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i. Abbreviations 
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HEK293- human embryonic kidney-293 cells 
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MAPKKK- mitogen- activated protein kinase kinase kinase 
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OAA- oxaloacetic acid 

PBS- phosphate buffered saline 
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PCR- polymerase chain reaction 
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PINK1- PTEN-induced kinase- 1 

PTP- permeability transition pore 
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RNAi- RNA interference 

ROS- reactive oxygen species 
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I. Abstract  

Parkinson‟s disease (PD) is a progressive neurodegenerative disorder, pathologically 

characterized by loss of dopaminergic neurons in the substantia nigra pars compacta. Various 

mutations in -Synuclein (SNCA, PARK1/4) result in autosomal dominant, inherited PD. 

Overexpression or mutation of -Synuclein is associated with protein aggregation and results in 

disturbance to a number of cell systems, including the ubiquitin-proteasome system and 

mitochondria. To identify new genetic modifiers of α-Synuclein neurotoxicity, fruit flies 

(Drosophila melanogaster) expressing human -Synuclein with the familial PD mutation [A53T] 

in dopaminergic neurons, in combination with a specific chromosomal deletion, were screened for 

aging-dependent loss of brain dopamine (DA) using high performance liquid chromatography. 

Sub-screening within deficiencies for individual genes using P-element gene disruption and RNA 

interference fly lines revealed that decreased expression of the mitochondrial chaperone protein, 

tumor necrosis factor receptor associated protein-1 (TRAP1), enhanced -Synuclein[A53T] 

neurotoxicity. Flies showed an enhanced loss of brain DA, dopaminergic neurons and climbing 

ability with time. In addition, sensitivity to oxidative stress treatment (paraquat or hydrogen 

peroxide) was enhanced. Overexpression of human TRAP1 rescued these phenotypes. Similarly, 

coincident overexpression of both human TRAP1 and -Synuclein[A53T] in rat primary cortical 

neurons rescued -Synuclein-induced sensitivity to rotenone treatment. In human embryonic 

kidney- 293 (HEK293) cells, small interfering RNA directed against TRAP1 enhanced -

Synuclein[A53T] –induced sensitivity to hydrogen peroxide or rotenone. TRAP1 overexpression 

provided rescue. -Synuclein[A53T] was localized to the mitochondria using cell fractionation 

and co-localization of fluorescent signals. -Synuclein[A53T] can directly interfere with 

mitochondrial function, as it was found to inhibit Complex I activity and when in combination 

with siTRAP1, decreased mitochondrial membrane potential. These effects could be blocked by 

TRAP1 overexpression. A direct protein-protein interaction between TRAP1 and -

Synuclein[A53T] was found using immunoprecipitation. In addition, data from the primary 

deficiency screen was cross referenced with candidate gene data from a previously published 

Drosophila mitochondrial modifier screen. Seventeen additional candidate genes modifying -

Synuclein[A53T] toxicity in the fly, including Tiny Tim 50, bellweather and p70 S6k, were 

identified. These results show that -Synuclein[A53T] toxicity is intimately connected to that of 

mitochondrial function and that rescue from toxicity in fly, rat primary neurons and human cell 

line can be achieved using overexpression of the mitochondrial chaperone TRAP1.  



INTRODUCTION  
 

2 
 

II. Introduction  

2.1. Parkinson’s Disease 

2.1.1. Definition and prevalence 

First formally described by Dr. James Parkinson in 1817, Parkinson‟s disease (PD) is 

the second most prevalent neurodegenerative disease behind Alzheimer's (AD). The disease is 

clinically characterized by a constellation of movement-related symptoms including unilateral 

tremor at rest, bradykinesia (slowness of movement), akinesia (inability to move) and postural 

instability. Though primarily defined as a movement disorder, late features of the disease can 

include a wide range of non-motor symptoms including cognitive impairment, hallucinations, 

sleep disturbances and autonomic dysfunction including constipation, hypotension and sexual 

dysfunction.
1
  

Age of PD onset is typically 60 years and age is the primary risk factor. For people 

above the age of 50, the incidence of PD is approximately 110-300 per 100,000. However 

above age 80, the incidence rate climbs to 400-500 per 100,000.
2
 Men are twice as likely to 

develop the disease than women: total lifetime probability for developing the disease is 2.0% 

for men and 1.3% for women.
3
  

2.1.2. Neuropathology 

PD is characterized by degeneration of selective brain regions. In particular, 

substantial cell death is found within the substantia nigra pars compacta (SNc) located in the 

midbrain basal ganglia. SNc depigmentation occurs due to the death of dopaminergic, 

neuromelanin- containing neurons.
4
 The major efferent projection of the SNc is the 

nigrostriatal projection, which supplies the striatum with DA input. Thus, SNc cell loss results 

a reduction of striatum DA content. Key functions of the SNc and striatum include motor 

planning and control, and thus dysfunction of these brain regions results in the akinesia and 

rigidity of PD. Onset of motor symptoms occurs with approximately 80% reduction of the 
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striatum DA content, corresponding to 60% cell death of the SNc DA neurons.
1
 Importantly, a 

withdrawal of SNc projections to the striatum is observed in advance of cell body death in the 

SN.
5
 Thus, the first subtle motor deficits of PD most likely result from this loss in DA 

content, in advance of large scale SNc cell death. Neuronal loss is associated with aging and 

has been observed to occur in dorsomedial SN. However, PD cell death occurs within the 

ventrolateral and caudal SN. Thus, the pattern of cell death in the SNc is specific to PD 

pathology and not typical of aging.
6, 7

 Curiously, the DA neurons of the SNc seem particularly 

vulnerable to degeneration. That is, not all brain DA neurons show such marked degeneration 

as those found within the SNc. For example, DA cells located in the ventral tegmental area 

are only slightly affected.
8
 In addition, multiple non-DA brain regions show pathology, 

including the locus coeruleus (noradrenergic), raphe nucleus (serotinergic) and dorsal motor 

nuclei of the vagus (cholinergic).
9-11

 Non-motor symptoms of PD are typically attributed to 

degeneration of these brain regions. Notably, it is the key clinical feature of DA loss that 

forms the basis of the primary symptomatic PD treatment, that being the administration of the 

DA precursor, levodopa (L-DOPA).
12

 L-DOPA acts to load more DA into the synaptic 

vesicles within the remaining dopaminergic terminals, thus partially compensating for the loss 

of innervation.
13

 Unfortunately, dopaminergic PD therapy is typically only effective for three 

to five years, before the onset of its characteristic side effect, dyskinesias (uncontrolled 

movements). After five to ten years of treatment, the dose required to control the symptoms of 

PD approaches that which induces dyskinesias. While L-DOPA is initially effective in 

addressing the motor features of the disease, other medications are often required to address 

the non-motor symptoms. Importantly, there is no current clinical therapy available that has 

been shown to slow or reverse PD.   

Beyond neuronal loss, a key histologic feature of PD is the Lewy body (LB), a 

cytoplasmic inclusion body, found within neurons of the affected brain regions.
14

 LBs are 



INTRODUCTION  
 

4 
 

common to almost all subsets of PD patients upon autopsy at death. It is however worth 

nothing that LBs are not exclusive to the disease, as they have also been found in AD patients 

and healthy people of extreme age.
15, 16

 That said, Braak et al has proposed a clinical staging 

of sporadic PD neurodegeneration based on LB migration through the brain. In Braak Stage 1, 

LBs are first found in the enteric nervous system, dorsal motor nuclei and olfactory bulb, a 

neuropathology corresponding both to subtle autonomic dysfunction and to the loss of smell 

often found to precede motor symptom of PD by years.
17-21

 In Stage 2, LBs are found within 

the pons and medulla, associated with further disruption of autonomic function. In stage 3, 

motor symptoms are first evident, as the SNc, amygdala and hippocampus show pathology.  

