be 

observed upon alignment of their amino acid sequences, as shown in Figure 1. Isoform-1 

is predicted to encode a protein of 1180 amino acids (~130 kDa) with 10 transmembrane 
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domains (Ramirez et al., 2006).  This is the predominant isoform reported on in the 

literature. Isoform-2 differs from Isoform-1 by containing a small 5 amino acid in-frame 

deletion near the N-terminus.  In addition to the same in-frame deletion as Isoform-2, 

Isoform-3 (1158 amino acids) contains an additional downstream in-frame deletion of 

117 bases and an out-of-frame deletion of 170 bases, removing 39 amino acids and 

generating a highly diverged C-terminus, respectively. Based on hydrophobicity analysis, 

these changes are predicted to result in the removal of the last two transmembrane 

domains relative to Isoform-1 and Isoform-2 (Fig. 2).  However, the consequence of these 

changes on the function of the proteins is not known. The focus of this work is the first 

and third isoforms of Atp13a2.  
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Figure 1. Sequence alignment of Atp13a2 Isoforms 1-3. Accession Numbers: Isoform-1: 

NP_071372.1, Isoform-2: NP_001135445.1, Isoform-3: NP_001135446.1. Boxed regions 

indicate conserved P-type ATPase motifs (see Section 1.3.2). The predicted 

transmembrane domains are highlighted in yellow. 
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Figure 2. Atp13a2 Isoforms 1-3 hydrophobicity profiles. The C-terminal region of each 

isoform is outlined in red.  Accession Numbers: Isoform-1 NP_071372.1, Isoform-2 

NP_001135445.1, Isoform-3 NP_001135446.1 

  

Section 1.3.2: P-type ATPases   

    

Hints about the function of Atp13a2 can be derived from its amino acid sequence. 

Atp13a2 shares sequence homology with P-type ATPases, which are a large family of ion 

pumps found in both eukaryotes and prokaryotes that use ATP to transport ions and 

phospholipids across a variety of biological membranes (Ramirez et al., 2006). Some 

examples of well-characterized P-type ATPases include the sarcoplasmic reticulum 

calcium (SERCA) pump, the plasma membrane Na
+
/K

+
 ATPase, and the gastric H

+
/K

+
 

pump.  All P-type ATPases are characterized by a conserved aspartic acid residue that is 
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reversibly phosphorylated during its pumping cycle and shared common features which 

include an even number of transmembrane domains, a large cytoplasmic domain, and 

cytoplasmic N and C termini. As shown in Figure 3, the cytoplasmic domain is highly 

conserved and contains three domains common to all P-type ATPases, including all 

isoforms of Atp13a2: the nucleotide binding (N) domain, identified by the KGXXD/E 

motif; the actuator (A) domain, identified by the TGES motif; and the phosphorylation 

(P) domain, identified by the DKTGTLT motif which contains the reversibly 

phosphorylated aspartic acid residue (Kuhlbrandt, 2004). However, although Apt13a2 

contains these domains, definitive evidence that it is an ATPase or its substrate has not 

been demonstrated. 

 

Figure 3. Conserved P-type ATPase sequence motifs.  Clustal alignment of cytoplasmic 

regions of Atp13a2 and SERCA2b, a well studied P-type ATPase, depicting the 

conserved motifs shared by all P-type ATPases. The conserved aspartic acid residue is 

highlighted in red. Note: these motifs are found in all three Atp13a2 isoforms (see Fig. 1). 

Accession Numbers used for this alignment: Atp13a2, NP_071372.1; SERCA2b 

NP_733765.1 
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Section 1.3.3: Type-5 P-type ATPases 

 

Based on sequence homology, Atp13a2 has been classified as a type-5 P-type 

ATPase, which is a subfamily of P-type ATPases that are expressed only in eukaryotes. 

Type-5 P-type ATPases are characterized by the conserved PPXXP motif in their amino 

acid sequence, but their substrate specificity is still unknown. Type-5 P-type ATPases 

have been identified in several organisms including mice, dog, rat, yeast, Drosophila, and 

C. elegans. In humans, this subfamily consists of an obscure group of proteins designated 

Atp13a1 to Atp13a5 (Axelsen and Palmgren, 1998; Moller et al., 2008; Schultheis et al., 

2004). In humans, an inversion in the ATP13A4 gene was found in an individual with 

language delay and ATP13A3 has been shown to be upregulated in senescent human 

parenchymal kidney cells (Habtemichael and Kovacs, 2002; Kwasnicka-Crawford et al., 

2005). Recently, mouse Atp13a4 was shown to localize to the ER in overexpression 

studies and was suggested to be involved in calcium regulation and embryonic 

development (Vallipuram et al., 2010). The only well-characterized member of this 

subfamily is the yeast ATPase Cod1/SPF1 which is most-likely a homolog of human 

Atp13a1.  Cod1/SPF1 is an ER calcium ATPase that has been implicated in ER 

homeostasis, HMG-CoA reductase degradation, and protein glycosylation (Cronin et al., 

2000; Cronin et al., 2002).   

Section 1.3.4: Atp13a2 Function 

 

 As mentioned previously, the function of ATP13A2 is not known. Most 

information on the function of this gene has been derived from overexpression studies of 

Atp13a2
Isoform-1 

proteins in mammalian cells and from work with its putative homologs in 
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yeast and C. elegans. An alignment of these homologs is shown in Figure 4. The 

Atp13a2
Isoform-1

protein has been shown to localize to lysosomes when overexpressed in 

COS7 and HEK293 cells (Park et al., 2011; Ramirez et al., 2006). Additionally, the 

Atp13a2 yeast homolog, YOR291W (Ypk9), localizes to the vacuole, the yeast 

equivalent of the lysosome (Gitler et al., 2009; Schmidt et al., 2009).  The lysosome is 

home to a variety of digestive enzymes that are responsible for degrading unwanted 

cellular components like toxic protein aggregates and damaged organelles from the 

cytosol. Also, during the last step in autophagy, unwanted proteins in the cytosol are 

delivered to the lysosomes for degradation. Interestingly, defects in lysosome function 

have been linked to disease.  Mutations in  several genes which encode lysosome proteins 

cause a specific class of disease known as lysosome storage disorders in which defective 

lysosomal proteins lead to a build-up of undegraded substrates (Futerman and van Meer, 

2004). Additionally, dysfunctions in the lysosome and autophagy have recently been 

linked to neurodegenerative diseases, including PD (Wong and Cuervo, 2010; Zhang et 

al., 2009). Interestingly, mutations the lysosomal enzyme glucocerebrosidase, which 

cause the lysosome storage disorder Gaucher disease, have been identified as a 

susceptibility factor for  developing idiopathic PD (Aharon-Peretz et al., 2004; Sidransky 

et al., 2009). Therefore, it is not surprising that loss of Atp13a2 function in lysosomes 

might cause disease.   

Work with Ypk9 as well as the C. elegans Atp13a2 homolog W08D2.5 (catp-6), 

suggests a functional interaction between Atp13a2 and the PD protein -synuclein. 

Knockdown of Atp13a2 in C. elegans increases -synuclein aggregation in an age-

dependent manner (Gitler et al., 2009; Hamamichi et al., 2008). Furthermore, 
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overexpression of Atp13a2 in yeast, C. elegans, and primary rat neuronal cultures has 

been shown to suppress toxicity of -synuclein aggregates. Additionally, overexpression 

of yeast Atp13a2 has been shown to restore localization of -synuclein to the plasma 

membrane and rescue -synuclein-induced trafficking defects (Gitler et al., 2009). It has 

also been reported that endogenous Atp13a2 localizes to lysosomal inclusions structures 

with -synuclein, a homolog of -synuclein, in a rat B103 neuroblastoma cell model of 

dementia with Lewy bodies (Wei et al., 2007).    These results may provide a link 

between KRS and classical PD.  However, whether Lewy bodies are present in the brain 

of KRS individuals is unknown. 

Work with the yeast Atp13a2 homolog has also yielded information on its 

substrate specificity.  Knockdown of Ypk9 sensitizes cells to heavy metal toxicity, 

particularly manganese toxicity, which suggests Atp13a2 may play a role in removing 

toxic metals from the cytosol (Gitler et al., 2009; Schmidt et al., 2009). Recently, human 

Atp13a2 has been shown to protect cells from manganese-induced toxicity in 

overexpression studies in HEK293 cells and primary rat neuronal cultures (Tan et al., 

2011). However, this has yet to be shown biochemically. A role in manganese transport, 

if correct, could be important as exposure to high levels of manganese has been 

implicated in the development of manganism, a PD-like syndrome  (Olanow, 2004).  
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Figure 4. Sequence alignment of Atp13a2 homologs. Accession Numbers: Human 

Atp13a2
Isoform-1

: NP_071372.1 S. Cerevisiae Atp13a2: Q12697 C. elegans Atp13a2: 

Q27533 
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Section 1.4 Atp13a2 Mutants 

 

As mentioned previously, several mutations in ATP13A2 have been reported 

(Table 2). However, the consequence of these mutations on Atp13a2 protein function and 

how these mutations lead to KRS or PD is not known. My work focuses on the first three 

KRS mutations indentified in ATP13A2 in the Chilean and Jordanian families in 2006. 

They are referred to in this text as ∆C, Ex13, and Dup22 and are described relative to the 

Atp13a2
Isoform-1 

protein (Fig. 5).  The ∆C mutation is a deletion of the cytosine residue at 

position 3057 that results in a frameshift followed by a premature stop codon after two 

amino acids. This mutation results in the loss of the last three transmembrane domains of 

the Atp13a2
Isoform-1 

protein. The Ex13 mutation is a guanine-to-adenine transition in the 

donor splice site of exon 13 which results in the skipping of exon thirteen and the 

removal of 111 nucleotides. This mutation event results in an in-frame deletion of the 

first half of the third transmembrane domain. The Dup22 mutation is a duplication of 22 

base pairs (residues 1632 to 1653) in exon sixteen that results in a frameshift followed by 

a premature stop codon after 236 amino acids. This event results in the loss of the last six 

transmembrane domains of the Atp13a2
Isoform-1 

protein (Ramirez et al., 2006).  

The initial characterization of these mutant proteins, using Atp13a2
Isoform-1 

overexpression constructs, revealed that all three mutants localized to the ER in COS7 

cells. It was suggested that the mutants were degraded by the proteasome since treatment 

with the proteasome inhibitor MG132 resulted in stabilization of the proteins. However, 

ubiquitination of mutant Atp13a2, which is hallmark of proteins that are degraded by the 

proteasome, was not observed. Retention in the ER and degradation by the proteasome 

may be a common fate among Atp13a2 mutant proteins.  Recently, overexpression 
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studies have been performed using two new Atp13a2 mutants identified in a KRS family 

from China. Both of these mutants localized to the ER and were shown to be degraded by 

the proteasome (Park et al., 2011). 

 

Figure 5. Predicted Atp13a2
Isoform-1 

topology and mutation sites.  Diagram depicts 

conserved P-type ATPase motifs (colored ovals) and mutation events (colored stars). The 

conserved aspartic acid residue is highlighted in red. 
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Section 1.5: Protein Quality Control in the ER 

 

1.5.1 Protein Folding in the Endoplasmic Reticulum 

 

The endoplasmic reticulum (ER) is an essential organelle involved in protein 

folding, protein modification, and calcium storage. It is estimated that over one-third of 

newly synthesized proteins are folded in this compartment before being trafficked to their 

final destination in the cell (Schubert et al., 2000). This includes the vast majority of 

secretory and membrane proteins. The proper folding and processing of proteins is 

necessary to maintain cellular homeostasis. Protein folding is inherently error-prone due 

to the presence of several folding intermediates during the folding process. Furthermore, 

protein folding is often compromised by genetic mutations and environmental stressors. 

Protein misfolding not only negatively impacts protein function but the build-up of 

aggregation-prone proteins can be toxic to the cell. Therefore, it is not surprising that the 

cell has developed an elaborate quality control system to insure only properly folded 

proteins are allowed to reach their final destinations in the cell as well as to avoid the 

build-up of potential toxic protein species. Additionally, defects in protein folding and 

processing has been linked to disease, further highlighting the importance of the cell’s 

quality control mechanisms (Hebert and Molinari, 2007; Rubinsztein, 2006).  Protein 

quality control in the ER consists of two main mechanisms: retaining proteins until they 

reach their final conformation and removing terminally misfolded proteins from the 

folding cycle.  

The first aspect of protein quality control begins when newly synthesized 

membrane and secreted proteins pass through the ER membrane via the Sec61 
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translocation channel in an unfolded state and enter the ER lumen (Rapoport, 2007). In 

the ER lumen, unfolded polypeptides immediately encounter molecular chaperone 

proteins which aid in their correct folding and processing. These chaperones include 

members of the Hsp70 and Hsp90 heat shock family of proteins which bind to exposed 

hydrophobic patches on unfolded proteins and prevent aggregation. The new proteins 

also interact with other ER-resident enzymes which include oligosaccharyltransferases 

and protein disulfide isomerases which mediate N-linked glycosylation and disulfide 

bond formation, respectively, in an effort to reach their final conformations (Ellgaard and 

Helenius, 2003).   

The N-linked glycosylation of proteins adds another layer of complexity to 

protein quality control in the ER. Proteins that are modified by N-linked glycosylation 

enter the calnexin-calreticulin folding cycle (Caramelo and Parodi, 2008; Hammond et 

al., 1994; Hebert et al., 1995). First, proteins are modified by the addition of the 

GlcNAc2-Man9-Glu3 oligosaccharide by oligosaccharyl transferase.  This is followed by 

the removal of the last two glucoses by the glucosidase-I and glucosidase-II enzymes.  

This triggers the recruitment of carbohydrate-binding chaperones known as calnexin and 

calreticulin, which have an affinity for monoglucosylated proteins, to assist in folding. 

When the protein is folded correctly, the enzyme glucosidase-III trims the final glucose 

and the protein is allowed to exit the ER.  If the protein requires more folding, it is 

reglucosylated by the enzyme UDP-glucose: glycoprotein glucosyltransferase which 

allows the protein to re-enter the folding cycle. If proteins are unable to be folded 

correctly, a second quality control mechanism is initiated and they are rapidly exported 

from ER for degradation by the proteasomes in the cytosol (Vembar and Brodsky, 2008).  
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However, it is not well understood how the cell distinguishes between terminally 

misfolded proteins and appropriate folding intermediates.  

1.5.2 ER-associated Degradation 

 

The process by which misfolded proteins are recognized and selectively exported 

from the ER for degradation in the cytosol is known as ER-associated degradation or 

ERAD. Several key steps are involved in the ERAD process and are summarized in 

figure 6.  These steps include the recognition and targeting of misfolded proteins to the 

ERAD machinery, retro-translocation of proteins out of the ER, ubiquitination of the 

misfolded substrates by various ligases, and lastly proteasome degradation  (Bagola et al., 

2011; Hirsch et al., 2009; Vembar and Brodsky, 2008).   

Although less is known about how the cell discriminates between misfolded and 

correctly folded proteins, several factors have been identified that are involved in 

targeting misfolded proteins to the ERAD machinery. Much of the information about 

ERAD substrate targeting has come from the study of glycoproteins.  During the 

calnexin/calreticulin folding cycle, the removal of mannose residues from the 

glycoprotein by the sequential action of ER mannosidases prevents reglucosylation and 

re-entrance into the folding cycle. This trimmed oligosaccharide is recognized by ERAD 

targeting factors, such as OS-9 and XTP3-B, which have been shown to interact with 

ERAD machinery (i.e. ubiquitin ligase complexes) at the ER membrane (Hosokawa et al., 

2008; Mueller et al., 2008). Also, ER mannosidases have been shown to directly bring 

substrates to the degradation machinery (Cormier et al., 2009). However, not all 

demannosylated proteins are targeted for degradation, suggesting other signals are 
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involved in targeting ERAD substrates.  Furthermore, it is even less is clear how non-

glycosylated proteins are selected for ERAD. 

 

Figure 6. Mammalian ERAD. The ERAD process is dependent on the interaction of 

various proteins and can be divided into 4 key steps: (1) recognition of misfolded 

proteins, (2) targeting of proteins to degradation machinery (3) retrotranslocation and 

ubiquitination and (4) proteasome degradation.  This figure depicts one example of an 

ERAD complex that has been proposed in the literature composed of the proteins erasin, 

p97, and ubiquilin.    Experiments presented in this work focus on erasin, p97, and the 

26S proteasome which are shown in bold. Ub, ubiquitin chains; UBX, ubiquitin 

regulatory X domain; UBL, ubiquitin-like domain; UBA, ubiquitin-associated domain. 