In the final stages of 4 and 5, cortical areas are affected and cognitive process deterioration 

and dementia result.
22

 Such a staging system is suggestive of a systemic pathology, whereby 

the PD- associated degeneration of the SN is a relatively late-stage phenomenon. Although a 

definitive pathogenic mechanism is lacking, several recent papers are supportive of a theory 

of systemic migration of LB-pathology. In particular, brain autopsies completed upon the 

death of PD patients, who years earlier received a fetal neuron graft to the SN, revealed LB 

localization within neurons of fetal origin.
23, 24

 Subsequently collected in vitro data indicates 

that neurons can endocytose protein aggregate structures, allowing for neuron to neuron 

transport and induction of protein aggregation.
25-27

 Moreover, a recent paper published by 

Pan-Montojo et al revealed that mouse intragastric administration of rotenone, a pesticide 

inhibiting the Complex I of the mitochondrial electron transport chain (ETC, Complexes I-

IV), induced protein aggregate structures within the enteric nervous system.
28

 Such a staging 

mechanism suggests a primacy of the LB to PD pathology.  

 

 

 



INTRODUCTION  
 

5 
 

Table II-1. PD-causing genes and susceptibility factors. 

Park loci 

 

Gene/protein 

 

Forms of PD 

 

Putative function 

 

Association 

with UPS 

 

Presence 

in LBs 

 

PARK1/4 SNCA/α-Synuclein 

Early-onset autosomal 

dominant and sporadic 

PD 

Synaptic vesicle 

function 
Yes Yes 

PARK2 Parkin/Parkin 

Juvenile and early-

onset autosomal 

recessive and sporadic 

PD 

E3 ubiquitin ligase Yes Yes 

PARK5 UCH-L1/UCH-L1 
Late-onset autosomal 

dominant 

Ubiquitin C-

terminal hydrolase 
Yes Yes 

PARK6 Pink-1/PINK-1 Autosomal recessive 

Protein kinase, 

mitochondrial 

function 

Putative Yes 

PARK7 DJ-1/DJ-1 
Early-onset autosomal 

recessive 

Oxidative stress, 

chaperone 
Putative 

Yes, in 

minority 

PARK8 LRRK2/dardarin 
Late-onset and sporadic 

PD 

GTPase, protein 

kinase 
Putative 

Small 

minority 

PARK9 ATP13A2/ATP13A2 

Juvenile autosomal 

recessive (Kufor–

Rakeb syndrome) and 

early-onset PD 

Lysosomal type 5 

P-type ATPase 
Putative 

Yes, in 

minority 

PARK13 OMI/HTRA2/HTRA2 Sporadic PD 
Mitochondrial 

serine protease 
? 

In small 

minority 

PD 

susceptibility 

gene 

GBA/GBA 
Unclear, recessive for 

GD 

Associated with 

lysosomal function 
? ? 

Abbreviations: GD, Gaucher's disease. Gene definitions: ATP13A2, lysosomal P-type transmembrane cation-

transporting ATPase; GBA, glucocerebrosidase; PINK1; PTEN-induced putative kinase1; LRRK2, leucine-rich 

repeat kinase 2; Omi/HTRA2, HTRA serine peptidase2; UCH-L1; ubiquitin C-terminal hydrolase-L1.  

 

Table adapted from: Bandopadhyay R et al., Pathogenesis of Parkinson‟s disease: emerging role of molecular 

chaperones. Trends in Molecular Medicine. 2009; 16: 27-36. 

2.1.3. Idiopathic and familial forms of PD  

Ninety percent of diagnosed PD cases are idiopathic, that being, arising from an 

indefinable cause. However the remaining 5-10% of cases are attributable to familial forms of 

PD. Both recessive and dominant Mendelian inheritance patterns of PD have been identified. 

Linkage data has to date revealed ten PARK loci (Table II-1).
29

 The important PD-linked loci 

are summarized in Table II-1.  For seven loci, causative genes have been identified: three 
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autosomal dominant (SNCA (PARK1/4, α-Synuclein), leucine rich repeated kinase (LRRK2, 

PARK8) and UCH-L1 (PARK5)) and four autosomal recessive (Parkin (PARK2), PTEN-

induced putative kinase 1 (PINK1, PARK6), DJ-1 (PARK7) and ATP13-A2 (PARK9)). It 

should be noted that the importance of UCHL1 in broader PD has yet to be established.
12

  A 

susceptibility allele (HTRA2/OMI) at the PARK13 locus has been identified, although recent 

data questions whether this is a strongly- associated risk factor in world- wide PD 

populations.
30

 Although genetic PD represents only a small percentage of patients, mutations 

in these genes have also been identified in sporadic PD. This suggests that the mechanisms of 

disease and cell death of genetic PD can be extrapolated to the idiopathic form.   

A brief introduction to the genes relevant to this project, that being SNCA, Parkin, 

PINK1 and DJ-1, follows, with particular emphasis on SNCA. A more detailed discussion of 

how each gene might fit into theories of overall disease pathogenesis follows in the next 

section. 

2.1.3.1. α-Synuclein (SNCA, PARK1/4) 

SNCA was the first identified PD gene. Previous to its association with the disease, α-

Synuclein had been identified as a protein localized to presynaptic terminals of the electric ray 

and rat brain.
31

 A human homologue was identified in 1993 and found to be a component of 

amyloid plaques in AD.
32

 In 1995, a α-Synuclein homologue, Synelfin, was linked to synaptic 

plasticity involved in song bird learning.
33

 However it was not until 1997 when two papers 

were published, the first describing a dominantly inherited familial case of PD resulting from 

an [A53T] SNCA mutation and the second showing that α-Synuclein was the major protein 

component of the LB, that α-Synuclein was definitively linked to PD.
34, 35

  

 Two additional missense mutations of SNCA ([A30P] and [E46K]) resulting in PD 

have been since described.
36, 37

 These mutations are quite rare, as [A53T] has only been found 

in families of Greek origin, [A30P] in one German family and [E46K] in a Spanish family. 
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The [A53T] mutation results in an early onset (mean forty-five years) and rapid disease 

progression. People affected by the [A30P] and [E46K] mutation generally show a typical PD 

disease progression. Multiple instances of duplications and triplications of the gene have been 

identified. Duplications are often indistinguishable from idiopathic PD, while triplications 

result in early onset, rapid disease progression and reduced lifespan.
38-42

 Duplication of SNCA 

has been identified in several sporadic PD cases.
43

 In addition, a polymorphism in the SNCA 

promoter region that in vitro, upregulates expression, has been identified as a risk factor for 

idiopathic PD.
44

 In total, the inheritance patterns suggest that there is gain of function with 

SNCA mutation and indicate a critical effect of protein dose.   

 Human α-Synuclein is a small protein that is natively unfolded in aqueous solution. 

Important to hypotheses relating to α-Synuclein pathology is its ability to change 

conformation and take on more complex three- dimensional structures in response to 

alteration of its chemical environment.
1
 Three major domains have been delineated: an amino-

terminal repeat domain, a non-amyloid component (NAC) domain and an acidic carboxyl-

terminal domain. The highly conserved amino repeat domain is key to the protein‟s 

transformation into an amphipathic α-helical structure, an alteration enabling membrane 

binding.
45

 All three of the PD missense mutations are found within the N terminus repeat 

domain. In addition, the N terminus domain has been found to contain a cryptic mitochondrial 

targeting sequence.
46

 The NAC domain is named on the basis of its sequence similarity to the 

NAC peptide of Alzheimer‟s amyloid fibrils. Its hydrophobicity allows a transformation from 

unfolded native protein into soluble protofibrils, oligomers and insoluble fibrils (see Fig.II-

1).
47, 48

 The C-terminus hydrophilic domain contains several phosphorylation sites that have 

been implicated as important to both normal α-Synuclein function and its pathogenic 

actions.
49-52
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 Despite widespread research interest in α-Synuclein, a clear physiologic function for 

the protein has yet to be determined. Under physiologic conditions, the majority of α-

Synuclein is localized to the presynapse. At the same time, the protein is able to bind PL and 

can bind polyunsaturated fatty acids. These properties are suggestive of a function related to 

vesicle or fatty acid metabolism. Indeed, lipid abnormalities have been noted in the brains of 

SNCA knockout (KO) mice.
53-58

 Most recent data suggests a positive role for α-Synuclein in 

both the formation of synaptic vesicles and for neurotransmitter release. Neurons lacking the 

protein show reduced numbers of synaptic boutons, perhaps indicating decreased synaptic 

activity.
59

 However, as defects in neurotransmission in SNCA KO are subtle, it appears α-

Synuclein is a non-essential protein for these processes. Finally, multiple studies have 

implicated a role for α-Synuclein in endoplasmic reticulum (ER)-Golgi membrane mechanics. 

In particular, several papers reported that the wild type (wt) protein could inhibit ER-Golgi 

vesicle docking, a function rescued by Rab1 overexpression, a GTPase (guanosine 

triphosphate) that regulates ER-derived vesicles transport.
60, 61

 In sum, a role for physiologic 

α-Synuclein in membrane mechanics is implicated.  

α-Synuclein may act as a molecular chaperone under certain conditions. Cysteine 

string protein-α (CSP-α) is a co-chaperone of the SNARE (SNAP (Soluble NSF Attachment 

Protein) Receptors) complex required for synaptic vesicle exo- and endocytosis. Chandra et al 

demonstrated that expression of α-Synuclein is able to ameliorate neurodegeneration that 

results from deletion of CSP-α in mice, an amelioration in part due to partial restoration of the 

SNARE complex.
62

 Several other papers, conducted in worm (C. elegens), neuroblastoma and 

primary neuron culture, additionally posit a role for α-Synuclein in neuronal survival, as low 

level expression is protective against oxidative stress-induced apoptosis and excitotoxicity.
63-

66
 Thus the specific mechanisms and conditions by which α-Synuclein might be 

neuroprotective have yet to be clearly delineated. 

http://en.wikipedia.org/wiki/N-ethylmaleimide_sensitive_fusion_protein


INTRODUCTION  
 

9 
 

 Perhaps related to its putative chaperone function, α-Synuclein has also been linked to 

DA metabolism. α-Synuclein shares 40% sequence homology with the molecular chaperone 

14-3-3.
67

 Both 14-3-3 and α-Synuclein can bind tyrosine hydroxylase (TH), the rate limiting 

enzyme of DA synthesis.
68

 α-Synuclein can also complex with the DA transporter (DAT), a 

binding that could alter protein localization and thereby affect DA reuptake from the 

synapse.
69

 Thus, a possible role for α-Synuclein in the regulation of DA homeostasis is 

implicated.   

Finally, recent findings indicate that α-Synuclein plays a physiologic role within the 

mitochondria. Several papers have demonstrated that α-Synuclein can enter mitochondria and 

is associated with the inner membrane. Once inside, α-Synuclein has been shown to inhibit 

Complex I activity. However, Complex I inhibition may not to be correlated to α-Synuclein 

pathology, as evaluated in terms of protein aggregation.
70

 At the same time, α-Synuclein KO 

mice show alterations to mitochondrial membrane composition linked to decreased activity of 

ETC components.
71

 KO mice also show resistance to mitochondrial toxins, suggesting that α-

Synuclein may moderate the mitochondrial response to oxidative stress.
72

 A small amount of 

reactive oxygen species (ROS) are naturally produced as electrons move through the ETC in 

the mitochondrial inner membrane as part of oxidative phosphorylation production of ATP. 

Oxidative stress refers to a condition in which there is an excess of ROS (oxygen ions, free 

radicals and peroxides) due to either inadequate antioxidant capacity or by overproduction. 

These results thus suggest several levels of mitochondrial dysfunction in the context of α-

Synuclein. 

Thus, the extent to which mutation or overexpression of α-Synuclein negatively affects 

normal physiologic function or alternatively affects new processes due to gain of function 

remains a topic under investigation.  

2.1.3.2. Parkin (PARK2) 
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 The PARK2 locus is associated with an autosomal recessive, early onset (less than 50 

years) form of PD. Parkin mutations were first identified in Japanese family and have since 

been found in multiple families of different ethnic background. Over one hundred Parkin 

mutations have been identified, including point mutations, deletions and exon multiplications, 

making it the second most common mutation of PD. In total, 50% of familial recessive early 

onset (less than 45 years) and 77% of sporadic PD with onset before age 20 are attributable to 

Parkin mutations.
73, 74

 The prevalence of Parkin mutations suggests an important role for the 

protein in suppressing PD.
75

 Patients with homozygous Parkin mutations demonstrate typical 

PD symptoms, however show an earlier age of onset, though with slower disease progression. 

Heterozygous mutations have also been found in instances of idiopathic PD.
76

 An atypical 

pathohistology is found in Parkin-related PD, that being a general absence of LBs within the 

brain.
77

  

Ubiquitously expressed throughout the body, Parkin is a ubiquitin E3 ligase and 

functions as part of the ubiquitin proteasome system (UPS).
78, 79

 The purpose of the UPS and 

heat shock chaperone proteins is to clear misfolded proteins from the cell. Damaged proteins 

tagged with multiple ubiquitins (poly-ubiquitylation) are sent to the 26S proteasome for 

breakdown. E3 ligases such as Parkin function essentially as gatekeepers to the proteasome, 

as they are the substrate-recognition molecules used for the attachment of polyubiquitin 

chains.
12, 80

 Accumulation of Parkin substrates CDCEL1 and PAELR has been found within 

the brains of patients with Parkin-related PD, suggesting a direct involvement of the UPS 

system in PD pathology.
81, 82

 Of note, in vitro studies have shown Parkin able to ubiquitinate 

three other PD-associated genes: mutant DJ-1 (PARK7), glycosylated α-Synuclein and 

Synphilin, a binding partner of α-Synuclein.
83, 84

 Thus, Parkin may be critical to the 

recognition of potentially toxic proteins in neurons. Parkin-DJ-1 interactions have been 

heavily investigated. Interestingly, ubiquitylation of DJ-1 does not lead to its degradation by 



INTRODUCTION  
 

11 
 

the proteasome, but rather to its transport to an inclusion body known as the aggresome. Toxic 

proteins placed in the aggresome can be cleared via autophagic mechanisms, suggesting 

Parkin may additionally function to remove toxic proteins via protective aggresomal 

accumulation.
84-86

 It moreover implicates possible derangement of autophagy, an intracellular 

bulk degradation system, as playing a role in PD pathology.  

Parkin also has a mitochondrial function. KO of Parkin in the fruit fly results in a 

severe mitochondrial phenotype, typified by swollen mitochondria, oxidative stress, alteration 

to ETC components and eventual death of the flight muscles.
87

 Although not as severe a 

mitochondrial phenotype as found in flies, Parkin KO in mice also enhances oxidative stress 

and reduces expression of multiple ETC proteins.
75

 Most recently, data indicates Parkin 

ubiquitylation of dysfunctional mitochondria targets these organelles for mitophagy, through a 

mechanism similar to that of protein clearance.
88, 89

 Thus, dysfunction in Parkin-related PD 

seems most likely to result from defects in critical cell functions of UPS and mitochondrial 

maintenance.   

2.1.3.3. PINK1 (PARK6) 

Similar to the PARK2 locus, the PARK6 locus is associated with autosomal recessive 

PD, with both early (age 32-48) and late onset. The disease-causing gene was identified as 

PINK1 and was first found in three Italian-Spanish families. Multiple missense and nonsense 

of the protein have been recognized.
90

 Like Parkin, heterozygous mutations of PINK1 have 

been identified in cases of sporadic PD.
91

 It is the second most common form of autosomal 

recessive PD after Parkin.
75, 92

   

 PINK1 is a ubiquitously expressed, highly conserved serine-threonine kinase. It was 

first identified as a substrate of PTEN, an oncogene mutated in many cancer cells.
93

 Via its N-

terminal mitochondrial targeting motif, PINK1 localizes to the mitochondrial matrix and 

intermembrane space. The protein is important to mitochondrial function and in particular, is 
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neuroprotective against oxidative stress-induced apoptosis. Overexpression of wild type 

PINK1 is protective against mitochondrial toxins such as the Complex I inhibitor MPTP, 

while siRNA in cell culture systems results in an increased susceptibility to apoptosis. Protein 

overexpression is also associated with a higher mitochondrial membrane potential and a 

decrease in Cytochrome  c release.
77

 
94, 95

  As a physiologic correlate to cell culture data, 

fibroblasts and lymphoblasts from PD patients with PINK1 mutations show decreased 

Complex I activity and increased levels of oxidative stress.
91, 96

 Obvious mitochondrial 

pathology is found with Drosophila PINK1 KO, including misformed mitochondrial structure, 

increased sensitivity to oxidative stress, locomotor defects and decreased lifespan.
97-100