   

Once misfolded proteins are targeted to the ERAD machinery they must be 

removed from the ER lumen to be degraded in the cytosol. This process requires passage 

through the ER-membrane, most likely through a protein channel.  Candidates for this 
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channel include members of the Derlin family of proteins (Lilley and Ploegh, 2004; Oda 

et al., 2006; Ye et al., 2004) as well as the ER-import Sec61 translocation channel 

(Schafer and Wolf, 2009; Schmitz et al., 2000; Wiertz et al., 1996). It has also been 

suggested that ubiquitin ligases in the ER membrane pay a role in channel formation as 

well (Bagola et al., 2011). Additionally, it has been suggested that lipid droplets play a 

role in protein export, possibly for unfolded proteins that may be too large for a protein 

channel (Ploegh, 2007).   

Protein export from the ER is an ATP dependent process. The driving force 

behind protein extraction from the ER is provided by the AAA ATPase p97/VCP which 

couples ATP hydrolysis to protein retro-translocation. (Ye et al., 2001).  Based on 

structural studies, it is believed that p97/VCP behaves as a “molecular ratchet” protein. In 

this model, cycles of ATP hydrolysis induces conformational changes in p97 which allow 

for protein extraction (Zhang et al., 2000a). The p97/VCP protein contains an N domain, 

a D1 domain, a D2 domain and assembles as a homohexamer (Fig.7). The N domain is 

responsible for binding cofactors and substrates, including ubiquitinated proteins, while 

the D1 and D2 domains contain its ATPase activity. p97/VCP is primarily a cytosolic 

protein and besides protein degradation it has been shown to have other functions in the 

cell including cell cycle regulation, membrane fusion, and transcription activation (Wang 

et al., 2004).  During ERAD, p97/VCP has been shown to interact with a variety of 

ERAD proteins at the ER membrane such as the ubiquitin-binding proteins Ufd1 and 

Np14, the derlin proteins, ubiquitin ligases (e.g. Gp78), and other ERAD factors (Liang et 

al., 2006; Lilley and Ploegh, 2004; Schulze et al., 2005; Ye et al., 2001; Zhong et al., 

2004). These interactions allow for recruitment of p97/VCP to the ER membrane to 
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participate in ERAD. Highlighting the importance of p97/VCP in ERAD, interference 

with the function of p97/VCP leads to a build-up of ERAD substrates. For example, 

expression of dominant negative p97/VCP mutant, known as the QQ mutant, has been 

shown to impair the degradation of MHC (major histocompatibility complex) class I 

protein, a known ERAD substrate (Ye et al., 2001; Ye et al., 2003).   

A required step in the removal of proteins from the ER is the ubiquitination of 

ERAD substrates.  Ubiquitin is a 76 amino acid peptide that covalently modifies proteins 

and has been implicated in various cellular pathways. The ubiquitination process is a 

series of three sequential enzymatic reactions. During the first step, a thioester bond is 

formed between an active site cysteine of an E1 ubiquitin-activating enzyme and the 

carboxyterminal glycine of the ubiquitin peptide.  In the second step, ubiquitin is 

transferred to an E2 ubiquitin-conjugating enzyme via the formation of a second thioester 

bond.  In the third and final step, an E3 ubiquitin ligase covalently attaches ubiquitin to a 

lysine residue of the targeted protein substrate via an isopeptide bond (Vembar and 

Brodsky, 2008). In a process known as polyubiquitination, ubiquitin moieties can also 

covalently link to each other via one of seven lysine residues present in the ubiquitin 

peptide. The type of linkage has been shown to impact a proteins function and destination 

in the cell.  The most well known type of linkage is via the lysine 48 residue (K48) which 

targets modified proteins for proteasome degradation (Li and Ye, 2008).  

Ubiquitination and retrotranslocation of ERAD substrates are tightly coupled 

events. Although p97/VCP can be recruited to the ER membrane, it is not well 

understood exactly how p97/VCP initially gains access to the misfolded protein coming 

out of the ER. It has been suggested that ubiquitination is necessary for protein 
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retrotranslocation and dislocation from the ER (Jarosch et al., 2002). However, enough of 

the substrate must be exported from the ER in order to interact with the ubiquitination 

machinery in the cytosol. Thus, ubiquitination may play a larger role in ERAD other than 

proteasome targeting. One model that has been proposed for retrotranslocation is based 

on the finding that p97/VCP can interact with both ubiquitinated and nonubiquitinated 

substrates. In this model, p97/VCP (and its binding factors) bind nonubiquitinated 

substrates; abet weakly, initiating their removal from the ER and bringing the substrate in 

close proximity to the ubiquitination machinery. Ubiquitination increases the affinity of 

p97/VCP for the substrate thus facilitating its removal and eventual dislocation from the 

ER membrane (Ye et al., 2003).    

The last step in ERAD is degradation of the exported protein via the 26S 

proteasome. Proteasomes are protein complexes found in the cytosol which consist of a 

20S catalytic core surrounded by 2 19S regulatory caps. The catalytic core consists of 

four stacked rings that surround a central pore. These rings are made up of 28 subunits 

which possess the proteasomes’ proteolytic activity.  The 19S cap contains 19 subunits, 

which along with other factors, control delivery of substrates into the catalytic core. One 

of these factors is deubiquitinating enzymes (DUBs). DUBs are responsible for removing 

ubiquitin moieties from substrates which is required for entrance into the catalytic core 

(Finley, 2009). Although the exact mechanism on how substrates are dislocated from the 

ER continues to be investigated, several shuttle factors have been identified that are 

believed to play a role in delivery of ubiquitinated proteins to the proteasome for 

degradation.  These proteins contain a UBA domain and a UBL domain which bind 

ubiquitin and the proteasome, respectively. Some of these shuttle factors include, Rad23, 
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Dsk2, and ubiquilin. It has also been suggested that for some substrates, the 26S 

proteasome may be able to retrotranslocate proteins directly out of the ER membrane 

without the assistance of p97/VCP by the AAA ATPases located in the 19S cap.  

Proteasome activity can be inhibited by several chemical compounds and peptides which 

results in a build-up of ubiquitinated substrates.  One of these compounds used 

extensively in this work is MG132, a peptidyl aldehyde that binds the 1 subunit within 

in the catalytic core, thus blocking the central pore. 

     An ERAD protein used extensively in this work is erasin (Fig.7).  Erasin is a resident 

ER protein that inserted in the ER membrane via a small hydrophobic region in the 

protein. Other characteristics include cytoplasmic N and C termini and a UBX domain 

(Liang et al., 2006). The UBX domain of erasin has been shown to bind p97/VCP.  It has 

been proposed that during ERAD, erasin acts as a scaffolding protein that can recruit 

p97/VCP to the ER membrane. Knockdown of erasin expression using siRNA technology 

has shown to perturb the degradation of known ERAD substrates (e.g. CD3, 1-anti-

trypsin), which further supports the role of erasin in ERAD. Erasin has also been shown 

to interact with ubiquilin, a cytosolic protein that contains a UBA and a UBL domain.  

(Liang et al., 2006; Lim et al., 2009; Mah et al., 2000). Additionally, it has been proposed 

that erasin, p97/VCP, and ubiquilin proteins form a novel protein complex at the ER 

membrane which functions in ERAD (Lim et al., 2009).   

    As discussed previously, numerous factors have been identified as being 

involved in ERAD. These include channel proteins, p97/VCP, ubiquitin ligases, 

scaffolding proteins, ubiquitin-shuttle factors, and other proteins on both sides of the ER 

membrane (Bagola et al., 2011; Vembar and Brodsky, 2008). However, the exact 
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mechanism by which these components interact and degrade individual substrates 

continues to be investigated. ERAD substrates are extremely diverse and exhibit a wide 

range of properties. Therefore, it is not surprising that the proteins involved in 

degradation may be specific to a particular ERAD substrate.  There is accumulating 

evidence, particularly in yeast, that ERAD ligases and several factors form in distinct 

complexes at the ER membrane, each of which might be dedicated to disposing different 

substrates. For example, yeast possesses two distinct complexes for degrading ERAD 

substrates.  The Doa10 ubiquitin ligase complex degrades membrane proteins with 

cytoplasmic lesions while the Hrd1 ligase complex degrades proteins with lesions in 

membrane or luminal domains (Carvalho et al., 2006). In mammals, the components of 

these complexes are beginning to be elucidated (Lim et al., 2009; Mueller et al., 2008; 

Schulze et al., 2005; Ye et al., 2004). However, numerous ERAD ubiquitin ligases have 

been identified in mammals suggesting degradation of substrates is a more elaborate 

process than in lower organisms (Mehnert et al., 2010). 

 

Figure 7. Erasin and p97/VCP.  The diagram depicts the two ERAD proteins that are 

used extensively in this work.  Erasin is an ER membrane protein with a UBX domain.  

The p97/VCP protein is a member of the AAA-ATPase family and contains domains for 

substrate binding (N domain) as well as ATP hydrolysis (D1/D2 domain). TM, 

transmembrane region; UBX, ubiquitin regulatory X domain; aa, amino acid; kDa, 

kilodaltons. 
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Section 1.5.3 ER-stress and the Unfolded Protein Response 

 

 One important aspect of protein quality control in the ER is the signal 

transduction pathway known as the unfolded protein response (UPR) (Ron and Walter, 

2007; Schroder and Kaufman, 2005). The UPR is activated when misfolded proteins 

overload the folding capacity of the ER, a situation that is known as ER stress.  Other 

factors that can induce ER stress are altered calcium levels and accumulation of reactive 

oxygen species. The UPR consists of three molecular sensors in the ER membrane known 

as IRE1, ATF6, and PERK. In an inactive state, these sensors are bound to the molecular 

chaperone protein BiP/Grp78.  Accumulation of misfolded proteins in the ER leads to the 

dislocation of BiP from the sensors to bind misfolded proteins. This dislocation event 

leads to activation of the sensors which initiates the UPR signal transduction cascade in 

an effort to restore protein homeostasis in the ER.  

The three arms of the UPR are well established. IRE1 (inositol-requiring protein-

1) is a serine/threonine kinase with endoribonuclease activity. Dislocation of BiP from 

the sensor results in the dimerization and autophosphorylation of the sensor, which 

triggers the activation of its endoribonuclease activity.  This leads to the splicing of 

XBP1 mRNA, which codes for the XBP1 transcription factor. Once translocated to the 

nucleus, XBP1 can upregulate several UPR response genes. The activation of ATF6 

(activating transcription factor 6) triggers its transportation to the Golgi where it is 

cleaved by resident proteases. This cleavage event releases a DNA-binding protein 

fragment which is also translocated to the nucleus to activate transcription of UPR target 

genes. Many UPR target genes are known, several of which aid in restoring protein 

homeostasis in the ER.  Examples include genes involved in lipid synthesis (to increase 
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the folding capacity of the ER), genes that promotes ERAD (to reduce protein load in the 

ER), and genes involved in protein folding (e.g. molecular chaperones). The activation of 

PERK (protein kinase RNA-like ER kinase), which also involves dimerization and 

autophosphorylation, results in the phosphorylation of the alpha subunit of eIF2 

(eukaryotic translation initiation factor-2). This leads to translational attenuation and a 

reduction in protein synthesis.  Several chemical agents can be used in the laboratory to 

induce ER stress. One such example that is used in this work is tunicamycin, which 

inhibits N-linked glycosylation and results in the accumulation of unmodified proteins in 

the ER. 

The purpose of the UPR is to alleviate stress and restore homeostasis.  However, 

prolonged activation of the UPR results in the activation of cell death pathways. In 

normal cells this most likely occurs in an effort to save the cell from the build-up of toxic 

protein species. One of the well studied UPR induced cell death pathway is mediated by 

CHOP, a cell-death promoting transcription factor (Tabas and Ron, 2011). However, 

chronic ER stress can result in more widespread cell death which can be detrimental to 

the organism.  It is not well understood how the cell distinguishes between corrective ER 

stress and insurmountable ER stress. 

Chronic ER stress has been linked to neurodegenerative diseases including PD.   

Several lines of evidence support the role of ER stress and UPR in the development of 

PD.  First, toxins that mimic PD in culture (6-hydroxydopamine, rotenone, and MPP+) 

have been shown in induce the expression of several UPR response genes including BiP 

and CHOP.  These toxins also induce the phosphorylation of PERK and eIF2 and the 

splicing of XBP1 (Holtz and O'Malley, 2003; Ryu et al., 2002).  ER stress also been 
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linked to the PD genes parkin and -synuclein.  Overexpression of wild type and mutant 

-synuclein has been shown to induce UPR in yeast and neuronal cell lines (Bellucci et 

al., 2011; Cooper et al., 2006; Smith et al., 2005; Sugeno et al., 2008). Loss of parkin’s 

ubiquitin ligase function leads to the accumulation of one of its substrates, the Pael 

receptor, and ER stress-induced cell death. Additionally, overexpression of parkin has 

been shown to suppress UPR-mediated cell death. (Imai et al., 2001; Imai et al., 2000).  

The most striking evidence for the role of ER stress in PD comes from a study of post-

mortem brain samples from idiopathic PD patients. These results showed the activation 

of the UPR, including the phosphorylation of PERK and eIF2, in the substania nigra of 

these patients (Hoozemans et al., 2007).  
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Section 1.6: Goals and Rationale 

 

Mutations in the ATP13A2 gene have linked to the development of KRS and 

early-onset PD. However, the mechanism by which ATP13A2 mutations cause disease is 

unknown.  As mentioned previously, the wild type protein (Atp13a2-wt
Isoform-1

) 
 
 localizes 

to lysosomes while the Atp13a2
Isoform-1 

mutant proteins C, Dup22, and Ex13 localize to 

the ER.   Additionally, mutant Atp13a2
Isoform-1 

proteins are stabilized by proteasome 

inhibition. Retention of proteins in the ER and degradation via the proteasome is 

consistent with protein substrates that are eliminated via the ERAD pathway. However, 

direct evidence for this has not been established.  Adding complexity to this issue, 

ubiquitination of the mutants has yet to be shown, which would be expected for proteins 

that are degraded by ERAD.  Also, it is not known whether the other isoforms of 

Atp13a2, which were discussed in section 1.3.1, behave in a similar manner.  To date, an 

ERAD substrate involved in neurodegeneration has yet to be identified. Identification of 

new substrates and the machinery required for each substrate will help gain further 

insight on the ERAD process as a whole.  

The recessive nature of ATP13A2 mutations suggests loss of function of the 

protein.  This is supported by the mislocalization of the proteins to the ER.  However 

heterozygous carriers of the KRS mutations have shown to develop neurological 

symptoms later in life.  Furthermore, several heterozygous ATP13A2 mutations have 

been identified. This suggests a combination of factors might contribute to the 

development of KRS and early-onset PD. Thus, examining the role ERAD plays in the 

degradation of these mutants and the affect these mutants have an on the ER may lead to 

a multipronged approach to treatment and prevention of KRS. 
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The following chapters examine the mechanism by which wild type (wt) and 

mutant Atp13a2 proteins are degraded in the cell.  The focus of this work is 

Atp13a2
Isoform-1 

and Atp13a2
Isoform-3 

which is discussed in Chapter 3 and Chapter 4, 

respectively.  I approached this issue by assessing protein turnover after interfering with 

several components of the ERAD pathway. I also examined the toxicity of Atp13a2 

proteins, specifically under conditions of ER stress, to elucidate a possible mechanism by 

which these mutants cause disease.  

Information regarding the function of Atp13a2 in the cell is lacking.  As 

mentioned previously, the Atp13a2
Isoform-1 

protein may play a protective role in the cell, 

which may be linked to its function in the lysosome. In Chapter 5, I describe experiments 

in which I examined the susceptibility of cells expressing Atp13a2
Isoform-1 

to different 

stressors in an effort to gain insight into the possible function of the Atp13a2
Isoform-1 

protein.  

ATP13A2 is just one of several genes that have been linked to PD.  Although most 

of these genes are linked to rare forms of the disease, common pathways have been 

implicated in the disease progression of both genetic and idiopathic forms of the disease.  