 

Similarly, mouse KO of PINK1 and human DA neurons treated with siRNA for PINK1 show 

a multitude of mitochondrial deficits that are similar to the defects seen in non-human 

neuronal cell culture. These deficits include reduced membrane potential, altered morphology, 

increased ROS production, impaired Complex I activity and sensitivity to oxidative stress.
101, 

102
  

The mechanism by which PINK1 is protective of mitochondrial function has only 

recently begun to be elucidated. In 2007 Pridgeon et al reported the first known substrate of 

PINK1 to be TRAP1, an HSP90-like mitochondrial chaperone protein. In cell culture, PINK1 

is protective against oxidative stress- induced cell death via inhibition of Cytochrome  c 

release. This inhibition is dependent on its ability to phosphorylate TRAP1. Familial 

mutations of PINK1 inhibit TRAP1phosphorylation.
103

 TRAP1 has been noted in several cell 

systems, including multiple types of carcinoma, hepatocytes, and cardiomyocytes, to be 

protective against ischemic injury, ROS and apoptosis.
104-106

 In addition, a basic worm (C. 

elegens) genetic screen for suppressors of α-Synuclein aggregation noted that use of RNAi 

against the R151.7 (worm homologue of human TRAP1) enhanced aggregation.
107

 Thus, the 
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PINK1 protective effect may be induced via activation of conserved and essential defense 

against mitochondrial toxicity.  

A second identified PINK1 substrate is the mitochondrial serine protease, 

HTRA2/Omi. After PINK1 phosphorylation at serine 142, HTRA2 is thought to mediate 

stressed neuron survival. This theory is supported by HTRA2 KO mice who display striatal 

neurodegeneration and early death. Also worth noting is that while brains from sporadic PD 

patients show widespread serine 142 phosphorylation, PINK1 PD patients show relative 

absence of phosphorylation, suggestive of deficient HTRA2 phosphorylation.
108

 Most 

interestingly, Parkin has been shown to act downstream of PINK1. This was first suggested 

due to the similarity of Drosophila phenotypes resulting from either KO of Parkin or PINK1. 

Indeed, while PINK1 overexpression was unable to rescue KO of Parkin, the reverse, that 

being Parkin overexpression and PINK1 KO, was true.
98-100

 Most recent data suggests a 

mechanism whereby PINK1 is selectively stabilized and its kinase activity upregulated in 

mitochondria damaged by oxidative stress. The protein is then able to recruit Parkin to 

damaged mitochondria. Parkin-mediated ubiquitylation then targets these mitochondria for 

autophagy.
109, 110

 Thus, PINK1 plays multiple protective roles within the mitochondria, 

resulting in a loss of function phenotype with PD-associated mutation. 

2.1.3.4. DJ-1 (PARK7) 

DJ-1 mutations cause autosomal recessive PD. Mutations in DJ-1 are very rare (1% of  

PD mutations). Only a deletion mutant and several point mutations, one of which causes 

early-onset PD, have been identified.
92, 111

 Found in both neurons and glia, DJ-1 is a highly 

conserved, multifunctional and ubiquitously expressed protein. It appears to have both anti-

oxidant and transcription modulatory activity.
112

 In cell culture, DJ-1 is typically found in the 

cytosol. However upon oxidative stress inducement, DJ-1 moves into the mitochondria. 

Translocation into the mitochondria correlates to its neuroprotective effect.
113

 KO animal 
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models further support the hypothesis of DJ-1 acting as a mitochondrial protective factor. 

Drosophila DJ-1 KO produces animals with increased sensitivity to oxidative stress and the 

mitochondrial specific pesticide, paraquat. Degeneration of DA neurons is also observed.
100, 

114
 DJ-1 KO mice show multiple striatal- alterations, including increased DA reuptake, 

elevated striatal DA levels and hypokinesia. An enhanced sensitivity to MPTP or paraquat has 

been noted, manifesting itself as increased DA cell death.
115

 As DJ-1 is protective against 

Complex I inhibitors, it may directly protect Complex I from oxidative stress-induced 

damage. 

The overall neuroprotective mechanism of DJ-1 has yet to be fully elucidated. 

However DJ-1 inclusion in a common pathway of oxidative stress protection is suggested by 

data showing that DJ-1 can interact with both Parkin and PINK1. In vitro, DJ-1 can increase 

over-expressed PINK1 steady state levels. Under oxidative stress conditions, Parkin has been 

shown to bind DJ-1.
84, 116

 One paper reported the in vitro formation of a DJ-1, PINK1 and 

Parkin complex, which promoted ubiquitylation of Parkin substrates.
117

 Additional evidence 

of a common neuroprotective pathway that is abrogated by loss of function mutation is 

suggested by a family with digenic mutation in both PINK1 and DJ-1 showing early onset 

PD.
118

   

2.2. PD etiology and pathogenesis  

The next section will describe the several overlapping theories that provide a  

framework for understanding the mechanism of PD neurodegeneration, with particular 

emphasis on α-Synuclein toxicity. 

2.2.1. UPS dysfunction and protein aggregation  

The phenomenon of protein misfolding and aggregation is common to many  

neurodegenerative disorders, including PD, AD and Huntington‟s disease (HD). As 

mentioned, a PD pathologic hallmark is the LB, with the major protein component being 
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amyloid fibrils of α- Synuclein. Presence of α-Synuclein in the LB would not be sufficient to 

indicate a causal role of protein misfolding in PD. However, α-Synuclein mutations are 

sufficient to induce autosomal dominant PD. At the same time, Parkin and UCH-L1 (a 

ubiquitin C-terminal ligase) are both involved in the UPS system of protein degradation and 

mutations in both are causal in recessive PD.
119

 Together, these data suggest protein 

aggregation is a key step in PD pathogenesis.  

As shown in Fig.II-1, α-Synuclein can take on several different forms: a membrane  

bound alpha-helix, the natively unfolded monomer, β-sheet oligomers and the insoluble  

fibrils found in LBs.
120

 Mutated α-Synuclein (familial mutations [A53T], [A30P] and [E46K]) 

has a heightened propensity to aggregate. [A53T] and [E46K] assume fibrillar structures more 

rapidly than wt Synuclein, while [A30P] fibrillizes more slowly.
121-123

 At the same time, 

[A30P] and [A53T] can form intermediate oligomer structures faster than wt. The [E46K] 

mutant does not assume this structure as readily.
122, 124

 Phosphorylation of the protein has 

been shown important to structure. In particular, α-Synuclein found in LB and aggregates is 

typically phosphorylated at S129, although the toxic significance of this modification seems 

dependent on experimental system used.
51, 125-127

 At the same time, α-Synuclein mutation or 

overexpression results in cytotoxicity, with [A53T] being the most toxic variant. Direct cell 

loss is induced both in vitro and in the in vivo models of yeast, Drosophila, C. elegens, rat, 

mouse and non-human primate.
128-137

 The question of whether the insoluble LB aggregate 

itself is toxic or is in fact protective remains contested. In particular, studies have noted that 

certain α-Synucleins may show enhanced cytotoxicity without increasing insoluble 

aggregative species.
138

 Additional experiments have suggested that the oligomeric species, a 

species which [A53T] and [A30P] more readily form, may be the toxic species of α-

Synuclein. 
45, 139, 140

 In particular, Karpinar et al demonstrated that variants of α-Synuclein 

with the greatest tendency to form soluble oligomers show the greatest neurotoxicity both in 
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vitro and in vivo (Drosophila and C. elegans). Of the natural mutants tested, [A53T] generally 

resulted in the most severe phenotype.
141

 At the same time, expression of the molecular 

chaperone, HSP70, is able to suppress toxicity caused by overexpression of wt, [A53T] or 

 

Fig.II-1. Different 3D structures of α- Synuclein. α-Synuclein can transition from its native unfolded state to 

an intermediate oligomer structure, followed by an insoluble fibrillar structure. The fibrillar form is that found in 

the LB. The protein can also interact with membranes via transition into an alpha-helical structure. Various 

factors have been associated with α-Synuclein‟s conversion between different structures. For example, 

phosphorylation state (at S129) and nitration both promote fibrillization. Fibrillar α-Synuclein found in LB is 

typically ubiquitinated.   

Adapted from: Cookson MR. Synuclein and neuronal cell death. Molecular Neurodegeneration. 2009; 4:9.  

[A30P] α-Synuclein in Drosophila. Toxicity suppression occurred without a decrease in 

aggregated α-Synuclein, indicating that either monomeric α-Synuclein by itself is toxic or that 

inhibition of formation of downstream intermediate species was sufficient to reduce toxicity. 

142
 The mechanism whereby α-Synuclein oligomeric species might cause increased toxicity 

has yet to be resolved. α-Synuclein oligomers show a capacity to form annular or pore-like 

structures. One paper provided data indicating that oligomeric α-Synuclein triggered calcium 
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entry, with subsequent increased toxicity in human neuroblastoma SH-SY5Y cells, while 

another demonstrated that cells expressing α-Synuclein show an increased cation 

permeability.
140, 143

 Thus, it is possible that α-Synuclein oligomers may act to damage 

intracellular membranes or synaptic vesicles. Definitive data is at present lacking.  

 An additional aspect of protein aggregation is α-Synuclein interference with the 

lysosomal system. Monomeric α-Synuclein can be broken down within lysosomes and 

oligomers of two α-Synuclein molecules can also undergo degradation via an alternate 

lysosomal pathway, chaperone-mediated autophagy (CMA). Oligomers of greater than two α-

Synucleins are resistant to CMA and can accumulate on lysosomal membranes, acting to 

block the process. Interestingly, high levels of wt α-Synuclein or [A53T]/[A30P] mutants, 

inhibit uptake of other CMA protein substrates, resulting in substrate accumulation.
144

 
145

 The 

end result of this blockade may be cell death via impaired degradation of myocyte enhancer 

factor 2D (MEF2D), a neuronal survival transcription factor. Decreased degradation of 

MEF2D results in less efficacious function, threatening neuronal survival.
146

  

A final feature of protein degradation worthy of note is dysfunction in the UPS 

system. Rodents exposed to proteasomal inhibitors develop symptoms that closely 

recapitulate PD.
147

 Moreover, loss of function mutations in UPS system Parkin and UCHL1 

result in PD. Disturbance of the UPS can directly lead to cell death.
148

 α-Synuclein may itself 

play a role in proteasomal dysfunction, as multiple papers have evidenced firstly that it is a 

substrate of the system (mono and bi-ubiquitin) and secondly, in vitro, α-Synuclein can 

induce proteasomal dysfunction.
149-152

 Although it is known that α-Synuclein protofibrils can 

inhibit the main site of UPS protein degradation, that being the 26S proteasome
153

, the 

mechanisms by which α-Synuclein interferes with the proteasomal system are poorly 

described. An additional point of interest is the observation that in early onset Parkin-related 

PD, LBs are not typically found. This suggests that Parkin-ubiquitylation of α-Synuclein may 
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be required for the formation of large α-Synuclein aggregates.
154

 Thus, there may be a 

convergence of PD related genes in a common pathway related to α-Synuclein aggregation 

and removal.  

2.2.2. Environmental toxins  

On the basis of several drug-induced models of PD, environmental neurotoxins have 

been implicated in the development of sporadic PD. In particular, the pyridine analogue and 

synthetic heroin derivative MPTP is selectively taken up into DA neurons. It is then 

metabolized into MPP+, which acts to inhibit mitochondrial ETC Complexes I, III and IV. 

ROS release and ATP depletion ultimately results in the selective death of DA neurons and a 

PD-like motor disorder syndrome. Experimentally, both acute and chronic treatment of MPTP 

to animals results in a PD-like syndrome. Notably however, only chronic administration 

results in LB-like aggregates. Similarly, treatment with the commonly used pesticide 

rotenone, a Complex I inhibitor, reproduces many of the features of PD including DA cell 

loss. Toxic effects of low dose administration include LB-like formation containing α- 

Synuclein, pronounced ROS production causing damage to multiple cellular components, 

alongside mitochondrial degeneration.
28, 155

 Paraquat is a herbicide with similar chemical 

structure to MPTP. Administration of the compound to experimental animals again results in 

a PD-like syndrome, with DA cell degeneration and motor deficits. In vitro tests show that 

paraquat interacts with the DAT and results in weak Complex I inhibition alongside marked 

ROS production and antioxidant depletion.
156

 Lifetime exposure to such compounds has thus 

been linked to the development of sporadic PD.
157, 158

 A Costello et al study demonstrated that 

high level combined exposure to both paraquat and another pesticide, maneb, when patients 

were under age 60, increased the risk of developing PD by 75%.
159

 Similarly, 

trichloroethylene, a compound used as a degreaser for military and industrial applications, is a 

Complex I inhibitor and also a risk factor for PD.
160

 Importantly, a reduction in Complex I 
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activity in the brains of idiopathic PD patients has been described, evidence to the importance 

of mitochondrial dysfunction to PD pathogenesis, while also implicating a role for Complex I 

inhibitors in causing/exacerbating idiopathic PD.
161, 162

 Thus, the drug induced-mechanisms of 

PD are suggestive of a mitochondrial- based PD pathogenesis, one linked to ETC dysfunction, 

ROS overproduction and ATP depletion.  

2.2.3. Mitochondrial dysfunction and oxidative stress 

In addition to data evidencing a role for mitochondrial toxins directly interfering with 

ETC components, aging-associated oxidative stress and ROS overproduction have been 

theorized to be contributing factors in mitochondrial dysfunction. In aged patients, up to one 

third of cellular proteins show oxidative modification. Accumulation most likely results from 

ROS over production, alongside both decreased antioxidant activity and reduced ability to 

remove altered proteins.
163-165

 Importantly, within the SN of sporadic PD patients, several 

Complex I catalytic units have been found to carry excess carbonyls, an oxidative 

modification. This modification correlated to reduced rates of electron transfer and may 

indicate oxidative damage leading to the noted Complex I dysfunction found in PD brains.
166

 

The role of oxidative stress and mitochondrial dysfunction as a causal in PD relates to a 

possible reason for the particular vulnerability of DA neurons to cell death. That is, a large 

body of evidence suggests DA metabolism itself resulting in an excess of ROS production 

that could lead to additional mitochondrial damage. Typically DA is sequestered within acidic 

vesicles, where low pH prevents oxidation. However, if DA remains in the cytosol, it can 

oxidize to produce multiple byproducts, including superoxide, hydrogen peroxide and DA 

quinones. In vitro and in vivo rodent experiments have shown that excessive cathecholamine 

oxidation can result in neuronal death.
165

 Interestingly, in vitro data indicates mutant α-

Synuclein can impair vesicular storage of DA, allowing its oxidation.
167

 At the same time, 

oxidized DA can promote the conversion of α-Synuclein to oligomeric or fibrillar forms.
168, 
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169
 In addition, neuromelanin, a product of DA oxidation, is present in SN DA neurons and 

binds to iron, which can lead to free radical production.
170

 A further point suggestive that 

oxidative stress as being key to DA neuronal loss is that in α- Synuclein[A30P] expression or 

Parkin and PINK1 KO Drosophila models, overexpression of either human Cu/Zn super 

oxide dismutase (SOD) or glutathione- S transferase can successfully rescue DA neuron 

loss.
171, 172

 That said, it is at present difficult to resolve whether or not the enhanced oxidative 

stress found in PD patients is the cause of mitochondrial dysfunction or the result.  