Thus, studying Atp13a2 may provide useful information on the disease as a whole and 

lead to possible avenues of disease prevention and treatment. 
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MATERIALS AND METHODS 

 

Generation of Atp13a2 Expression Constructs 

Constructs expressing either Atp13a2
Isoform-1

 or Atp13a2
Isoform-3 

  were generated 

for this work. All V5-tagged Atp13a2
Isoform-1

 expression plasmids (wt, C, and Dup22) 

were provided by Dr. Christian Kubisch at the University of Ulm, Germany and 

described previously (Ramirez et al., 2006). The GFP-tagged versions of Atp13a2
Isoform-1 

were generated by amplification of wt, C, and Dup22 by PCR from their corresponding 

V5-tagged Atp13a2
Isoform-1 

constructs using the primers listed in Table 3.  The resulting 

PCR products were cloned into a CMV expression vector upstream of GFP using the 

restriction enzyme sties SacII and SalI. Wild type Atp13a2
Isoform-3 

expression constructs 

were generated by amplification of Atp13a2
Isoform-3 

by PCR using full-length 

Atp13a2
Isoform-3 

cDNA (Origene) as a template (for primers see Table 3).  The resulting 

PCR products were cloned into a CMV expression vector upstream and in-frame of a 

myc epitope tag or GFP. Atp13a2
Isoform-3 

expression constructs containing KRS-linked 

mutations (C and Ex13) were generated by PCR mutagenesis using Atp13a2-wt
Isoform-3

 

as the template.  The resulting PCR products were cloned into a CMV expression vector 

upstream of a myc epitope tag or GFP. All Atp13a2 constructs were verified by DNA 

sequencing, which was performed by the Biopolymer-Genomic Core Facility at the 

University of Maryland, Baltimore.   



35 
 

 

 

Table 3:                                            

ATP13A2 Primers 

 

  

Cell Culture and DNA Transfection 

HeLa cells were maintained at 37°C in Dulbecco’s Modified Eagle Medium 

(DMEM) (Cellgro) supplemented with 10% fetal bovine serum (FBS), 100 u/ml 

penicillin and 100µg/ml streptomycin (Gibco).  Cells were transiently transfected with 

plasmid DNA by either the calcium phosphate coprecipitation method or Lipofectamine 

2000 (Invitrogen), unless otherwise specified. For calcium phosphate transfections, 10-15 

µg of plasmid DNA in 1x HBS and 125 mM CaCl2 was transfected per 100 mm dish for 

5 hours followed by glycerol shock with 20% glycerol in 1x HBS for 90 seconds. For 

Construct  Atp13a2-wt
Isoform-1 

GFP Description

Forward gcgacttgagCCGCGGCCACC ATGAGCGCAGACAGCAGCCCT random sequence, SacII, Kozak , COMPLEMENT

Reverse ctcaagtcgcGTCGACCCTCAGGGGGCCGGCGGGCAG random sequence, SalI, COMPLEMENT

Construct  ΔC Atp13a2
Isoform-1

 GFP and ΔC Atp13a2
Isoform-3 

Myc or GFP Description

Forward gcgacttgagCCGCGGCCACC ATGAGCGCAGACAGCAGCCCT random sequence, SacII, Kozak , COMPLEMENT

Reverse gcgatgtagcGTCGACGGAAGTACCCCCTAGCTGCAC random sequence, SalI, COMPLEMENT

Construct Dup22  Atp13a2
Isoform-1 

GFP Description

Forward gcgacttgagCCGCGGCCACC ATGAGCGCAGACAGCAGCCCT random sequence, SacII, Kozak , COMPLEMENT

Reverse cacatgtagcGTCGACGGGTGGGTGGCGTGGACGATGATC random sequence, SalI, COMPLEMENT

Construct  Atp13a2-wt
Isoform-3 

Myc or GFP Description

Forward gcgacttgagCCGCGGCCACC ATGAGCGCAGACAGCAGCCCT random sequence, SacII, Kozak , COMPLEMENT

Reverse gtcaagtcgcGTCGACCACTGACAGCAGCACTGAGGG random sequence, SalI, COMPLEMENT

Construct Ex13 Atp13a2
Isoform-3

 Myc or GFP Description

PCR Reaction 1

Forward gcgacttgagCCGCGGCCACC ATGAGCGCAGACAGCAGCCCT random sequence, SacII, Kozak , COMPLEMENT

Reverse gattgcagcGTCGACCTGGATCCACGCGTCACCACTGCCAGGACGTGCGGTC random sequence, SalI, BamHI, MluI, COMPLEMENT

PCR Reaction 2

Forward gatgcactgaACGCGTACAGCTCTCCTCCTCGGCACCATCTAC random sequence, MluI, COMPLEMENT

Reverse gtcaagtcgcGTCGACCACTGACAGCAGCACTGAGGG random sequence, SalI, COMPLEMENT

Construct Atp13a2-GST Antibody  241-469 Description

Forward gactggatggGGATCCAACCTGGCCCACGCCGAAACA random sequence, BamHI, COMPLEMENT

Reverse actgccttagCTCGAGTCACCGCTTCGCCTCCTCGCTCTT random sequence, XhoI, COMPLEMENT
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Lipofectamine transfections, cells were transfected with 2-8 µg plasmid DNA in Opti-

MEM I reduced serum media (Invitrogen) containing Lipofectamine 2000 at a ratio of 1 

µg DNA to 2 µl Lipofectamine for 5 hours before replacing the media with DMEM.  

Cells were allowed to incubate for approximately 20 hours before continuing with an 

experiment. 

The following expression plasmids were described previously: LAMP1-Cherry, 

p97/VCP-QQ-Myc, and Cherry-LC3 (Kim et al., 2008; Pankiv et al., 2007; Zhong et al., 

2004). The mRFP-Erasin construct was generated by fusing mRFP to the C-terminus of 

full-length erasin. 

SDS-PAGE  

Cells were collected in protein lysis buffer (0.5% SDS, 0.5% NP-40, 0.5% sodium 

N-lauroylsarcosine, 50 mM Tris, pH 6.8, 150 mM NaCl, 20 mM EDTA, 1 mM EGTA, 

25 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM Pefabloc, 1 mM leupeptin, 

and 1 mM aprotonin) and further lysed by passing the lysates at least ten times through a 

25 G needle.  Protein concentrations were determined by the bicinchonic acid assay 

(Thermo Fisher Scientific).  Lysates containing equal amounts of protein were prepared 

with sample loading buffer containing 8 M urea, 15 mM DTT, and 10% beta-

mercaptoethanol and heated for 15 minutes at 37°C prior to loading.  Proteins were 

separated by SDS-PAGE at 95V using 7.5% gels and transferred onto a 0.45 µm PVDF 

membrane (Millipore). Proteins were transferred for 3 hours at 200 mA using the Mini-

Trans Blot cell system (BioRad) followed by incubation of the membrane in  Ponceau S 

dye (0.2% Ponceau S, 3% TCA) to verify proper transfer of the proteins.  
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Western Blot Analysis 

PVDF membranes were rinsed with 1x PBS and incubated in blocking buffer for 

15 minutes followed by incubation of the membrane with the appropriate primary 

antibodies diluted in blocking buffer overnight at 4ºC. The blocking buffer used was 

either 4% BSA in 1x PTX (0.2% Triton X-100, 150 mM NaCl, 10 mM NaPO4, pH 7.5, 

1mM EDTA, 10% sodium azide) or 5% nonfat dry milk in PBST (1x PBS, 0.2% Tween-

20) depending on the antibody used. Next day, membranes were washed with PBST 

followed by incubation with the appropriate HRP-conjugated secondary antibodies for 

1.5 hours at 4ºC in 5% nonfat dry milk in PBST. Membranes were washed again with 

PBST and proteins were detected using the SuperSignal West Pico system (Thermo 

Fisher Scientific). The following primary antibodies were used: anti-tubulin and anti-V5 

(both from Sigma-Aldrich), anti-V5, (Invitrogen), anti-ubiquitin and anti-actin (both from 

Santa Cruz Biotechnology, Inc.), and anti-myc, anti-Atp13a2, and anti-erasin (generated 

by our laboratory).  The following HRP-conjugated secondary antibodies were used: goat 

anti-mouse (Thermo Fisher Scientific), bovine anti-goat (Santa Cruz Biotechnology) and 

donkey anti-rabbit (GE Healthcare). 

Cell Staining and Florescence Microscopy 

HeLa cells were grown on glass coverslips and fixed with cold 1% 

paraformaldehyde/1x PBS for 15 minutes followed by incubation with cold 70% 

ethanol/1x PBS for 20 minutes to permeabilize the cell membrane. The coverslips were 

incubated in blocking buffer (0.8% BSA/1x PBS) for 30 minutes and stained with 

primary antibodies diluted in blocking buffer for 1 hour at room temperature.  The 
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coverslips were extensively washed with cold 1x PBS to remove any residual antibody 

and incubated with the appropriate florescent-conjugated secondary antibody diluted in 

blocking buffer for 1 hour. The coverslips were washed again and incubated with DAPI 

for 5 minutes to visualize the cell nucleus. The coverslips were mounted on slides using 

Aqua Poly/Mount (Polysciences, Inc) and allowed to dry overnight before viewing.  The 

following primary antibodies were used:  anti-calreticulin (Stressgen) anti-V5 (Sigma-

Aldrich).  The following secondary antibodies were used: Alexa Fluor goat anti-rabbit 

594 and goat anti-mouse 488 (Invitrogen).  For GFP microscopy work, cells were fixed 

with paraformaldehyde and directly mounted on slides. For live cell images, cell were 

grown on glass coverslips and images were captured in 1x PBS. For colocalization with 

Lysotracker, cells were incubated in DMEM for 2 hours at a final concentration of 50 nM 

prior to viewing (Molecular Probes, Invitrogen).  All images were captured using a Leica 

DM IRB microscope and a Leica PL APO 100x/1.4 oil-immersion lens.  Colocalization 

and quantification was performed using iVision-Mac software (BioVision Technologies).   

The iVision software was used to measure the Pearson’s and M1 and M2 correlation 

coefficient of colocalization of red and green fluorescent signals captured of the same 

microscopy field.   

Atp13A2 Antibody Generation 

Generation, Expression, and Purification of GST-Atp13a2 Fusion Protein 

ATP13A2 cDNA corresponding to amino acids 81-154 of the Atp13a2 protein, 

which is common to all three isoforms, was cloned into the bacterial expression vector 

pGST/T1 (Pharmacia) downstream of GST using BamHI/XhoI enzyme sites.  The 
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resulting plasmid was transformed into BL21 (DE3) E. coli and grown overnight at 37ºC 

on LB+ampilcillin (100 µg/ml amp) plates. A single bacteria colony was used to 

inoculate a 100 ml LB/amp starter culture and grown overnight at 37ºC. This starter 

culture was used to inoculate a 1 L LB/amp culture and allowed to grow for an additional 

1 hour or until OD600 ~0.8.  The expression of Atp13a2-GST fusion proteins was induced 

by the addition of 1 mM IPTG for 5 hours at 37ºC. Bacteria were recovered by 

centrifugation at 5000 x g for 15 minutes.  The resulting pellets were resuspended in 

chilled lysis buffer (50 mM Tris pH 8.0, 10% sucrose, 1 mM EDTA, 0.2 mg/ml 

lysozyme, and protease inhibitors) and sonicated on ice.  The lysed cells were transferred 

to pre-chilled centrifuge tubes and spun at 35,000 rpm for 1 hour at 4ºC.  The resulting 

supernatant was incubated with glutathione-agarose beads (Sigma-Aldrich) for 2 hours at 

4ºC.  The beads were equilibrated with wash buffer (50 mM Tris pH 8.0, 10% sucrose, 5 

mM sucrose, 5 mM EDTA, 0.25% Tween-20) for 30 minutes prior to use.  The bead 

mixture was transferred into a disposable 10 ml column (Pierce) and unbound protein 

allowed to drain by gravity flow.  The column, which contains the bound Atp13a2-GST-

protein, was washed with 30 ml wash buffer, 30 ml wash buffer + 250 mM KCl, and 

again with 30 ml wash buffer without KCl.  The Atp13a2-GST fusion proteins were 

eluted from the column with 10mM reduced glutathione.  Eluted fractions were run on a 

SDS-PAGE gel and the purified proteins visualized by staining with Coomassie Blue 

followed by incubation in destain buffer (10% acetic acid, 5% methanol). The fractions 

containing purified Atp13a2-GST were pooled and dialyzed against 1x PBS overnight at 

4ºC before being used to immunize rabbits for antibody production (Covance, Denver, 

PA). 
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Affinity Purification of Atp13a2 Antibody  

The antibody was affinity-purified from rabbit anti-serum using the GST-fusion 

antigen coupled to Affi-Gel 10 (BioRad).  For coupling, purified Atp13a2-GST was 

dialyzed against 0.1 M MOPS buffer, pH 7.5 and incubated overnight at 4ºC with Affi-

Gel beads prepared according to the manufacturer’s instructions. Next day, the mixture 

was incubated with 1 M ethanolamine-HCl pH 8.0 for 1 hour at 4ºC.  The slurry was 

transferred to a 10 ml disposable column and washed with 50 ml cold PO4 buffer (10 mM 

NaPO4, 0.3 M NaCl).  Rabbit serum (~5 ml) containing Atp13a2 antibody was added to 

the column and incubated overnight at 4ºC with gentle rotation.  Next day, the column 

was washed with 50 ml PO4 buffer and the purified antibody eluted with citrate buffer 

(0.1 M sodium citrate, 0.3 M NaCl, pH 2.2) followed by neutralization of the fractions 

with the addition of 1 M Tris, pH 9.1.  The peak fractions containing anti-Atp13a2 were 

determined by BCA assay.  The antibody was validated by its reaction with HeLa cells 

transfected with different Atp13a2 expression plasmids (Fig. 8). 

 

Figure 8. Atp13a2 antibody generation. (A) Purification of GST-Atp13a2 peptide (aa 81-

154) from transformed BL21 (DE3) E. coli after addition of 1mM IPTG to induce protein 
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expression. The purified fusion protein fractions 2-4 were pooled and used to generate 

anti-Atp13a2 antibodies in rabbits. (B) Test of affinity purified anti-Atp13a2 antibody 

from rabbit serum on HeLa cells transfected with the indicated Atp13a2
Isoform-3 

constructs. 

 

Immunoprecipitation 

Atp13a2-transfected HeLa cells were treated with the proteasome inhibitor 

MG132 (Calbiochem) or with the DMSO vehicle for six hours prior to 

immunoprecipitation.  Cells were collected with SDS protein lysis buffer containing the 

deubiquitinating enzymes inhibitor, 10 mM N-ethylmaleimide (NEM), and sheared by 

passing the lysates through a 25G needle.  The lysates were spun at 14,000 x g for 10 

minutes and the resulting supernatant diluted ten-fold with immunoprecipitation (IP) 

buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40, and 10 mM 

NEM).  The lysates were pre-cleared by incubating with rabbit serum for 30 minutes 

followed by incubation with protein A-Sepharose Cl-4B beads  (GE Healthcare) for 1 

hour.  The lysates were recovered by centrifugation at 14,000 x g for 10 minutes after 

which the supernatant was moved to a fresh tube.  The supernatant was incubated with 7 

µl of polyclonal anti-Atp13a2 antibody for 1.5 hours followed by protein A-Sepharose 

Cl-4B beads for another 1.5 hours.  All incubations were carried out at 4°C with gentle 

rotation.  The beads were recovered by centrifugation and washed 4 times with IP buffer.  

The proteins were eluted from the beads by incubation with sample loading buffer at 

37°C for 15 minutes. Equal volumes of supernatant were separated on SDS-PAGE and 

the precipitated proteins detected via immunoblotting. 
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Cycloheximide-Chase Analysis 

HeLa cells were transfected with the appropriate Atp13a2 expression construct by 

electroporation following the procedure described previously (Mah et al., 2000). In brief,  

HeLa cells were diluted in Opti-MEM I reduced serum media at a concentration of 2.5 

x10
6
 cells/ml and added to electroporation cuvettes (0.4 cm gap size) containing 10 µg 

Atp13a2 DNA. Cells were electroporated in duplicate using the BioRad Gene Pulser 

apparatus (0.32 V, 960 µF). After electroporation, cells were diluted in 30 ml Opti-

MEM/10% FBS and divided equally among plates.  The cells were allowed to adhere for 

3-4 hours after which the media was replaced with complete DMEM. Approximately 20 

hours after transfection, cycloheximide (Sigma-Aldrich) was added to the cultures to a 

final concentration of 100 µM to inhibit new protein synthesis and protein lysates were 

collected at appropriate time points thereafter.  To measure protein turnover after 

proteasome inhibition, the cultures were treated in an identical manner except that 

MG132 was added to the cultures at the same time as cycloheximide.  For analysis of 

protein turnover after knockdown of erasin, HeLa cells were transfected with erasin 

SMARTpool siRNAs (Dharmacon) at a final concentration of 40 nM using Dharmafect 1 

reagent according to the manufacturer’s instructions (Thermo Fisher Scientific).  At 48 

hours post knockdown, cells were transfected with V5-tagged Atp13a2 using calcium 

phosphate.  At 72 hours post knockdown, cells were treated with cycloheximide and 

collected at the indicated time points.  For turnover experiments with p97/VCP QQ-myc, 

the DNA construct was cotransfected with Atp13a2 plasmid DNA using calcium 

phosphate followed by inhibition of protein synthesis with cycloheximide.  Equal 

amounts of protein in lysates from the different time points were separated by SDS-
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PAGE and immunoblotted. The rate of protein turnover was calculated from at least three 

independent experiments and the Microsoft Excel program was used to draw a line 

connecting the average values through each time point. 