Indeed, a clear role for impaired mitochondrial function in PD development is 

suggested by the convergence of data from both genetic and sporadic PD implicating the 

mitochondria. In particular, KO or mutation of Parkin, PINK1 or DJ-1 leads to protein loss of 

function and the associated mitochondrial deficits, as above described. A link between 

sporadic and genetic forms of PD has been made by papers indicating the combined influence 

of pesticide treatment (paraquat or maneb) and mutant α-Synuclein exacerbated PD-like 

mitochondrial pathology.
132

 Indeed, an additional aspect of the story is α-Synuclein ‟s 

involvement in the mitochondria. α-Synuclein is able to enter the mitochondria via an N- 

terminus targeting sequence. As mentioned, overexpression or expression of mutated α-

Synuclein can lead to cell death in both cell and animal models. Mitochondrial dysfunction 

associated with ATP depletion and ETC dysfunction reduces the cell's ability to handle 

oxidative protein damage and cellular tasks. At the same time, ETC dysfunction leads to a 

opening of the mitochondrial PTP, a drop in mitochondrial membrane potential, with 

subsequent increased Cytochrome  c release and death via apoptosis. Indeed, α-Synuclein- 

overexpressing cells exhibit multiple markers of mitochondrial dysfunction, including 

increased protein oxidation, increased ROS production, loss of mitochondrial membrane 

potential and reduced Complex I activity.
46, 70, 173-177

  α-Synuclein mutation or overexpression 

enhances markers of mitochondrial damage. For example, α-Synuclein[A53T] in human DA 
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neurons resulted in enhanced mitochondrial uptake and reduction in Complex I activity vs. wt 

protein. Complex I inhibition was dependent on α-Synuclein‟s mitochondrial localization.
46

 

While α-Synuclein KO mice show resistance to mitochondrial toxins such as MPTP, paraquat 

and maneb, mice expressing α-Synuclein[A53T] demonstrate enhanced sensitivity.
46, 175, 176

 

Importantly, mice carrying a mutation in both Parkin and α-Synuclein showed the most severe 

phenotype, supportive of a multi-hit hypothesis of PD pathogenesis.
13, 72, 134, 178, 179

 This data 

suggests α-Synuclein may play a role both in moderating the mitochondrial function and also 

mediating mitochondrial damage due to toxic gain of function effects upon mutation or 

increased dose of α- Synuclein. The specific determinant of whether or not α-Synuclein enters 

the mitochondria has yet to be determined, although one paper demonstrated enhanced 

mitochondrial translocation with cytosolic acidification, associated with oxidative or 

metabolic stress.
180

 However, in vitro findings are buttressed by PD patient histology  

indicating that there is α-Synuclein mitochondrial accumulation isolated to the SN and 

striatum. Such accumulation has not been found in control subjects.
46

 Beyond data indicating 

helical α-Synuclein may result in outer mitochondrial membrane permeabilization, with 

resultant loss of potential, the specific mechanisms by which α-Synuclein directly damages 

the mitochondria are lacking. However what is clear is that the interaction of α-Synuclein 

with the mitochondria is complex, with dysfunction perhaps resulting from both direct α-

Synuclein interaction and α-Synuclein aggregation in the cytoplasm producing oxidative 

stress, which in turn damages ETC components.  

As depicted in Figure II-2, one can thus envision a general schema of mitochondrial 

damage arising from multiple sources (gain of function mutant α-Synuclein, loss of protective 

proteins PINK1, DJ-1 and Parkin, mitochondrial toxins from the environment) with the end 

result of cell death. Such a schema integrates factors involved in the development of both 

sporadic and genetic PD. 
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Fig.II-2. Model of mitochondrial dysfunction in PD. α-Synuclein can enter the mitochondria, where it can 

interfere with Complex I activity. Entry is enhanced by cytosolic acidification or α-Synuclein mutation. Familial 

PD mutations such as [A53T], oxidative stress and DA oxidation increase α-Synuclein oligomers formation, 

which may act to permeabilize the mitochondrial membrane, resulting in loss of mitochondrial membrane 

potential. α-Synuclein may also act to regulate MPP+ levels in the cytoplasm. Decreased Complex I activity 

results in ATP depletion and increased production of nitrative oxygen species and ROS. This in turn might 

damage mitochondrial DNA and lead to protein aggregation and misfolding within the mitochondria. PINK1 can 

phosphorylate the mitochondrial chaperone TRAP1. TRAP1 phosphorylation inhibits Cytochrome  c release and 

may be protective against Complex I dysfunction, ROS production and protein misfolding. Decreased 

mitochondrial membrane potential causes PINK1 to recruit Parkin to the mitochondria. Parkin has multiple 

functions including inhibition of Cytochrome c release and ubiquitylation of damaged mitochondria, targeting 

them for mitophagy. DJ-1 chaperone activities are regulated by oxidative stress. Loss of DJ-1 enhances 

sensitivity to oxidative stress and Complex I inhibition, suggesting it is protective of these functions. It also can 

prevent misfolding of mitochondrial proteins and prevent Synuclein aggregation and toxicity. Thus, loss of 

PINK1, DJ-1 or Parkin activity through mutation leaves mitochondria both susceptible to injury and with 

structural defects, while overexpression or mutation of α-Synuclein can directly interfere with mitochondrial 

function. The end result is most likely cell death via apoptotic mechanisms.  

Figure adapted from: Bueler H. Impaired mitochondrial dynamics and function in the pathogenesis of 

Parkinson‟s disease. Experimental Neurology. 2009; 218: 235-246.  

2.3. Experimental models of PD 

In order to investigate the pathogenesis of PD, multiple experimental models have  

been developed. In order to examine the molecular pathways leading to neurodegeneration, 

the ideal model system would perfectly reproduce all disease features observed in humans, in 

an age-dependent and heritable manner. Of course, such a perfect system does not exist. Thus, 

DJ-1  
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protective  

mitophagy  
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the next section will consider the advantages and drawbacks to two models relevant to this 

project: cell culture and Drosophila melanogaster.  

2.3.1. Cell culture systems 

The use of cell culture provides an advance means to establish molecular pathways, 

before moving to more complicated, time-involved, expensive and ethically-sensitive animal 

experiments. In vitro cell culture investigation allows for the obvious advantages of ease of 

access, controllable external environment, reproducibility and access to sophisticated 

biochemical and microscopic techniques and manipulations. A wide range of cells have been 

used to investigate mechanisms of PD.  

A cell often used for basic biochemical and protein investigation is the human 

embryonic kidney-293 (HEK293) cell. The use of HEK cells to study neurodegeneration has 

several obvious limitations. HEK cells are not neurons. That is, they do not develop any of the 

specialized structures unique to neurons, in particular synaptic connections. HEK cells are an 

immortalized line, meaning they continue to divide. This is in direct contrast to mature, 

terminally differentiated neurons. In addition, there are many advantages to the use of HEK 

cells. The use of human cell culture allows access to a wide range of antibodies and reagents 

that are often not available for cell cultures from other species such as Drosophila or rat. HEK 

cells show a high transfection efficiency using plasmid vectors and siRNA knockdown is also 

similarly efficient. At the same time, these properties facilitate experiments utilizing multiple 

vector constructs and combinations, this in comparison to the large amount of work and time 

required to make similar numbers of viral vectors. Large amounts of protein are typically 

produced, facilitating protein-protein interaction studies. In addition, the cells are easy to 

culture in large numbers, enabling biochemical and metabolic testing that requires large 

numbers of transfected cells. Large numbers also allows ease of automated screening, where 

culture consistency is necessary for accurate results. Thus, HEK293 cells are useful as an 
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initial cell to establish the basic biochemistry and metabolism associated with a molecular 

pathway. Despite their obvious structural differences to neurons, the cells show a similar 

response to that of neurons, in terms of toxicity to drugs and toxic proteins, making them a 

good first approximation, before moving to more complicated cell culture systems.  

Several other immortalized cell lines in frequent usage are the SH-SY5Y human 

neuroblastoma and PC12 rat neuroblastoma cells. Both of these cell types can be 

differentiated to a more neuron-like phenotype after chronic exposure to either growth factors 

or retinoic acid. The cells express many features found in primary DA neurons, including the 

DAT, tyrosine hydroxylase vesicles and DA release. After α-Synuclein overexpression, 

cytoplasmic inclusion bodies can be found in both cell types. However, the use of these cells 

is subject to several limitations. Firstly, plasmid transfection efficiency is very low. If the goal 

is single cell morphology documentation or microscopy usage, then low transfection 

efficiency is acceptable. However this limitation makes using the cells for large scale 

biochemical or apoptotic assays impractical. If such an application is desired, viral vectors are 

a necessity. At the same time, these cells share a problem common to immortalized cells, that 

being, it is difficult to distinguish between growth arrest and cell death. In order to determine 

the conditions necessary to produce cell death versus decreased viability, careful preliminary 

experiments are necessary for each toxin to be tested.
181

  

Primary immature neuron cultures can be harvested from mouse or rat embryos and 

maintained in culture for several weeks. Use of primary neurons brings the obvious 

advantages of conducting experiments on a cell most similar to that found in a living animal. 

In culture, the cells will form neurites and synapses. Of particular importance is that they do 

not divide and thus experiments measuring cell survival after toxin application or protein 

expression have the greatest applicability to the in vivo brain. However there are several 

limitations to using primary neurons. In particular, the cells are not amenable to gene transfer 
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using plasmids, again necessitating viral vector usage. Efficacy of the vector in achieving 

expression depends on the type of neuron infected. Batch to batch variability may be a factor, 

dependent on the person preparing the cells and the method used for isolation, potentially 

limiting ease of experimental comparison. In addition, the cells are very sensitive to growth 

conditions. Small differences in culture conditions can result in large differences in cell health 

and consistency, again a potential limitation to inter-experimental comparison and 

consistency. Moreover, total cell numbers isolatable per animal and per preparation are 

limited, this in comparison to large cell numbers available when using immortalized lines.  

Cultures can be prepared from several different brain areas. In particular, embryonic 

day 13 (E13) mouse or rat embryos can be used to isolate mesencephalic cultures. Lentivirus 

infection provides a means of transgene expression. There is however a drawback associated 

with this type of culture. That is, these cultures are typically a highly heterogeneous mixture 

of glia and neurons, with the actual number of TH positive cells approximately 5-10% of the 

total population.
181

 This limits the usage of viability and biochemical assays, due to the low 

number of „target‟ cells within the entire population. Another culture that can be prepared is a 

primary cortical culture, this from E18 rat embryos. The usefulness of this culture is that it 

exhibits a high percentage of neurons to glia (approximately 8:1) when in short term culture 

with high density seeding (unpublished personal observations). In addition, lentiviral vector 

infection results high (80-90%) infection. These aspects make these cells useful for viability 

assays where high cell numbers expressing the protein of interest and relatively homogenous 

cultures are required. Thus, use of primary neuron cell culture allows for assessment of 

viability and microscopic examination, providing a useful proof of principle and mechanistic 

analysis before moving to mammalian models of PD. 

2.3.2. Drosophila melanogaster model  

As described, Parkinson‟s is a disease that is causally linked to both genetic and  
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environmental factors. However, robust investigation into genetic pathways using 

epidemiological-based studies is hampered by the complex patterns of inheritance found in 

humans, typical lack of long term pedigree data and population heterogeneity. Thus, a model 

system that can be followed from birth to death over multiple generations, that is amenable to 

genetic alteration and that provides large numbers of genetically similar individuals is needed 

in order to better investigate the genetics of PD. Drosophila melanogaster is one such system. 

In particular, there are multiple factors that rationalize the use of the fruit fly to study human 

disease: they are small, cheap and easy to maintain, enabling wide-screen genetic screening 

experiments; a short life span of maximum 120 days makes multi- generation experiments 

feasible; show complex behavior and locomotor ability; have well-characterized anatomy, 

development and genetics; a multitude of genetic tools and libraries are available; temporal 

and tissue specific expression of genes of interest can be relatively easily accomplished.
182

 

While having a more complex nervous system than the nematode (C. elegens), the fruit fly 

brain does not approach the perhaps overwhelming complexity of the mammalian brain, 

thereby enabling structure-function analysis.  

 Of course, one may question the utility and accuracy of comparing an invertebrate 

brain to that of Homo sapiens. However, full sequencing of both the fruit fly and human 

genomes has revealed a relatively high degree of similarity between the two species.
183

 In 

particular, many of the core function signaling pathways including cell growth and apoptosis, 

show high levels of evolutionary conservation, with homologous genes regulating 

homologous pathways.
184

 Thus, multiple models of human neurodegenerative diseases have 

been generated in the fly including HD, Fragile X Syndrome and Friedrich‟s ataxia, 

Amyotrophic Lateral Sclerosis, and AD.
182

 
185

  

 PD has also been modeled in Drosophila. Like humans, Drosophila also uses DA as a 

neurotransmitter involved in motor control. Thus, it is assumed that a reduction in DA would 
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also result in locomotor defects, as seen in humans. Several genetic and toxin- based models 

of PD have been generated in the fly, including expression of mutant or wild type forms of α-

Synuclein, PINK1, Parkin, DJ-1 and LRRK2. In particular, loss of function mutations in 

Drosophila homologues of the following genes: PINK1
98, 99

, Parkin
186-189

, DJ-1
158,

 
190, 191

, 

LRRK2
192, 193

 and HTRA2
194-196

, can all lead to a PD-like phenotype, characterized by DA cell 

loss and motor defects. Fly studies were the first to demonstrate the importance of PINK1 and 

Parkin in mitochondrial function and moreover, the interaction of Parkin, PINK1 and DJ-1. 

An important caveat to these models is that LB-like aggregations are not typically found, with 

the exception of some reports of mutant α-Synuclein overexpression. LB absence may be due 

the fact that there is no Drosophila homologue to SNCA and thus proteins relating to α-

Synuclein aggregation may not exist in the fly. That said, LB formation is not always seen in 

genetic mouse models of PD, where mouse homologues to α-Synuclein exist. This suggests 

LB formation to be a disease feature specific to the primate brain. Both wt and mutated α-

Synuclein have been expressed in the fly brain or selectively within DA neurons. Expression 

of wt or mutant α-Synuclein again results in a PD-like phenotype, with DA neuronal loss, 

enhanced sensitivity to oxidative stress and locomotor defects.
126, 135, 142, 197, 198

 Expression of 

α-Synuclein[A53T] results in a more severe toxic phenotype.
199

 The toxic phenotype in both 

man and fly is therefore supportive of the idea that homologous cellular pathways are 

involved in both human and fly pathogenesis. Fly investigation into the pathogenesis of α-

Synuclein has yielded data indicating that α-Synuclein‟s S129 phosphorylation state and 

oligomer production are key to toxicity. In addition, investigation into genetic modifiers of α-

Synuclein has revealed that the activity of SOD, an important antioxidant enzyme, and 

calpain, a cytosolic calcium-dependent protease, both influence α-Synuclein toxicity.
200, 201

 

Finally, the potential importance of molecular chaperones in mitigating the toxicity of α-
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Synuclein has been demonstrated, as geldanamycin treatment, which can upregulate HSP70, 

suppresses α-Synuclein toxicity in the fly.
197

  

  The presence of fly neurodegenerative models allows for both biased and unbiased 

genetic modifier screening, experiments which are not practical to do in mammals. Biased 

screening signifies hypothesis-based pre-selection of candidates, which are then tested for 

causing phenotype enhancement or suppression. A forward genetic or unbiased screen 

typically involves screening the entire genome for the ability to modify a phenotype of 

interest. This can be accomplished through use of random mutation or through targeted 

genetic tools of RNA interference (RNAi), deficiency or known P-element gene disruption 

lines. In either case, this approach may thus identify new proteins or new pathways that were 

previously unassociated with the protein of interest.
184

 However, care must be taken when 

designing genetic screening approaches for neurodegenerative disease in order to exclude for 

developmental effects. That is, many genetic screens target gene-of-interest expression to the 

compound eye, where toxicity results in a „rough eye‟ phenotype. This phenotype can be 

easily scored for suppression or enhancement due to genetic modifiers using a light 

microscope, allowing for high throughput screening. This approach has been used for multiple 

screens searching for new interaction partners of AD-related proteins tau and Aβ.
202-205

 

However the number of modifiers identified that also had human homologues generated was 

often low, suggesting that the eye phenotype observed at hatching resulted from genes active 

during development, unrelated to age-dependent neurodegeneration.
182

 Thus, screening for an 

age-dependent phenotype might lead to the identification of modifiers applicable to the 

human disease. In summary, Drosophila models of neurodegeneration in general and PD in 

particular, provide a useful experimental window into the mechanisms of protein aggregation, 

oxidative stress and mitochondrial dysfunction. 
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2.4. Rationale and objectives  

While α-Synuclein has been definitively linked to PD pathogenesis for a number of  

years, there remain a multitude of unanswered questions regarding how it results in 

neurotoxicity and how it interacts with cell signaling pathways and functions. Genetic 

screening is a useful tool for generation of novel modifiers. However, while screening for 

modifiers of α-Synuclein toxicity has been done in the common screening species of yeast (S. 

cerevisiae), a simple eukaryotic single cell model and the nematode, an organism with more 

simplistic nervous system and limited locomotor ability in comparison than the fly, a genetic 

screen for new modifiers of α-Synuclein has not been published for Drosophila. Thus, 

conducting a genetic screen in Drosophila, an organism with a full DA nervous system, one 

displaying both locomotor and aging phenotypes, might yield novel modifiers with greater 

relevance to the human disease. 