Pulse-Chase Analysis 

HeLa cells stably expressing V5-tagged Atp13a2
Isoform-1 

or cells transfected with 

C-V5 were used for this experiment.  Cells were incubated with methionine-deficient 

media containing 10% dialyzed FBS for 45 minutes at 37º C. Cells were then 

radiolabeled for 1 hour with methionine-deficient DMEM containing [
35

S] methionine 

(final concentration of 150 µCi/ml). After labeling, cells were incubated with 

nonradioactive DMEM supplemented with 1 mM methionine containing MG132 or 

DMSO and lysates collected at selected time points.  The Atp13a2 protein was 

immunoprecipitated from the lysates using the same protocol as described above and 

separated by SDS-PAGE.  The gels were stained with Coomassie Blue for 20minutes, 

destained, and dried for 2 hours (BioRad Model 583 Gel Dryer). The dried gels were 

exposed to film overnight and analyzed using phosphorimaging analysis (Amersham 

Biosciences Typhoon 9200 Imager) and radioactivity quantified using ImageQuant 

software (Molecular Dynamics).  

Cell Death Assays  

For ER stress experiments, equally plated HeLa cells were transfected with GFP 

alone or the appropriate GFP-tagged Atp13a2 construct
 
using Lipofectamine 2000.  

Twenty hours after transfection, the cells were treated with tunicamycin or DMSO 

vehicle control for 8 hours at a final concentration of 2 µg/ml.  After 8 hours, cells were 
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incubated with the nuclear dye Hoechst 33342 for 15 minutes at a final concentration of 

0.5 µg/ml.  Live cell images were captured using Leica DM IRB microscope using a 

10x/0.30 Leica lens. Cell death was quantified by counting GFP-positive cells that had 

highly condensed/fragmented DNA.  For cell death assays after hydrogen peroxide 

exposure, stable HeLa cell lines expressing V5-tagged Atp13a2-wt
Isoform-1 

or control HeLa 

cells were equally plated and allowed to grow for 24 hours before addition of H2O2 at a 

final concentration of 200 µM. After exposure to H2O2 for 5 hours, cell death assays were 

performed as described above.  For starvation experiments, V5-tagged Atp13a2-wt
Isoform-1 

stable or control HeLa cells were incubated in starvation media (1x PBS + 0.9 mM CaCl2 

and MgCl2) for 16 hours prior to analysis.  For manganese toxicity experiments, stable or 

control HeLa cells were treated with 500 µM or 800 µM MnCl2 for 16 or 24 hours prior 

to cell death analysis. 

Generation of Atp13a2
Isoform-1 

Stable HeLa Cell Line 

HeLa cells were cotransfected with 1 µg pSV2neo neomycin selection vector and 

10 µg V5-tagged wt Atp13a2
Isoform-1 

plasmid DNA using calcium phosphate.  Twenty-

four hours after transfection, cells were trypsinized, diluted 10-fold with DMEM and 

replated. The next day, selection media (DMEM + 700µg/ml G418) was added to the 

cells. Cells were maintained in selection media which was replaced every three to four 

days.  Ten days later, individual colonies were trypsinized and moved to a 24-well plate 

containing fresh selection media (1 colony per well) and allowed to grow for another 5 

days after which the colonies were expanded to a 6-well dish in duplicate.  After 48 

hours, lysates were collected and expression of Atp13a2
Isoform-1

 determined by Western 

blot analysis. The duplicate colonies that stably expressed Atp13a2
Isoform-1 

were 
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maintained for future experiments. 

Quantitation and Statistical Analysis 

Protein levels from immunoblots were determined by measuring band intensities 

using IPlab software. Student t tests were used for all statistical analysis.  For all data, 

error bars represent ± the standard deviation of the mean (SDM).  P≤ 0.05 was considered 

to be statistically significant. For turnover experiments, p-values were obtained by 

comparing all time points after time point zero. 

General Buffers and Solutions 

 

The following buffers and solutions were used but not described in the text in detail. 

 

7.5% SDS-PAGE (1 Resolving Gel)                     SDS-PAGE (1 Stacking Gel) 

4.8 ml H20       3.07 ml H20 

2.5 ml 30%:0.8% acrylamide:bis         590 µl 30%:0.8% acrylamide:bis 

2.5 ml 1.5 M Tris, pH 9.1    1.25 ml 0.5 M Tris, pH 6.8 

100 µl 10% SDS     50 µl 10% SDS 

100 µl 10% ammonium persulfate   50 µl 10% ammonium persulfate 

10 µl TEMED      5 µl TEMED                                        

1x Gel Running Buffer (SDS-PAGE)           1x Transfer Buffer (Western Blot)                                           

50 mM Tris      25 mM Tris       20% methanol 

0.4 M glycine      50 mM glycine 

0.1% SDS                                                                  
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1x PBS                                                        LB Media (1 L) 

2.7 mM                                                                 10 g Bacto tryptone 

1.5 mM KH2PO4     5  g Bacto yeast extract 

140 mM NaCl      10 g NaCl  

8.0 mM Na2HPO4*7H20    15 g Bacto agar (for plates)
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MUTANT ATP13A2
ISOFORM-1 

PROTEINS INVOVLED IN PARKINSONISM ARE 

DEGRADED BY ER-ASSOCIATED DEGRADATION AND SENSITIZE CELLS 

TO ER-STRESS INDUCED CELL DEATH 

 

Published: Ugolino, J., Fang, S., Kubisch, C., Monteiro, M.J. 2011. Mutant Atp13a2
 

proteins involved in parkinsonism are degraded by ER-associated degradation and 

sensitize cells to ER-stress induced cell death. Hum. Mol. Gen. 20(18): 3565-3577. 

 

Mutations in ATP13A2 (PARK9) have been linked to juvenile parkinsonism with 

dementia or Kufor-Rakeb syndrome (KRS). Little is known about ATP13A2 or its 

encoded protein, however, at least three protein isoforms that arise by alternative splicing 

have been documented.  A previous study using the first isoform of the Atp13a2 protein 

(Atp13a2
Isoform-1

) in COS7 cells indicated that the wild type (wt) protein localized to 

lysosomes whereas the disease-linked mutant proteins were retained in the ER and 

degraded by the proteasome. We hypothesized that the mutant Atp13a2
Isoform-1 

proteins 

are misfolded and eliminated by the ER-associated degradation (ERAD) pathway, which 

involves the dislocation of proteins from the ER to the cytoplasm for proteasome 

degradation.  Here, we examined whether two KRS-linked Atp13a2
Isoform-1

 mutant 

proteins, known in this work as C and Dup22, are targeted for degradation through the 

ERAD pathway. We chose HeLa cells to investigate this possibility because of the 

different reagents we possesses for interfering with ERAD in the cells.  Through analysis 

of protein turnover and by disrupting different steps in the ERAD pathway we 

demonstrated that mutant Atp13a2
Isoform-1

 proteins are indeed eliminated by ERAD.  

Thus, siRNA-mediated knockdown of erasin, a platform for assembly of an ERAD 
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complex, or expression of a dominant negative form of p97/VCP, a protein essential for 

dislocation of ERAD substrates, or inhibition of the proteasome all slowed degradation of 

the mutant Atp13a2
Isoform-1 

proteins, but not the wt Atp13a2
Isoform-1 

protein.  

Immunoprecipitation assays confirmed that the Atp13a2
Isoform-1

 proteins are ubiquitinated 

in accord with degradation by ERAD.  Lastly, we showed Atp13a2 mutants have 

increased cytotoxicity and predispose cells to ER-stress-induced cell death. These results 

provide new insight into the properties of wt and mutant Atp13a2 proteins involved in 

KRS. 

 

Section 3.1: Mutant Atp13a2
Isoform-1 

proteins localize to the ER in HeLa cells 

 

We first examined whether wt and mutant Atp13a2
Isoform-1

 proteins expressed in 

HeLa cells had similar expression properties as reported previously in COS7 cells.  First, 

we transfected HeLa cells with V5-tagged Atp13a2-wt
Isoform-1

, Atp13a2-∆C
Isoform-1

, and 

Atp13a2-Dup22
Isoform-1

 expression constructs and visualized the proteins by 

immunoblotting for V5 (Ramirez et al., 2006) (Fig. 9).  As expected, the truncated mutant 

proteins were detected at a lower molecular weight than the wt protein and at the correct 

molecular weight as predicted by their amino acid sequence.  Also, in accord with the 

previous report, the Atp13a2
Isoform-1 

mutant proteins were expressed at lower levels 

compared to the wt protein providing the first evidence that these proteins may differ in 

regards to their stability (See Section 3.2).  These results suggest Atp13a2 proteins 

expressed in HeLa cells have similar properties as reported in COS7 cells.   
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Figure 9. Atp13a2
Isoform-1 

expression constructs. (A) V5-tagged Atp13a2
Isoform-1 

expression constructs used in this work (Ramirez et al., 2006). (B) HeLa cells were 

transfected with the indicated V5-tagged Atp13a2
Isoform-1 

constructs and detected by 

immunoblotting for V5.  Actin was used as a loading control. 

 

Having established that Atp13a2
Isoform-1

 proteins were behaving is a similar 

manner as previously reported we
 
next examined whether wt and mutant Atp13a2

Isoform-1
 

proteins exhibited the same localization pattern as reported in COS7 cells. Accordingly, 

we transfected HeLa cells with V5-tagged Atp13a2-wt
Isoform-1

, Atp13a2-∆C
Isoform-1

, and 

Atp13a2-Dup22
Isoform-1

 expression constructs and visualized the proteins by using 

immunofluorescence microscopy. Double immunofluorescence staining confirmed that 

both mutant Atp13a2
Isoform-1 

proteins are localized to the ER as evidenced by the strong 
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colocalization of their staining with calreticulin, an ER marker (Fig. 10A, d-i and 10B).  

By contrast, the Atp13a2-wt
Isoform-1

 protein displayed a vesicular staining pattern that did 

not colocalize with the calreticulin staining (Fig. 10A, a-c and 10B). To determine the 

localization of the wt protein, we cotransfected the V5-tagged Atp13a2
Isoform-1

 constructs 

with Cherry-tagged Lysosomal-associated membrane protein 1 (LAMP1). The Atp13a2-

wt
Isoform-1

 protein colocalized with cotransfected LAMP1-Cherry while the Atp13a2-

∆C
Isoform-1

 and Atp13a2-Dup22
Isoform-1

 mutants did not (Fig. 10C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 (Shown on following page). Localization of V5-tagged Atp13a2
Isoform-1

 

constructs in HeLa Cells.  (A) HeLa cells were transfected with V5-tagged wt (a-c), ∆C 

(d-f) or Dup22 (g-i) Atp13a2
Isoform-1

 and visualized using immunofluorescence 

microscopy.  (B) Quantification of the extent of colocalization of the indicated 

Atp13a2
Isoform-1

 proteins and calreticulin calculated from three different cells. Data 

presented as mean ±standard deviation of the mean (SDM). The mutants show an 

increase in colocalization with calreticulin compared to the wt (*P < 0.0005).  (C) HeLa 

cells were cotransfected with Cherry-tagged LAMP1 and V5-tagged wt (a-c), ∆C (d-f) or 

Dup22 (g-i) Atp13a2
Isoform-1 

and detected using immunofluorescence microscopy. Bar, 5 

µm. 
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Figure 10: 
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To ensure that the staining was not an artifact of the staining protocol we 

generated GFP-tagged versions of the Atp13a2
Isoform-1 

constructs and examined the 

localization of the proteins in HeLa cells (Fig. 11A).  Fluorescence of the GFP-tagged 

Atp13a2
Isoform-1 

mutants colocalized with that of mRFP-tagged erasin, an ER localized 

protein, while the wt did not (Fig. 11B and 11C).  By contrast, GFP-tagged Atp13a2-

wt
Isoform-1

 fluorescence was localized to vesicles that stained positive for Lysotracker as 

well as cotransfected LAMP1-Cherry (Fig. 11D). Also, as expected, the GFP-tagged 

Atp13a2
Isoform-1

 mutants did not colocalize with cotransfected LAMP1-Cherry (Fig. 11E). 

These results confirmed that wt Atp13a2
Isoform-1

 localizes to lysosomes while the mutants 

are retained in the ER. 

 

 

 

 

 

Figure 11 (Shown on following page). Localization of GFP-tagged Atp13a2
Isoform-1 

constructs in HeLa cells (A) Diagram depicting the GFP-tagged Atp13a2
Isoform-1 

expression constructs used in panels B-E. (B) HeLa cells were cotransfected with mRFP-

tagged erasin and GFP-tagged wt (a-c), ∆C (d-f) or Dup22 (g-i) Atp13a2
Isoform-1 

and 

detected using florescence microscopy. (C) Quantification of the extent of colocalization 

of the indicated Atp13a2
Isoform-1

 proteins and erasin-mRFP calculated from three different 

cells. Data presented as mean ± SDM. The mutants show an increase in colocalization 

with erasin compared to the wt (*P < 0.005).  (D) (a-f) HeLa cells were transfected with 

GFP-tagged Atp13a2 wt
Isoform-1 

and incubated with the lysosomal dye Lysotracker before 

imaging. (d-f) Magnification of region outlined in panels (a-c).  Arrows indicate 

examples of colocalization of Atp13a2
Isoform-1 

and Lysotracker.  (g-l) HeLa cells were 

cotransfected with GFP-tagged Atp13a2
Isoform-1 

and LAMP1-Cherry and detected using 

florescence microscopy. (j-l) Magnification of region outlined in panels (g-i). Arrows 

indicate examples of colocalization of Atp13a2
Isoform-1 

and LAMP1. (E) HeLa cells were 

cotransfected with LAMP1-Cherry and GFP-tagged
 
∆C (a-c) or Dup22 (d-f) and detected 

using fluorescence microscopy. Bar, 5 µm. 
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Figure 11: 
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Figure 11 Continued: 
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Section 3.2:  Mutant Atp13a2
Isoform-1 

proteins are unstable and degraded by the 

proteasome 

 

We next examined whether accumulation of the Atp13a2
Isoform-1

 proteins in HeLa 

cells were sensitive to proteasome inhibition, as this is characteristic of ERAD substrates 

(Fig. 12A and 12B).  Accordingly, we compared the accumulation of transiently 

expressed wt and mutant V5-tagged Atp13a2
Isoform-1

 proteins in HeLa cells treated with or 

without the proteasome inhibitor MG132.  An anti-ubiquitin immunoblot confirmed that 

the MG132 treatment induces a build-up of ubiquitinated substrates, as expected.  A 

parallel immunoblot of the cell lysates revealed that the levels of both Atp13a2-∆C
Isoform-1

 

and Atp13a2-Dup22
Isoform-1

 mutant proteins were increased dramatically after MG132 

treatment.  Also, high molecular weight species of the Atp13a2
Isoform-1 

proteins were 

observed after MG132 treatment, which is characteristic of ubiquitinated proteins and 

further supports degradation of the proteins by the proteasome. 

Interestingly, two closely migrating forms of the wt Atp13a2
Isoform-1

 protein were 

seen in cells treated with MG132: an upper band which increased only modestly after 

MG132 treatment and a lower band that increased more dramatically.  We speculate that 

the upper band is the mature glycosylated form of the protein whereas the lower band is 

the immature and/or incorrectly folded form of the protein.  Quantification of the two 

bands after MG132 treatment indicated that the lower band comprises ~25% of the total 

wt Atp13a2
Isoform-1

 protein, which is in accord with the estimate of the frequency in errors 

that is known to occur during protein synthesis (Schubert et al., 2000). Evidence 

suggesting the upper band is indeed glycosylated was found upon treatment of cells with 

tunicamycin to inhibit N-glycosylation, which resulted in a time-dependent disappearance 
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of the upper band and a concomitant increase in the lower band (Fig. 12C).   

 

 

Figure 12. Proteasome inhibition and Atp13a2
Isoform-1

 protein levels.  (A) HeLa cells were 

either mock transfected or transfected with the indicated V5-tagged Atp13a2
Isoform-1

 

expression constructs.  Twenty hours after transfection, the cells were treated with or 

without MG132 (50 µM) for 6 hours.  The indicated Atp13a2
Isoform-1 

proteins were 

detected by immunoblotting of the lysates using an antibody to V5.  The lysates were also 

immunoblotted for actin (to asses loading) and ubiquitin (to confirm proteasome 

inhibition) as shown.  (B) Quantification of the relative change in protein levels before 

and after MG132 treatment for each Atp13a2 construct from three independent 

experiments. Data is shown as the mean ± SDM. Treatment with MG132 significantly 

increased mutant protein levels compared to no treatment (*P < 0.005) (**P < 0.05). (C) 
HeLa cells stably expressing V5-tagged ATP13A2-wt

Isoform-1
 were treated with 

tunicamycin for the indicated time periods and analyzed by immunoblotting for V5 and 

tubulin (loading control).   
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We next measured the turnover rates of the V5-tagged Atp13a2
Isoform-1 

expressed 

proteins in HeLa cells that were treated with or without MG132 using cycloheximide-

chase analysis (Fig. 13).  In accord with the previous findings, in the absence of MG132 

treatment both the Atp13a2-∆C
Isoform-1

 and Atp13a2-Dup22
Isoform-1

 mutants turned over 

rapidly compared to the Atp13a2-wt
Isoform-1

 protein, which was remarkably stable (Fig. 

13E).  The Atp13a2-∆C
Isoform-1

 mutant turned over more rapidly than the Atp13a2-

Dup22
Isoform-1

 mutant, having an estimated half-life of less than one hour compared to 

three hours, respectively (Fig 13, A-D). As expected, treatment with MG132 slowed the 

turnover of the two mutant proteins dramatically, but had little effect on the wt protein.  

These results confirmed that the ∆C and Dup22 Atp13a2
Isoform-1 

mutants are degraded 

rapidly in a proteasome-dependent manner (Fig. 13B and 13D).  

Due to the nature of transient transfections, it was difficult to assess protein 

turnover at longer time periods. Therefore, in order to further investigate the half-life of 

the wt protein, we performed cycloheximide-chase analysis using HeLa cells stably 

expressing Atp13a2-wt
Isoform-1

.  Using this assay, the wt protein was estimated to have a 

half-life in excess of 24h (Fig. 13G). We were unable to measure differences in the 

turnover of the immature and mature forms of the wt protein due to close migration of the 

two bands on our immunoblots.  However, due to the extreme stability of the wt protein, 

we estimate that the contribution of the lower band on the turnover of the protein is 

minimal.  To confirm the results of our cycloheximide-chase experiments, we also 

measured the rates of turnover of the wt and ∆C mutant Atp13a2
Isoform-1 

using classical 

pulse-chase analysis (Fig. 14). Phosphorimaging analysis of the 
35

S-labeled proteins 
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yielded similar turnover rates indicating the reliability of cycloheximide-chase 

experiments for measuring Atp13a2 protein turnover. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 (shown on following page). Turnover of Atp13a2
Isoform-1

 proteins.  (A-F) HeLa 

cells were mock transfected or transfected with V5-tagged Atp13a2-∆C
Isoform-1

(A),
 

Atp13a2-Dup22
Isoform-1

 (C), or Atp13a2-wt
Isoform-1 

(E).  Twenty hours after transfection, 

cells were treated with cycloheximide (CHX) and MG132 or DMSO vehicle and lysates 

collected at the indicated time points.  Equal amounts of lysates were immunoblotted for 

V5 and actin.    Quantification of Atp13a2
Isoform-1

 protein turnover with or without 

MG132 treatment  relative to time point zero is shown for ΔC (B), Dup22 (D), and wt (F) 

from three independent experiments. Data is shown as mean ± SDM. Treatment with 

MG132 significantly slowed the turnover of the ΔC (P < 0.0005) and Dup22 (P < 0.005) 

mutants. (G) HeLa cells stably expressing V5-tagged Atp13a2-wt
Isoform-1 

were treated 

with cycloheximide and MG132 or DMSO vehicle for 12 and 24 hours. Lysates were 

immunoblotted for V5 and tubulin (loading control).  
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Figure 14. Pulse-chase analysis of Atp13a2
Isoform-1

.
  
(A) HeLa cells were transfected with 

V5-tagged ΔC Atp13a2
Isoform-1

. Twenty hours after transfection, cells were pulse-labeled 

with [
35

S]methionine and chased with nonradioactive medium containing MG132 or 

DMSO (vehicle control) for 0-6 hours. The ΔC protein was immunoprecipitated from the 

lysates using an anti-Atp13a2 antibody and separated by SDS-PAGE.  Radioactivity of 

the ΔC-V5 band was measured by phosphorimaging analysis. (B) Graph representing the 

radioactivity measured in (A).  The estimated half-life of the ΔC protein increased from 

approximately 1 hour (Control) to 3.5 hours (MG132) which is similar to the results of 

our CHX-chase experiments. (C) HeLa cells stably expressing V5-tagged Atp13a2-

wt
Isoform-1 

were subjected to the same conditions as described above for the ΔC mutant.  

Phosphorimaging analysis of the immunoprecipitates showed the wt protein to be 

relatively stable.  Attempts to quantify the wt band were unsuccessful due to the high 

background present. 
 

 

Section 3.3:  Atp13a2
 Isoform-1

 proteins are ubiquitinated  

 

The ER localization and rapid degradation of the mutant Atp13a2
Isoform-1 

proteins 

is consistent with the degradation of the proteins by ERAD.  Because ERAD substrates 

are typically ubiquitinated we examined if the Atp13a2
Isoform-1 

proteins
 
are similarly 

modified.  This issue was unresolved because the previous report did not find any 
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evidence for ubiquitin modification of the Atp13a2
Isoform-1 

proteins.  To determine if 

Atp13a2
Isoform-1

 proteins are ubiquitinated, we immunoprecipitated the V5-tagged wt and 

mutant Atp13a2
Isoform-1

 proteins from transfected HeLa cells using an antibody to 

Atp13a2 that we had generated and examined the immunoprecipitates for the presence of 

Atp13a2
Isoform-1

 proteins and for ubiquitin by immunoblotting (Fig. 15).  To ensure that 

our immunoprecipitates contained only Atp13a2 proteins and were devoid of its 

associated proteins, the immunoprecipitations were performed in the presence of SDS to 

break up any potential protein complexes.  As shown in Figure 15, our Atp13a2 antibody 

immunoprecipitated the Atp13a2-wt
Isoform-1

, -∆C
Isoform-1

, and -Dup22
Isoform-1

 proteins 

successfully.  The specificity of the immunoprecipitations is evident from the failure of 

the pre-immune serum to immunoprecipitate the Atp13a2-wt
Isoform-1

 protein.  As 

expected, considerably more ∆C and Dup22 mutant proteins were immunoprecipitated 

from cells treated with MG132 than from untreated cells, confirming proteasome 

inhibition leads to a stabilization of the proteins.  MG132 treatment also increased the 

amount of the wt protein that was immunoprecipitated, which was especially noticeable 

for the lower of the two bands of the protein, again suggesting it corresponds to the 

unstable and incorrectly folded form of the protein.  The anti-ubiquitin blots produced a 

strong reaction with products migrating as a smear on the upper portions of the gels, 

especially after MG312 treatment, indicating that the Atp13a2
Isoform-1

 proteins are indeed 

modified by ubiquitination. 
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Figure 15. Atp13a2
Isoform-1 

ubiquitination.  HeLa cells were either mock transfected or 

transfected with V5-tagged Atp13a2-wt
Isoform-1

, Atp13a2-Dup22
Isoform-1

 or Atp13a2-

∆C
Isoform-1 

and treated with or without MG132.   Atp13a2
Isoform-1

 proteins were 

immunoprecipitated from the cell lysates using an antibody to Atp13a2 and the indicated 

proteins detected using antibodies to V5 and ubiquitin.  Atp13a2
Isoform-1

 and ubiquitin was 

not detected in mock transfected cells (lane 1) or in transfected cells immunoprecipitated 

with pre-immune serum (lane 2).  Bottom panels show whole cell lysates used for the 

immunoprecipitations blotted for V5, ubiquitin, and actin. 
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Section 3.4:  Mutant Atp13a2
 Isoform-1

 proteins are degraded by ERAD 

 

Because Atp13a2
Isoform-1

 mutants were retained in the ER and are degraded by the 

proteasome, we predicted that the proteins are eliminated from cells by the ERAD 

pathway.  To examine this possibility we disrupted two components involved in ERAD to 

see if it affected the turnover of the Atp13a2 proteins.  First, we questioned whether 

inhibition of erasin would slow the turnover of the Atp13a2
Isoform-1 

mutants.  Accordingly, 

we transfected HeLa cells with V5-tagged Atp13a2-∆C 
Isoform-1

 or Atp13a2-Dup22
Isoform-1

 

after siRNA mediated knockdown of erasin and assessed protein turnover by 

cycloheximide-chase analysis (Fig. 16).  As shown in Figures 16A and 16B, siRNA 

knockdown of erasin in HeLa cells slowed the turnover of Atp13a2-∆C
Isoform-1

.  Similarly, 

knockdown of erasin slowed the turnover of Atp13a2-Dup22
Isoform-1

, although not to the 

same extent as the ∆C mutant (Fig. 16, C and D).  Knockdown of erasin had a slight 

affect on the turnover of the wt Atp13a2
Isoform-1

 protein although this is difficult to 

interpret due to its stability (Fig. 16, E and F).  
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Figure 16. Effects of knockdown of erasin protein on  Atp13a2
Isoform-1

 turnover.  (A-F) 

HeLa cells were transfected with V5-tagged ∆C (A) Dup22 (C) or wt (E) Atp13a2
Isoform-1 

expression constructs 48 hours after transfection with erasin siRNAs.  At 72 hours post 

knockdown, cells were treated with cycloheximide (CHX) for the indicated time points 

and the proteins detected by immunoblotting.  Quantification of Atp13a2
Isoform-1 

protein 

turnover with and without erasin siRNAs relative to time point zero from three 

independent experiments is shown for ∆C (B), Dup22 (D), and wt (F) proteins. Data is 

shown as mean ± SDM.  Erasin knockdown significantly slowed the turnover of the 

Atp13a2 proteins (C, wt P< 0.05). 
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We next examined whether interference of p97/VCP function, which is essential 

for dislocation of proteins from the ER during ERAD, also affects turnover of the 

Atp13a2
Isoform-1

 mutant proteins (Fig. 17).  Initially we attempted to do this by siRNA 

knock down of p97/VCP expression but were hampered by encountering massive cell 

death.  Instead, we transfected cells with a dominant-negative ATPase deficient 

p97/VCP-QQ mutant, which has been shown to slow degradation of ERAD substrates 

(Ye et al., 2001; Ye et al., 2003). Accordingly, we cotransfected HeLa cells with myc-

tagged p97/VCP-QQ and V5-tagged Atp13a2-∆C
Isoform-1

 or Atp13a2-Dup22
Isoform-1

 and 

assessed protein turnover by cycloheximide-chase analysis.  As shown in Fig. 17, 

coexpression of p97/VCP-QQ stabilized the turnover of both Atp13a2-∆C
Isoform-1

 and 

Atp13a2-Dup22
Isoform-1

.  The above results strongly indicate that the Atp13a2
Isoform-1

 

mutant proteins are degraded by ERAD.  
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Figure 17. Effects of p97/VCP-QQ expression on Atp13a2
Isoform-1

 turnover.  (A-D) HeLa 

cells were cotransfected with myc-tagged p97/VCP-QQ and either ∆C (A) or Dup22 (C) 

V5-tagged Atp13a2
Isoform-1

.  Approximately 20 hours after cotransfection, cells were 

treated with cycloheximide as described in previous figures.  Quantification of 

Atp13a2
Isoform-1

 protein turnover with and without p97/VCP-QQ relative to time point 

zero from three independent experiments for ∆C (B) and Dup22 (D). Data is shown as 

mean ± SDM. Expression of p97/VCP-QQ significantly slowed the turnover of ΔC (P < 

0.005) and Dup22 (P< 0.05). 

 

Section 3.5: Atp13a2
Isoform-1 

mutant proteins are toxic and sensitize cells to ER stress-

induced cell death. 

 

Because prolonged activation of ER-stress caused by accumulation of misfolded 

proteins in the ER can trigger cell death we examined whether overexpression of wt and 

mutant Atp13a2
Isoform-1

 proteins enhance cell death (Fig. 18).  To evaluate this possibility 
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we transfected HeLa cells with GFP-tagged Atp13a2
Isoform-1 

constructs and quantified cell 

death in the absence or presence of 2 µg/ml tunicamycin, which was added to induce ER 

stress.  The quantification revealed that expression of both the ∆C and Dup22
 
mutants 

increased basal cell death, albeit to different levels, compared to cells transfected with 

constructs encoding GFP-tagged Atp13a2-wt
Isoform-1

 protein or GFP protein alone (Fig. 

18A).  Furthermore, both mutants, but not the wt or GFP control, were hypersensitive to 

ER stress-induced cell death caused by tunicamycin treatment.  

To provide more evidence that Atp13a2 mutants play a role in ER-stress induced 

cell death, we also examined lysates collected from the transfected cells for the presence 

of the ER-stress marker BiP (Figs. 18B and 18C). Immunoblot analysis of the transfected 

cells revealed an increase in BiP levels in both wt and mutant expressing cells relative to 

the cells transfected with GFP alone without tunicamycin treatment. Similar increases 

were observed in the tunicamycin-treated cells, except that the cells expressing wt 

Atp13a2 did not show a significant increase in BiP levels compared to GFP with 

tunicamycin treatment. These results suggest the presence of Atp13a2 proteins in HeLa 

cells lead to an increase in BiP levels and possibly ER stress. However, the limitation of 

this assay should be noted. First, efficiency of transfection differed between the tested 

constructs which could have underestimated the real differences in BiP protein levels. 

Second, it may be difficult to estimate the time-frame of BiP induction since the mutants 

have been shown to be rapidly degraded by ERAD.  Nevertheless, the results of the cell 

death assays suggest that the ∆C and Dup22
 
mutations increase toxicity and vulnerability 

of cells to ER-stress induced cell death.   
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Figure 18.  Expression of Atp13a2
Isoform-1   

and
 
quantification of ER-stress induced cell 

death. (A-C)  HeLa cells were transfected with either GFP alone or with the indicated 

GFP-tagged Atp13a2
Isoform-1   

constructs.  Twenty hours after transfection, the cells were 

treated with tunicamycin or DMSO vehicle control for 8 hours at a final concentration of 

2 µg/ml. (A) After 8 hours, cell death was quantified by counting GFP-positive cells that 

had highly condensed/fragmented DNA after staining of the cells with the nuclear dye 

Hoechst 33342.  Graph is an average of three independent experiments and the data is 

shown as the mean ± SDM.  Cells expressing mutant Atp13a2
Isoform-1 

show a significant 

increase in cell death compared to GFP and WT-GFP-expressing cells, with or without 

tunicamycin treatment (*P < 0.0005) (**P < 0.005). (B) Equal amount of transfected 

lysates separated by SDS-PAGE and immunoblotted for BiP, GFP, and Actin (loading 

control). (C) Quantification of BiP levels in control or tunicamycin treated Atp13a2-

transfected cells. BiP levels were normalized to actin and GFP control. Graph is an 

average of three independent experiments and data are shown as mean ± SDM. Cells 

expressing mutant Atp13a2
Isoform-1 

show a significant increase in BiP levels when 

compared to GFP  with or without tunicamycin treatment (*P < 0.05).   
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Section 3.6 Discussion 

 

Proper folding and processing of proteins is necessary to maintain cellular 

homeostasis.  Protein misfolding could potentially not only affect a protein’s specific 

function but it could also lead to aggregation and induce toxicity.  Not surprising, cells 

have developed elaborate and complex systems to eliminate unwanted and potentially 

toxic proteins  One of the first quality control checkpoints is in the ER, where during 

synthesis misfolded proteins are recognized and eliminated by ERAD (Ellgaard and 

Helenius, 2003; Vembar and Brodsky, 2008). Although many mutations involved in 

human disease are thought to cause proteins to misfold, relatively few of them have been 

have been shown to be eliminated by ERAD (Hirsch et al., 2009; Schroder and Kaufman, 

2005). Here, we have presented evidence that strongly indicates Atp13a2 mutant proteins 

linked to KRS are degraded by ERAD, consistent with the idea the mutations cause the 

proteins to misfold.  In fact, to our knowledge, this is the first example of a protein 

involved in neurodegeneration that has been shown to be eliminated by ERAD. 

Four different observations support our contention that Atp132 proteins carrying 

the ∆C and Dup22 mutations are degraded by ERAD.  First, we confirmed the previous 

report showing that the wt Atp13a2
Isoform-1

 protein localizes to lysosomes whereas the ∆C 

and Dup22 mutant proteins are retained in the ER, which is a characteristic of proteins 

degraded by ERAD.  Second, through proteasome inhibition and analysis of protein 

turnover we also confirmed that the mutant Atp13a2
 
proteins have vastly accelerated 

rates of degradation compared to the wt Atp13a2
 Isoform-1

 protein, and that the proteasome 

is responsible for the increased turnover of the proteins.  Third, as expected for proteins 

that are degraded by the proteasome, we found Atp13a2 proteins are ubiquitinated and 
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that the ubiquitinated forms of the proteins increase following proteasome inhibition.  

Fourth, interference of ERAD by overexpression of either a dominant negative p97/VCP-

QQ protein or knockdown of erasin expression both slowed degradation of the mutant 

proteins.  

The dominant-negative p97/VCP-QQ impeded the turnover of the mutant 

Atp13a2 proteins more potently than erasin knockdown.  We speculate this is because 

p97/VCP is a universal and essential factor required for dislocation of all ERAD 

substrates, whereas erasin could have a more restricted role in ERAD (Ye et al., 2001). 

For example, the ERAD complex containing erasin is distinct from other ERAD 

complexes found in mammalian cells, suggesting it is part of the larger compendium of 

ERAD complexes that exist in cells (Lim et al., 2009).  Furthermore, there is 

accumulating evidence that different ERAD complexes are dedicated to disposing 

different types of substrates, particularly with regard to whether the lesions that cause the 

proteins to misfold reside in the lumen, membrane, or cytosolic sides of the protein 

(Carvalho et al., 2006). Interestingly, we noted that erasin knockdown slowed turnover of 

the ∆C
Isoform-1

 more than the Dup22
Isoform-1

 mutant.  The ∆C mutation occurs in the 7
th

 

transmembrane domain while the Dup22
 
mutation occurs in the cytoplasmic domain of 

the Atp13a2 protein (Chapter 1, Fig. 5) which could cause a difference in the utilization 

of the erasin complex in disposing the two substrates.  Therefore, it is possible that the 

substrates might be degraded by more than one ERAD complex.  

 By contrast to the mutants, proteasome inhibition had little effect on the turnover 

of the wt Atp13a2
Isoform-1

 protein.  However, we did observe a small portion of wt protein 

(~25%) that was stabilized by proteasome inhibition, which corresponded to the lower of 
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two closely migrating bands.  Based on the disappearance of the upper band and a 

concomitant increase in the lower band following tunicamycin treatment we speculate 

that the mature Atp13a2
Isoform-1

 protein is glycosylated and that the lower band 

corresponds to immature and/or incorrectly folded form of the protein.  Our estimate that 

approximately 25% of Atp13a2
Isoform-1

 proteins misfold during synthesis is close to the 

35% rate of errors that is estimated to occur during protein synthesis (Schubert et al., 

2000).  Interestingly, we also observed a slight change in turnover for the wt protein after 

erasin knockdown.  Unfortunately, we could not separate the two forms of the wt type 

protein on our immunoblots and is difficult to determine what form of the protein is being 

stabilized.   

The mechanism by which Atp13a2 mutant proteins cause disease is unknown.   

Our data suggest that the ∆C and the Dup22 Atp13a2 mutants are cleared by ERAD and 

never reach the lysosome where the wt Atp13a2
 Isoform-1

 protein resides. Interestingly, for 

several lysosome storage disorders, disease-linked lysosome proteins have been shown to 

be degraded by ERAD instead of being trafficked to the lysosome (Futerman and van 

Meer, 2004; Gelsthorpe et al., 2008; Ron and Horowitz, 2005). Therefore, one disease 

mechanism may involve lysosome dysfunction due to the lack of Atp13a2 at the 

lysosomal membrane. As mentioned previously, lysosome dysfunction has been linked to 

neurodegenerative diseases, including PD, further highlighting the importance of this 

organelle. However, it remains unclear whether the etiology of KRS originates from the 

complete or partial loss of Atp13a2 function, and/or whether it might result from toxicity 

intrinsic to the mutant proteins, as discussed below.  For example, although the majority 

of KRS cases studied so far are linked to recessive inheritance of mutations in the 
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ATP13A2 gene, there are several reports that suggest disease symptoms can arise in 

patients who possess only one mutant ATP13A2 allele, suggesting that KRS does not 

necessarily manifest from complete loss of Atp13a2 function (Behrens et al., 2010; 

Bruggemann et al., 2010; Di Fonzo et al., 2007; Djarmati et al., 2009; Fong et al., 2011; 

Lin et al., 2008).  

We speculate that an alternative and not mutually exclusive mode through which 

the mutants might induce disease is through ER stress. Two lines of evidence support this 

mechanism. First, expression Atp13a2 mutants that are mislocalized to the ER lead to an 

increase in cell death compared to the wt protein. Accumulation of misfolded proteins in 

the ER has been shown to induce ER stress, which also has been implicated in human 

disease, including neurodegenerative diseases (Zhao and Ackerman, 2006).   Second, the 

presence of these mutants in the ER leads to increased cell death after exposure to 

tunicamycin, a known ER stressor.  This suggests misfolded Atp13a2 proteins may 

negatively impact ER homeostasis causing an increase in susceptibility to ER stress-

induced cell death. However, the mechanism by which misfolded proteins cause ER 

stress and cell death is still under investigation. One possible mechanism is by 

interference with protein quality control machinery. For example, accumulation of ALS-

linked mutant SOD1 has been shown to induce ER stress by interfering with the function 

of Derlin proteins, which have been proposed to compose the ERAD retro-translocation 

channel (Nishitoh et al., 2008).  Interestingly, cells expressing the C mutant showed 

increased sensitivity to tunicamycin treatment than the Dup22 expressing cells. This may 

suggest the mutants sensitize cells to ER stress by different mechanisms.  In the future, it 

will be important to determine whether KRS is caused by complete or partial loss of 
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Atp13a2 function, from toxicity associated with the mutations, or some combination of 

them, and therefore, may provide multiple routes for therapeutic intervention. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 
 

 

 

 

 

 

 

CHAPTER 4 
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CHARACTERIZATION OF ATP13A2
ISOFORM-3 

PROTEINS 

 

Published: Ugolino, J., Fang, S., Kubisch, C., Monteiro, M.J. 2011. Mutant Atp13a2
 

proteins involved in parkinsonism are degraded by ER-associated degradation and 

sensitize cells to ER- stress induced cell death. Hum. Mol. Gen. 20(18): 3565-3577. 

 

The alternative splicing of ATP13A2 produces three distinct protein isoforms 

(Atp13a2 Isoforms 1-3). As described in Section 1.3.1, Isoform-3 contains two in-frame 

deletions as well a large out-of-frame deletion which generates a highly diverged C-

terminus.  This isoform is particularly unusual since it is predicted to be missing the last 

two transmembrane domains relative to Atp13a2
Isoform-1

.
 

However, the differences 

between these isoforms have not been established and consequence of these changes on 

the function of the Atp13a2
Isoform-3 

protein is not known. Here, we examined whether wt 

and KRS-linked mutant Atp13a2
Isoform-3 

proteins behaved similarly to Atp13a2
Isoform-1 

proteins, specifically in regards to their localization and degradation. Through florescence 

microscopy and immunoblot analysis we showed that Atp13a2
Isoform-3 

proteins localize to 

the ER and are stabilized by proteasome inhibition.  Cycloheximide-chase analysis 

revealed that both the wt and mutant Atp13a2
Isoform-3 

proteins are unstable and rapidly 

degraded in the cell.  Immunoprecipitation of Atp13a2
Isoform-3 

from transfected HeLa cells 

confirmed ubiquitination of the proteins, further supporting their degradation by the 

proteasome.  Lastly, cell death assays demonstrated expression of Atp13a2-wt
Isoform-3 

induces cytotoxicity which is in stark contrast to Atp13a2-wt
Isoform-1

. These results 

demonstrate significant differences between these two isoforms and possibly suggest a 

unique role for each Atp13a2 isoform in the cell. 
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Section 4.1: Expression of Atp13a2
Isoform-3 

proteins in HeLa cells 

 

In order to characterize the Atp13a2
Isoform-3

 protein, we generated myc-tagged 

expression constructs encoding the wt Atp13a2
Isoform-3

 protein as well as versions 

containing the KRS-linked ∆C and Ex13 mutations (Fig. 19A). First, we examined 

whether Atp13a2
Isoform-3 

proteins had similar expression properties to that observed for 

Atp13a2
Isoform-1

.
 

Accordingly, we transfected HeLa cells with the  myc-tagged 

Atp13a2
Isoform-3 

constructs
 

and visualized the proteins by immunoblotting for myc. 

Immunoblot analysis of the transfected lysates indicted that all three constructs were 

expressed according to their predicted molecular weights (Fig. 19B).  However, the 

expression pattern of the Atp13a2-wt
Isoform-3

 protein differed from that seen with the 

Atp13a2-wt
Isoform-1

 protein (see Chapter 3, Fig. 9).  Wild type Atp13a2
Isoform-3 

was 

expressed poorly compared to the Atp13a2
Isoform-1

 protein, which is evident by its lower 

expression compared to the mutants, particularly the ∆C mutant, suggesting that the 

isoform-3 protein may be less stable that its isoform-1 counterpart.  Additionally, 

immunofluorescence staining of HeLa cells transfected with the myc-tagged constructs 

indicated that the Atp13a2-wt
Isoform-3

 protein had a reticular staining pattern similar to that 

of the Ex13 and ∆C mutants (Fig. 19C).   

Figure 19 (Shown on following page). Expression and localization of Atp13a2
Isoform-3

 

constructs in HeLa cells.  (A) Diagram depicting wt and mutant Atp13a2
Isoform-3 

expression constructs used in this chapter. For this work, constructs with GFP or myc 

epitope tag were generated. MW, molecular weight. GFP, Green Florescent Protein (B)  

HeLa cells were mock transfected or transfected with myc-tagged Atp13a2-wt
Isoform-3

, 

Atp13a2-∆C
Isoform-3

, or Atp13a2-Ex13
Isoform-3 

and
 

the indicated proteins detected by 

immunoblotting using an antibody to myc. (C) HeLa cells were transfected with myc-

tagged wt (a),  Ex13 (b), or ∆C (c) Atp13a2
Isoform-3

 expression constructs and visualized 

using immunofluorescence microscopy. Bar, 5µm.  
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Figure 19: 
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Section 4.2: Atp13a2
Isoform-3 

proteins localize to the ER 

 

To investigate the localization of Atp13a2
Isoform-3 

proteins, we generated 

corresponding GFP-tagged Atp13a2
Isoform-3

 fusion constructs and cotransfected them with 

mRFP-tagged erasin in HeLa cells. Double fluorescence microscopy revealed that the wt 

and the Ex13 and ∆C mutant Atp13a2
Isoform-3

-GFP fusion proteins colocalized with 

mRFP-erasin, indicating that all of the Atp13a2
Isoform-3 

fusion proteins are localized in the 

ER (Fig. 20A and 20B).  Further examination revealed that the GFP-tagged Atp13a2-

wt
Isoform-3

 did not colocalize with cotransfected LAMP1-Cherry, unlike the Atp13a2-

wt
Isoform-1

 protein (Fig. 20C).  These results suggest that the Atp13a2-wt
Isoform-1 

and 
Isoform-3

 

proteins have different localizations in the lysosome and ER, respectively, suggesting 

they could have distinct functions in these organelles. 

 

 

 

 

 

 

 

Figure 20. (Shown on the following page). Localization of Atp13a2
Isoform-3 

proteins. (A) 

HeLa cells were cotransfected with GFP-tagged wt (a-c), ∆C (d-f), or Ex13 (g-i) 

Atp13a2
Isoform-3    

and Erasin-mRFP and visualized using fluorescence microscopy.  Both 

wild type and mutant Atp13a2
Isoform-3

 proteins colocalize with the ER protein erasin.  (B) 

Quantification of the extent of colocalization of GFP-tagged Atp13a2
Isoform-3

 and erasin 

calculated from three different cells.  (C) HeLa cells were cotransfected with LAMP1-

Cherry and GFP-tagged wt (a-c), ∆C (d-f) or Ex13 (g-i) Atp13a2
Isoform-3

 and visualized 

using fluorescence microscopy. Bar, 5µm 
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Figure 20: 
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Section 4.3: Wild type and mutant Atp13a2
Isoform-3

 proteins are unstable and degraded 

by the proteasome 

We next examined whether the proteins were degraded by the ubiquitin-

proteasome system.  Immunoblotting of transfected HeLa cell lysates using a myc  

antibody revealed an increase in wt and mutant Atp13a2
Isoform-3

 protein levels after 

MG132 treatment, consistent with degradation of the proteins by the proteasome.  

Interestingly, we also observed the same increase in a high molecular weight form of the 

proteins after MG132 treatment which suggests modification of these proteins by 

ubiquitin (Fig. 21).  Furthermore, examination of the expressed proteins following their 

immunoprecipitation from cell lysates in the presence of SDS confirmed that the proteins 

are ubiquitinated and their levels increase following inhibition of the proteasome with 

MG132 (Fig. 22).  
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Figure 21.  Proteasome Inhibition and Atp13a2
Isoform-3

 Protein Levels. HeLa cells were 

either mock transfected or transfected with the indicated myc-tagged Atp13a2
Isoform-3

 

expression constructs.  Twenty hours after transfection, the cells were treated with or 

without MG132 (50 µM) for 6 hours. The indicated Atp13a2
Isoform-3 

proteins were 

detected by immunoblotting of the lysates using an antibody to myc.  The lysates were 

also immunoblotted for actin (to asses loading) and ubiquitin (to confirm proteasome 

inhibition) as shown. HMW, high molecular weight. 
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Figure 22. Atp13a2
Isoform-3 

ubiquitination.  HeLa cells were either mock transfected or 

transfected with myc-tagged Atp13a2-wt
Isoform-1

, Atp13a2-∆C
Isoform-1

, or
 

Atp13a2-

Ex13
Isoform-1

 and treated with or without MG132.   Atp13a2
Isoform-1

 proteins were 

immunoprecipitated from the cell lysates using an antibody to Atp13a2 and the indicated 

proteins detected using antibodies to myc and ubiquitin (Ub).  Atp13a2
Isoform-1

 was not 

detected in mock transfected cells (lanes 1-2) or in transfected cells immunoprecipitated 

with pre-immune serum (lanes 3-4).  Bottom panels show whole cell lysates used for the 

immunoprecipitations.  

 

We also measured the turnover of the Atp13a2
Isoform-3

 proteins using 

cycloheximide-chase analysis.  Immunoblotting for the indicated proteins confirmed the 
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rapid turnover of Atp13a2-wt
Isoform-3

 with little protein remaining after two hours (Fig. 

23).  The Atp13a2-∆C
Isoform-3

 and Atp13a2-Ex13
Isoform-3

 mutant proteins also turned over 

rapidly although the turnover of the ∆C mutant was slightly slower than the Ex13 mutant 

(Fig. 23B).  Taken together, these results suggest that Atp13a2
Isoform-3 

proteins, 

particularly the wt and Ex13 containing mutant, are retained in the ER and rapidly 

degraded by the proteasome.  The very small fraction of the ∆C mutant that has an 

extended half-life suggests a small amount of this mutant protein might escape from the 

ER or resist degradation.   

 

 

Figure 23. Turnover of Atp13a2
Isoform-3

.
 
(A)  HeLa cells were transfected with either wt 

(top panel) Ex13 mutant (middle panel) or C mutant (bottom panel) myc-tagged 

Atp13a2
Isoform-3. 

Twenty hours after transfection, cells were treated with cycloheximide 

(CHX) and lysates collected at the indicated time points.  Equal amounts of lysates were 

immunoblotted for Atp13a2 and actin. (B) Quantification of Atp13a2
Isoform-3 

protein 

turnover relative to time point zero from three independent experiments.  Data is shown 

as mean ±SDM.  
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Section 4.4: Wild type and mutant Atp13a2 proteins are cytotoxic when expressed in 

HeLa cells 

 

We next examined whether Atp13a2
Isoform-3 

proteins exhibited similar cytotoxic 

properties as observed for Atp13a2
Isoform-1

.  We were particularly interested in the 

Atp13a2-wt
Isoform-3 

protein due to its ER localization and questioned whether expression 

of this protein sensitized cells to ER-stress induced cell death similar to the previously 

tested Atp13a2
Isoform-1

KRS mutants. Accordingly, we transfected HeLa cells with GFP-

tagged Atp13a2
Isoform-3 

constructs or GFP alone and quantified cell death in the absence or 

presence of tunicamycin, which was added to induce ER stress.  Analysis of cell death 

revealed that overexpression the Atp13a2
Isoform-3

∆C and Ex13 mutants increased cell 

death compared to the GFP alone (Fig. 24).  Surprisingly, this increase in cell death was 

also observed for expression of the Atp13a2-wt
Isoform-3 

protein, which was not seen upon 

expression of the Atp13a2-wt
Isoform-1

 protein.   Furthermore, expression of both wt and 

mutant Atp13a2
Isoform-3 

proteins sensitized cells to ER-stress induced cell death as shown 

by the increase in cell death after tunicamycin treatment.  This result further highlights 

the difference between these two isoforms and suggests expression of Atp13a2
Isoform-3

 

proteins is detrimental to the cell. 
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Figure 24. Expression of Atp13a2
Isoform-3 

and quantification of cell death. HeLa cells 

were transfected with either GFP alone or with the indicated GFP-tagged Atp13a2
Isoform-3   

constructs.  Twenty hours after transfection, the cells were treated with tunicamycin or 

DMSO vehicle control for 8 hours at a final concentration of 2 µg/ml. After 8 hours, cell 

death was quantified by counting GFP-positive cells that had highly 

condensed/fragmented DNA after staining of the cells with the nuclear dye Hoechst 

33342.  Graph is an average of three independent experiments and the data is shown as 

the mean ± SDM.  Expression of wild type or mutant ATP13A2
Isoform-3 

 results in an 

significant increase in cell death compared to control GFP cells with or without 

tunicamycin (*P < 0.0005) (** P < 0.005).   

 

Section 4.5 Discussion 

 

Alternative splicing of the ATP13A2 gene produces three distinct Atp13a2 protein 

isoforms. Besides sequences deposited in protein and nucleotide databases, there is no 

information on the second and third isoform of Atp13a2.  Here, we report on the 

previously uncharacterized Atp13a2
Isoform-3 

protein with particular focus on its 

localization, stability, and degradation in the cell.  Our results indicate that Atp13a2
Isoform-
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3 
exhibits distinct properties compared to Atp13a2

Isoform-1
 (see Chapter 3).  First, the 

Atp13a2
Isoform-3

 protein was localized exclusively to the ER instead of the lysosome as 

with Atp13a2
Isoform-1

.  Second, Atp13a2
Isoform-3

 turned over rapidly compared to 

Atp13a2
Isoform-1

.   Third, glycosylation of the Atp13a2
Isoform-3 

protein was not observed as 

the protein was represented by only one band on our immunoblots. Lastly, in stark 

contrast to Atp13a2-wt
Isoform-1

, expression of Atp13a2-wt
Isoform-3 

was cytotoxic and 

sensitized cells to ER-stress induced cell death.  

Our results could be interpreted in several ways. First, our results could indicate 

that Atp13a2
Isoform-3 

is a short-lived ER-resident protein and not a stable lysosome protein 

like Atp13a2
Isoform-1

. P-type ATPases play a diverse role in the cell and have been shown 

to localize to a variety of organelles, including the ER (Kuhlbrandt, 2004). Additionally, 

two ER-localized P-type ATPases, human Atp13a4 and yeast Atp13a1, belong to the 

type-5 subfamily of P-type ATPase of which Atp13a2 is a member (Cronin et al., 2002; 

Vallipuram et al., 2010). Therefore, it is possible that Atp13a2
Isoform-3

may have a unique 

function in the ER. The rapid turnover of the Atp13a2
Isoform-3 

protein may indicate that its 

expression levels are regulated by proteasome degradation. Proteasome degradation is an 

important post-translational mechanism of protein regulation which has been implicated 

in a variety of cell processes including apoptosis and the cell cycle (Glotzer et al., 1991; 

Jesenberger and Jentsch, 2002; Richardson et al., 2005).Thus, the short half-life of 

Atp13a2 may be the mechanism by which the cell mediates its function in the ER. 

  However, we cannot exclude the possibility that ER-localization of the protein, 

ubiquitination, and rapid degradation by the proteasome may indicate that Atp13a2
Isoform-3 

is a misfolded or nonfunctional protein. Atp13a2
Isoform-3 

could be retained in the ER by the 
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cell’s quality control machinery and rapidly degraded by the proteasome to restore ER 

homeostasis.  The possibility that Isoform-3 variant of ATP13A2 generates a misfolded 

protein could arise because of the frame-shift event that creates a unique C-terminus 

without the last two transmembrane domains compared to Atp13a2
Isoform-1

. It is not 

surprising that this large deletion may cause the protein to misfold or render the protein 

nonfunctional if allowed to reach its final destination. However, it should be noted that 

the Atp13a2
Isoform-3 

protein retains all the conserved domains of a P-type ATPase and 

therefore may still be able to function as an ion pump (Fig. 1). Also, it is not unusual for 

P-type ATPases to have less than ten transmembrane domains (Kuhlbrandt, 2004). 

Functional studies are needed to clarify this issue. 

The results of our cell death assays also provide evidence that Atp13a2
Isoform-3 

is a 

misfolded or a nonfunctional protein. The expression of Atp13a2-wt
Isoform-3 

was cytotoxic 

and sensitized cells to ER-stress induced cell death which was not observed for Atp13a2-

wt
Isoform-1. 

Furthermore, Atp13a2-wt
Isoform-3 

increased cell death to similar levels as 

observed for the mutants. As mentioned previously, chronic ER stress due to the 

accumulation of misfolded proteins in the ER has been shown to cause cell death. These 

results suggest that Atp13a2
Isoform-3 

shares intrinsic properties with the Atp13a2 mutant 

proteins more so than with the Atp13a2-wt
Isoform1 

protein. Whether this toxic property of 

Atp13a2
Isoform-3 

is an artifact of overexpression or is indicative of a pathological protein 

requires further investigation.   Future studies are needed to determine the relationship 

between these two isoforms and their corresponding role in the cell. 
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CHAPTER 5 
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FUNCTIONAL STUDIES OF ATP13A2 

 

The ATP13A2 gene codes for a putative P-type ATPase with unknown substrate 

specificity.  Previous reports have suggested that Atp13a2 may play a protective role in 

the cell as a mediator of both mutant -synuclein and heavy metal toxicity (Gitler et al., 

2009; Hamamichi et al., 2008; Schmidt et al., 2009; Tan et al., 2011).   To investigate the 

possible protective functions of Atp13a2, we generated HeLa cells to stably express V5-

tagged Atp13a2-wt
Isoform-1

and examined survival of these cells after exposure to three 

known stressors: oxidative stress, exogenous manganese, and nutrient deprivation. 

Quantification of cell death in these cells revealed that expression of Atp13a2-wt
Isoform-1

 

protects cells against manganese toxicity and starvation-mediated cell death.  By contrast, 

treatment of our stable cells with hydrogen peroxide resulted in an increase in cell death 

compared to controls, suggesting that expression of Atp13a2-wt
Isoform-1 

sensitizes cells to 

oxidative stress.  To gain further insight into the possible function of Atp13a2, we also 

reexamined localization of wt and mutant Atp13a2 proteins using florescence 

microscopy.  In addition to the lysosomal localization reported in Chapter 3, our results 

indicate Atp13a2-wt
Isoform-1 

associates with autophagic structures when expressed in HeLa 

cells.  Also, further examination of C Atp13a2 using florescence microscopy revealed 

the C mutant protein localizes to vesicle structures of unknown origin in a 

subpopulation of cells. Taken together, these results provide more information on the role 

Atp13a2 may play in the cell and the effects these mutations have on the Atp13a2 protein 

itself. 
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Section 5.1: Investigation of Atp13a2 function using cell death assays. 

 

Oxidative stress has been implicated in the development of neurodegenerative 

diseases, including PD (Chinta and Andersen, 2008; Patten et al., 2010).  Therefore, we 

questioned whether HeLa cells expressing Atp13a2-wt
Isoform-1 

would be resistant to 

oxidative stress-mediated cell death compared to normal HeLa cells (Fig. 25). To induce 

oxidative stress, we treated HeLa cells with hydrogen peroxide, which has the potential to 

produce the highly reactive and damaging hydroxyl radical in cells. Exposure of normal 

HeLa cells to 200µM H202 for 5 hours resulted in an increase in basal cell death 

compared control HeLa cells without H202.  Interestingly, this cell death was exacerbated 

in cells expressing Atp13a2-wt
Isoform-1 

upon exposure to H202 treatment.  These results 

suggest that expression of Atp13a2-wt
Isoform-1 

sensitizes cells to oxidative stress-mediated 

cell death. 
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Figure 25. Expression of Atp13a2-wt
Isoform-1 

protein sensitizes cells to oxidative stress.  

(A-B) Normal HeLa cells or HeLa cells stably expressing V5-tagged Atp13a2-wt
Isoform-1 

were exposed to 200 µM H202 for 5 hours before staining of the cells with the nuclear dye 

Hoechst 33342. Cell death was quantified by counting cells that had highly 

condensed/fragmented DNA.  (A) Graph is an average of three independent experiments 

and the data is shown as the mean ± SDM.  Cells expressing Atp13a2-wt
Isoform-1 

show a 

significant increase in cell death compared to normal HeLa cells after exposure to H202. 

(*P < 0.05). (B). Hoechst staining of HeLa cells in the presence or absence of H202. 

 

Work with the putative Atp13a2 homolog in yeast has suggested that Atp13a2 

may play a role in mediating heavy metal toxicity, particularly manganese (Gitler et al., 

2009; Schmidt et al., 2009). Furthermore, exposure to environmental toxins, including 

manganese, has been implicated in the development of PD in certain individuals 

(Criswell et al., 2011; Olanow, 2004). Therefore, we questioned whether our Atp13a2-

wt
Isoform-1 

stable HeLa cells would be resistant to toxicity due to high levels of manganese. 

To induce manganese toxicity, we treated HeLa cells with manganese chloride (MnCl2) 

for 16 or 24 hours (Fig. 26). Treatment of normal HeLa cells with MnCl2 resulted in a 

time and concentration dependent increase in cell death compared to HeLa cells with no 

treatment.  In contrast, Atp13a2-wt
Isoform-1 

HeLa cells were resistant to cell death even at 

the highest concentration and time period tested, suggesting expression of Atp13a2
Isoform-1 
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protects cells from manganese-induced toxicity. 

 

 

Figure 26. Expression of Atp13a2-wt
Isoform-1 

protects cells from manganese toxicity. (A-

B) Normal HeLa cells or HeLa cells stably expressing V5-tagged Atp13a2-wt
Isoform-1 

were 

exposed to 500 µM or 800 µM MnCl2 for 16 or 24 hours followed by cell death analysis.  

Cell death was quantified by counting cells that had highly condensed/fragmented DNA 

after incubation with the nuclear dye Hoechst 33342 (A) Graph is representative of three 

independent experiments and data is shown as mean ±SDM. Cells expressing Atp13a2-

wt
Isoform-1 

show a significant decrease in cell death compared to normal HeLa cells after 

exposure to MnCl2. (*P < 0.005). (B) Hoechst staining of HeLa cells in the presence or 

absence of 800 µM MnCl2 for 16 hours. 

 

The lysosome has been shown to play an important role in the cell’s nutrient 

response pathways (Pous and Codogno, 2011). During times of starvation or nutrient 

deprivation, the cell has the ability to recycle its own cellular components to obtain 

necessary nutrients in a process known as autophagy. Specifically, the lysosome is 

involved in the last stage of autophagy, the process by which cellular contents are 

surrounded by double-membrane structures known as autophagosomes and delivered to 

the lysosomes for degradation by resident digestive enzymes. Since Atp13a2-wt
Isoform-1 
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localizes to lysosomes, we next questioned whether expression of Atp13a2-wt
Isoform-1 

would protect cells from starvation-induced cell death (Fig. 27). To starve the cells, 

normal HeLa cells or Atp13a2-wt
Isoform-1

 stable HeLa cells were incubated in starvation 

medium for 16 hours at 37ºC. Quantification of cell death revealed that starvation 

increased basal cell death in normal HeLa cells compared to unstarved HeLa cells. In 

contrast, cell death only marginally increased upon starvation of Atp13a2-wt
Isoform-1

 stable 

HeLa cells compared to unstarved Atp13a2-wt
Isoform-1

 cells.  These results suggest that 

expression of Atp13a2-wt
Isoform-1

 protects cells from starvation-induced cell death. 

 

Figure 27. Atp13a2
Isoform-1 

stable cell lines are resistant to starvation-induced cell death. 

(A-B) Normal HeLa cells or HeLa cells stably expressing V5-tagged Atp13a2-wt
Isoform-1 

were starved for 16 hours followed by incubation with Hoechst 33342.  Control cells 

were maintained in DMEM.  Cell death analysis was performed by counting cells with 

highly condensed or fragmented DNA.  (A) Graph is an average of three independent 

experiments and the data is shown as the mean ± SDM.  Cells expressing wt 

Atp13a2
Isoform-1 

show a significant lower percent death  compared to normal HeLa cells 

after  starvation (*P < 0.005). (B) Hoechst staining of control or starved HeLa cells. 



95 
 

 

 

 

Section 5.2 Wild type Atp13a2
Isoform-1 

localizes to LC3-positive structures in HeLa cells 

 

Work from our lab and others has shown Atp13a2-wt
Isoform-1 

localizes to 

lysosomes in overexpression studies (Ramirez et al., 2006). Since the lysosome plays an 

important role in autophagy we questioned whether Atp13a2-wt
Isoform-1 

localizes to 

autophagic structures as well. To answer this question we cotransfected HeLa cells with 

GFP-tagged Atp13a2-wt
Isoform-1 

and Cherry-tagged LC3, an established marker for 

autophagosomes, and examined localization of the proteins using florescence microscopy 

(Fig. 28). GFP-tagged Atp13a2-wt
Isoform-1 

florescence was localized to LC3-positive 

vesicles, which suggests Atp13a2-wt
Isoform-1 

may localize to autophagic structures as well 

as to mature lysosomes. 

 

 

 

 

 

 

Figure 28. (Shown on the following page). Wild type Atp13a2
Isoform-1 

localizes to 

autophagic structures. (a-f) HeLa cells were cotransfected with Atp13a2-wt
Isoform-1 

and 

Cherry-tagged LC3 and the proteins detected using florescence microscopy. (d-f) 

Magnification of region outlined in panels (a-c).  Arrows indicate examples of 

colocalization of Atp13a2-wt
Isoform-1 

and LC3-Cherry. Bar, 5 µm. 
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Section 5.3 C Atp13a2 mutant produces a unique phenotype when expressed in HeLa 

cells 

We previously showed that GFP-tagged C Atp13a2 Isoform-1 and Isoform-3 

mutants localized to the ER when expressed in HeLa cells (see Chapter 3 and 4).  While 

performing these experiments, we also examined the expression of the proteins by 

capturing live cell images to exclude any potential artifacts that may have occurred 

during the fixation process.  Upon viewing HeLa cells transfected with either GFP-tagged 

C Atp13a2
Isoform-1 

or Atp13a2
Isoform-3 

we observed a distinct population of the C 

Atp13a2-expressing cells that contained GFP-positive vesicle-type structures (Fig. 29).  

These structures were not observed in any of the other GFP-tagged Atp13a2 constructs 

tested.  Interestingly, these structures were lost after fixing the cells, particularly after the 

permeabilization step, suggesting that these structures have a membranous origin. We 
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were also unable to observe these structures in HeLa cells expressing V5-tagged 

Atp13a2-C
 Isoform-1 

or myc-tagged Atp13a2-C
 Isoform-3 

 
 
most-likely due to the need to 

permeabilize the cell membrane during the staining process. The identity of these 

structures is unknown and how these structures may relate to the function of the Atp13a2 

protein requires further investigation. 

 

Figure 29.  Expression of GFP-tagged C Atp13a2 in HeLa cells.  HeLa cells were 

transfected with either (a) GFP-tagged Atp13a2-C
Isoform-1 

or (b) GFP-tagged Atp13a2-

C
Isoform-3 

and the resulting proteins visualized in live cells by florescence microscopy. 

Bar, 5µm. 

 

Section 5.4 Discussion 

 

Here, we report on functional properties associated with overexpression of the 

Atp13a2
Isoform-1 

protein. First, we demonstrated that expression of Atp13a2
Isoform-1 

exacerbates cell death induced by hydrogen peroxide treatment.  Second, we showed that 

cells expressing Atp13a2
Isoform-1 

are resistant to starvation-mediated cell death. Third, our 

results demonstrate that expression of Atp13a2
Isoform-1 

protects cells from manganese 
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cytotoxicity. 

The increased sensitivity of cells overexpressing Atp13a2
Isoform-1 

to
 
hydrogen 

peroxide treatment may be related to localization of Atp13a2 to lysosomes. One inherent 

property of lysosomes is that they are particularly sensitive to oxidative stress and that 

this sensitivity has been correlated to iron levels inside the lysosome (Nilsson et al., 

1997). Hydrogen peroxide can diffuse freely through the lysosomal membrane and has 

the potential to produce the highly reactive hydroxyl radical upon encounter with ferrous 

iron in a process known as the Fenton reaction (Fe
2+

 + H202→Fe
3+

 + HO
• 

+ OH
-
). 

Lysosomes are home to a large pool of redox-active iron that can participate in this 

reaction. The low pH of lysosome and the presence of reducing agents (e.g. glutathione) 

provides for an ideal environment for maintaining iron in its reduced (Fe
2+

) form. 

Additionally, digestion of iron-containing macromolecules (e.g. ferritn) and organelles 

(e.g. mitochondria) by autophagy also contributes to this iron-rich environment. 

Ultimately, the presence of reactive oxygen species due to iron-mediated catalysis results 

in the permeabilization of the lysosomal membrane and initiation of cell death cascades 

(Kurz et al., 2008). Based on the results of our cell death assays, we speculate 

Atp13a2
Isoform-1

 may contribute to this iron pool either as a lysosomal iron pump or by 

being involved in the autophagic degradation of iron-rich substrates. In our stable cell 

lines, overexpression of Atp13a2
Isoform-1

 would lead to increased levels of the protein at 

the lysosome membrane allowing for an increase in the iron content of the lysosome. 

High levels of redox-active iron would allow for the production of reactive oxygen 

species upon exposure to hydrogen peroxide and ultimately leading to the increased cell 

death observed in our assays.  Of note, iron has also been shown to increase -synuclein 
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aggregation and toxicity (Golts et al., 2002; Ostrerova-Golts et al., 2000). Therefore, the 

reduced toxicity of -synuclein observed upon expression of exogenous Atp13a2 may be 

the result of less iron in the cytosol due to the transport of iron by Atp13a2 into the 

lysosome (Gitler et al., 2009; Hamamichi et al., 2008). Interestingly, iron accumulation 

has been observed in the brain of KRS patients, suggesting that iron homeostasis plays an 

important role in disease development. (Behrens et al., 2010; Bruggemann et al., 2010; 

Schneider et al., 2010).  However, the correlation between iron and Atp13a2 remains 

speculative and further examination of this issue is needed.  

Besides iron, our cell death assays suggest a functional link between 

Atp13a2
Isoform-1 

and manganese. Manganese plays an important role in the cell as a 

cofactor for various enzymes.  However, high levels of manganese causes oxidative 

stress, mitochondria dysfunction, and apoptosis (Dobson et al., 2004).  Our results show 

Atp13a2
Isoform-1

-
 

expressing cells are resistant to manganese toxicity. We speculate 

Atp13a2
Isoform-1

 may play a role in the transport of manganese into the lysosome, thus 

protecting the cells from toxic manganese levels in the cytosol.  This supports previous 

reports that Atp13a2 may function as a lysosomal manganese pump (Gitler et al., 2009; 

Schmidt et al., 2009; Tan et al., 2011). As mentioned previously, manganese toxicity has 

been linked to the development of manganism, a PD-like syndrome, suggesting that 

maintaining manganese homeostasis is essential for cell survival (Criswell et al., 2011; 

Olanow, 2004). To our knowledge, only one other manganese P-type ATPase, the Golgi-

localized ATP2C1 (SPCA1), has been identified in mammals. Human ATP2C1, as well 

as the C.elegans and yeast homolog PMR1, has shown to play an important role in 

protecting cells from manganese toxicity  (Cho et al., 2005; Mukhopadhyay and Linstedt, 
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2011; Reddi et al., 2009; Van Baelen et al., 2001; Xiang et al., 2005). Thus, it is possible 

that Atp13a2-mediated transport of manganese into the lysosome contributes to 

maintaining manganese homeostasis in the cell and loss of function mutations in 

ATP13A2 may result in manganese toxicity and disease. Of note, -synuclein has been 

proposed to exacerbate manganese toxicity in cell culture models (Cai et al., 2010; Li et 

al., 2010). It has also been reported that expression of Atp13a2 is protective against -

synuclein toxicity (Gitler et al., 2009). These results may suggest a link between 

manganese, Atp13a2, and -synuclein in neurodegeneration.  However, this link remains 

speculative and more direct evidence is needed to definitively identify Atp13a2 as a 

manganese transporter and the mechanism by which Atp13a2 mediates -synuclein 

toxicity. 

Two lines of evidence suggest Atp13a2 may play a role in autophagy, the process 

by which cytosolic components are sequestered by autophagosomes and delivered to the 

lysosomes for degradation. First, the results of our cell death assays demonstrate that 

Atp13a2 is protective against nutrient deprivation, a known stimulator of autophagy 

(Kroemer et al., 2010).  During starvation, activation of autophagy is a protective 

response which is induced to obtain the energy and nutrients necessary to maintain 

cellular processes. Thus, we speculate that expression of Atp13a2 may promote this 

response during starvation and lead to the protective effect observed in our assays. 

Second, further examination of Atp13a2 localization using florescence microscopy 

revealed that Atp13a2 localizes to autophagic (LC3-positive) structures in cells. The 

lysosome plays an important role in the autophagic process, specifically during the last 

steps of autophagy, where autophagosomes fuse with lysosomes to form autolysosomes 
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(Jahreiss et al., 2008).  This fusion event allows for contents of the autophagosomes to be 

degraded by lysosomal enzymes.  However, one issue with this result is that LC3 is found 

in both autolysosomes and autophagosomes in cells.  Therefore, by using this assay we 

cannot determine whether Atp13a2 truly localizes to autophagosomes or localizes with 

LC3 only after fusion of the autophagosomes with lysosomes. Future studies using a pH-

sensitive autophagosome reporter which can distinguish between autolysosomes and 

autophagosomes may clarify this issue. Taken together, these results demonstrate 

preliminary evidence that Atp13a2 functions the autophagic process. Also, since 

dysfunctions in autophagy have been linked to neurodegenerative disorders, future 

studies on how loss of Atp13a2 function impacts this pathway may yield valuable 

information on disease pathogenesis. 

We also demonstrated that GFP-tagged Atp13a2-C produces unique vesicle 

phenotype when expressed in HeLa cells. Since this phenotype was not observed upon 

expression of any other construct, we believe these structures are an inherent property of 

the C protein and not an artifact of the GFP tag. It is possible that this deletion has 

generated an Atp13a2 protein which functions as some sort of ion pump, but has lost its 

specificity. The large structures could be membranous vesicles that have enlarged due to 

excessive pumping of an ion causing an imbalance in pH or ionic gradient. However, we 

cannot exclude the possibility that these structures are a general artifact of 

overexpression, particularly since C is a large transmembrane protein. It is also 

unknown whether these structures have a detrimental effect on the cell. Future studies are 

needed to identify these structures and how these relate to the function of ATP13A2 or 

how these structures may be involved in disease. 
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SUMMARY AND FUTURE DIRECTIONS 

 

I have reported here on the localization, stability, and degradation of Atp13a2
 

proteins linked to PD. In the first part of this work I presented evidence for differences 

between wt and mutant Atp13a2
Isoform-1

proteins. First, I demonstrated that wt 

Atp13a2
Isoform-1 

proteins are localized to lysosomes while two different KRS mutant 

Atp13a2
Isoform-1 

proteins are retained in the ER.  Second, I showed that the mutant 

Atp13a2
Isoform-1 

proteins are ubiquitinated and rapidly degraded by the proteasome. Third, 

I presented the first direct evidence that Atp13a2
Isoform-1 

mutant proteins are degraded by 

ERAD. Fourth, I demonstrated that the mutants, but not the wt Atp13a2
Isoform-1

, are 

cytotoxic and sensitize cells to ER-stress induced cell death.  

Although ER retention and rapid turnover of the Atp13a2
Isoform-1 

mutants suggests 

the proteins are misfolded and degraded by ERAD, questions still remain as to the exact 

mechanism of Atp13a2
Isoform-1 

degradation in the cell. First, how are the mutants 

recognized as misfolded and targeted for degradation by the ERAD machinery? Our 

results demonstrate that the fully mature Atp13a2
Isoform-1 

protein is glycosylated, 

suggesting that these proteins would require the calreticulin/calnexin folding cycle; 

however this has not been demonstrated.  Therefore, an interaction between Atp13a2 

proteins and folding cycle components (e.g. chaperones, glycosylases) or ERAD 

targeting factors like OS-9 or XTP3-B, possibly through immunoprecipitation assays, 

would provide more evidence that these proteins are misfolded and targeting for ERAD.  

Second, the exact nature of the ERAD complex or complexes that are responsible for 

degrading Atp13a2
Isoform-1

 proteins is unknown. For example, our results suggest that the 



104 
 

 

 

erasin protein may be involved in the degradation of Atp13a2 proteins, particularly the 

ΔC mutant, however erasin is just one of several proteins that have been shown to 

function in ERAD. Furthermore, the ERAD process requires the action of several protein 

components, like ligases and shuttle factors, which were not tested in this work. Future 

experiments using protein turnover analysis or co-immunoprecipitation assays may 

elucidate what proteins are involved in this process and strengthen the argument that 

these proteins are degraded by ERAD.  

One interesting avenue of research would be to investigate the ubiquitin ligase 

responsible for the ubiquitination of mutant Atp13a2
Isoform-1

. Mammalian cells contain a 

vast repertoire of ubiquitin ligases whose substrate is unknown. Also, it has been 

suggested that an ubiquitin ligase can have high specificity for a particular protein 

substrate. Therefore, identification of an Atp13a2-specific ligase would provide a useful 

tool for manipulating Atp13a2 degradation in the cell.   

To date, 19 mutations in ATP13A2 have been linked to the development of KRS 

or early-onset PD. These mutations consist of large and small deletions, insertions, splice 

site mutations, and single amino acid substitutions.  Therefore, one question that needs to 

be answered is: Do all Atp13a2 mutant proteins behave in a similar manner? Our work 

with the C and Dup22 mutants suggest this is not the case, since the proteins differ in 

their stabilities and their toxicity. It would be interesting to see whether the less severe 

mutations, like the single residue substitutions, are retained in the ER and cleared by 

ERAD, and if so, what different ERAD proteins are involved in their degradation. 

  Our results suggest that two mechanisms may be responsible for how mutations 
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in ATP13A2 cause disease.  First, the retention of the C and Dup22 Atp13a2
Isoform-1 

mutants in the ER and rapid clearance by ERAD suggest that disease may arise due to 

loss of Atp13a2 function in the lysosomes. If this is the case, one route of therapy could 

be rescuing Atp13a2 from ERAD and restoration of Atp13a2 to the lysosomal membrane.  

This may be achieved by assisting in protein folding by addition of certain chaperones or 

inhibition of Atp13a2 clearance by interference with Atp13a2-specific degradation 

machinery. However, further studies would be needed in order to address whether 

Atp13a2 mutants would be functional if allowed to leave the ER. Although it seems 

unlikely that the C and Dup22 mutant proteins would retain their functionality due to 

the large deletion events in their amino acid sequences, one can speculate that this may be 

possible with the less severe mutations.  

Our results suggest that a second mechanism by which Atp13a2 mutants cause 

disease is by ER stress. However, the mechanism by which Atp13a2 sensitizes cells to 

ER stress is unknown. Do Atp13a2 proteins cause ER stress directly or by some other 

mechanism? This is particularly interesting since our results demonstrate that the C and 

Dup22 sensitize cells to ER stress cell death to different levels. Also, it is unknown 

whether ER stress is a common property among all Atp13a2 mutants. So far, only one 

other mutation in ATP13A2 has been linked to ER stress (Park et al., 2011). Further 

examination of activation of the unfolded protein response (UPR) upon expression of the 

Atp13a2 mutant proteins would begin to address this issue. For example, it is not known 

what arm of the UPR is activated.  This could be addressed by the analysis of different 

markers of UPR activation like phosphorylation of eIF2-alpha or splicing of XBP-1 or by 

using mutants inactivated in different arms of the pathway. Further examination of this 
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issue could lead to therapeutic approaches to alleviate ER stress caused by Atp13a2 

mutant proteins.  For example, in this situation, promoting the degradation of Atp13a2 

may be beneficial to the cell in an effort to reduce protein load in the ER.  

The second part of this worked focused on the previously uncharacterized 

Atp13a2
Isoform-3

 protein. Characterization of Atp13a2
Isoform-3

 proteins revealed striking 

differences between the isoform-1 and isoform-3 proteins. In contrast to Atp13a2-

wt
Isoform-1

, Atp13a2-wt
Isoform-3 

localizes to the ER, is rapidly degraded by the proteasome, 

and sensitizes cells to ER-stress-induced cell death.  

Questions still remain as to the exact nature of the Atp13a2
Isoform-3

 protein. First, it 

is unknown if Atp13a2
Isoform-3 

is a fully functional ER protein or a misfolded protein that 

is retained in the ER. Direct evidence that the protein is degraded by ERAD would 

provide more evidence that the protein is misfolded and retained by the cell’s quality 

control machinery. Second, we cannot exclude the possibility that Atp13a2 is not 

expressed in the cell under physiological conditions. Although the ATP13A2 gene is 

expressed at high levels in the brain, the contribution of each transcript to total RNA 

levels is unknown. Expression profiles of all three isoforms at the mRNA and protein 

level would begin to address this issue.  At the mRNA level, Isoform-3 lacks two exons 

compared to isoform-1 which may be able to be used to distinguish between the two 

transcripts using RT-PCR.   At the protein level, Isoform-1 and Isoform-3 contain unique 

C-terminal sequences which could be used to generate Isoform-specific antibodies. This 

would provide further insight contribution of each splice variant to the development of 

KRS. 
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Lastly, I presented preliminary information on the possible functions of the 

Atp13a2
Isoform-1 

protein.  First, I have shown that expression of Atp13a2 sensitizes cells to 

oxidative stress.  Second, I have demonstrated that cells expressing Atp13a2 are resistant 

to starvation-induced cell death and manganese toxicity.  

One important question that needs to be answered is: what is the ion substrate that 

Atp13a2
Isoform-1 

transports in the cell?  Although our assays suggest Atp13a2
Isoform-1 

is a 

manganese pump, direct evidence for this is needed. It is also not known how Atp13a2 

contributes to lysosomal function. We speculate Atp13a2
Isoform-1 

may play a role in 

autophagy but this is based only on preliminary data.    A key step in identifying the 

function of a gene is to work with the endogenous protein.  Due to the high level of 

expression observed for ATP13A2 in the brain, this most-likely can be achieved by the 

use of a neuronal cell line and Atp13a2 antibodies. Work with the endogenous protein 

would also allow for manipulating ATP13A2 expression using siRNA technology. It 

would be interesting to observe what phenotype would arise from knockdown of 

ATP13A2 expression. Lastly, one avenue of research that should be pursued is working 

with Atp13a2 in a whole organism. Recently, our lab has developed a C. elegans line 

expressing the human Atp13a2
Isoform-1 

protein.  Work with this model will provide further 

insight into the function of ATP13A2 and how mutations in this gene contribute to disease 

pathogenesis. 
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