Project Objective 1: Identify genetic modifiers of α-Synuclein[A53T] toxicity using a 

genome-wide screen in D. melanogaster.  

In order to better select for modifiers involved in aging-dependent neurodegeneration, 

a PD-specific phenotype of toxicity will be used. That is, a decrease of brain DA, which in 

humans results in the key PD motor dysfunction symptoms and is indicative of withdrawal of 

SNc projections to the striatum, precedes loss of DA neurons. Thus, aging-dependent loss of 

DA from flies expressing α-Synuclein[A53T] in the fly brain will be compared to flies 

expressing both α-Synuclein and carrying a chromosomal deletion, resulting in decrease of 

certain gene products. Fly DA measurements will be made using high performance liquid 

chromatography (HPLC). Use of α-Synuclein[A53T] is rationalized on the basis that this 

mutant has consistently resulted in the most severe PD phenotype in comparison to both wt 

and other familial point mutations. Use of the most severe mutant allows for creation of a 

more robust phenotype for screening. Flies from the Bloomington Deficiency Kit, each 
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carrying a specific chromosomal deletion, will be used for initial crossing. An enhanced loss 

of DA resulting from a specific deficiency line cross is therefore suggestive that loss of a gene 

product contained within the deficiency enhances toxicity. In order to find the specific gene 

resulting in the modification of α-Synuclein toxicity, single gene RNAi and P-element gene 

disruption lines available from public Drosophila stock collections will be used.  

Project Objective 2: Clarify the robustness, specificity and mechanism of action of novel 

modifiers identified.  

Secondary screening endpoints (locomotor ability assessment, oxidative stress 

sensitivity, longevity and loss of DA neurons) associated with PD phenotype evaluation will 

be used to clarify the robustness of any found interaction. In addition, immortalized cell lines 

and primary neuron cultures may provide an additional opportunity to investigate more  

specific aspects of novel interactions. 
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III. Methods and Materials 

All laboratory chemicals were obtained from Sigma Aldrich, Germany, unless other 

noted. All recombinant DNA techniques were performed according to protocols described in 

the Molecular Cloning laboratory manual unless otherwise noted.
206

 Please see Methods 

section 3.3 for a summary of all basic laboratory buffers used. 

3.1. Fly experiments 

3.1.1. Fly Stocks and transgenic fly expressing human TRAP1 generation 

All flies were maintained on normal cornmeal-yeast-molasses-agar based fly food in a 

25°C room unless otherwise noted. For explanation of the GAL4-UAS driver system used for 

directed expression of transgenes and RNAi; please see Fig.III-1. All non-RNAi stocks were 

obtained from the Bloomington Drosophila Stock Centre (University of Indiana, 

Bloomington, IN, USA). All UAS-RNAi stocks were obtained either from the Vienna 

Drosophila RNAi Center (VDRC, Institute for Molecular Pathology, Vienna, Austria) or from 

NIG-FLY (Fly Stocks of the National Institute of Genetics, Mishima, Japan). Basic stocks 

from Bloomington used were: w
1118

;; P{Ddc-GAL4.L}4.36 (BL 7009: ddc=dopa 

decarboxylase, aminergic neuron specific driver, referred to in text as ddc-GAL); w
*
; P{UAS-

lacZ.B}Bg4-2-4b (BL 1777; referred to in text as UAS-LacZ); w
*
; P{croc-lacZ.7}3, croc

5F59
 

e
*
/TM3, Sb

1
  (BL 7103: referred to in text as w;; croc/TM3, Sb). Stock containing: elav-

GAL4 driver (pan-neuronal) (w
1118

;; elav-GAL4, referred to as elav-GAL flies in text) on the 

third chromosome and white flies (w
1118

) were gifts from the laboratory of Prof. Herbert 

Jäckle, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany. A fly line 

expressing GFP under the ddc driver (w;; ddc-GAL4>UAS-GFP) was generated by Dr. Aaron 

Voigt (Dept. of Neurology, Aachen University Clinic, Aachen, Germany). UAS-GFP 

chromosome were created via germ line transmission using the EMBL service and then 

recombined with ddc-GAL4 driver (flies referred to as ddc>GFP in text). Wild type flies 

http://flybase.org/reports/FBst0007009.html
http://flybase.org/reports/FBti0002140.html
http://flybase.org/reports/FBti0002140.html
http://flybase.org/reports/FBti0027907.html
http://flybase.org/reports/FBal0034375.html
http://flybase.org/reports/FBba0000047.html
http://flybase.org/reports/FBal0015145.html
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(Oregon R; referred to as + in text) were a gift from the laboratory of Prof. Herbert Jäckle, 

Max Planck Institute for Biophysical Chemistry, Göttingen, Germany. 

 

Fig. III-1. Drosophila UAS-GAL4 transgene expression system. In order to achieve tissue- specific transgene 

expression, a two part (UAS, upstream activating sequence and GAL4, yeast transcription activator protein) can 

be used. The GAL4 gene is inserted into the Drosophila genome and placed under the control of a native gene 

promoter. The UAS binding sequence is located upstream of an inserted transgene. Without binding of GAL4 to 

the UAS, the human transgene will not be expressed. GAL4 will only be expressed under tissue-specific 

activation. Various tissue specific promoters have been combined with GAL4 to create „driver‟ lines: in 

particular, ddc-GAL4, with specific expression in dopaminergic neurons and elav-GAL4, with pan-neuronal 

expression.  

Figure from Muqit et al. Modeling neurodegenerative diseases in Drosophila: a fruitful approach? Nature 

Reviews Neuroscience. 2002;3: 237-243. 

In order to generate a breeding stock containing both driver and human α-Synuclein 

[A53T] (yw;; UAS-α-Synuclein[A53T] flies created by Madhu Babu, Max Planck Institute 

for Biophysical Chemistry, Göttingen, Germany) (flies referred to in figures as UAS-A53T)
141

 

on a single chromosome for ease of use, chromosomal recombination was exploited using the 

P  ♀w;; ddc-GAL4                                                    X                    ♂ w;; UAS-α-Synuclein[A53T]         

F1 ♀w;; ddc-GAL4/ UAS-α-Synuclein[A53T]        X                   ♂ w ;; Croc/TM3, Sb  

 

Possible chromosomal recombination event. Select male offspring with the stubble marker for F2 breeding and 

breed single male fly to female balancer flies.  

 

F2 ♀w;; croc/TM3, Sb                                             X                  ♂ w;; ?/TM3, Sb 

 

After F2 breeding, single fly PCR (see 3.1.2. for protocol) on male candidates was performed, to check for  

presence of both GAL4 and α- Synuclein[A53T]. Confirmation of GAL4 and α-Synuclein in one fly enabled 

utilization of offspring from F2 to create balanced breeding stock.  

 

F3 ♀w;; ddc-GAL4> UAS- α-Synuclein[A53T]/TM3, Sb          X                   ♂ w;; ddc-GAL4> UAS- α- 

        Synuclein[A53T]/ TM3, Sb   
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above outlined breeding schematic. Flies created hereafter referred to in figures as ddc>A53T 

flies. The process shown below was repeated using the elav-GAL driver (referred to in figures 

as elav>A53T flies).  

TRAP1 specific flies used were obtained from both Bloomington and NIG-FLY. In 

particular, a P-element TRAP1 gene disruption line BL14032 was obtained from 

Bloomington (y
1
w

67c23
; P{SUPor-P}Trap1

KG06242
; referred to in text as TRAP1[KG06242]). 

Third chromosome insertion RNAi fly stocks against TRAP1 from NIG FLY were: 3152R1 

and 3152R3 (flies referred to in text as TRAP1-RNAi[3152R1] and TRAP1-RNAi[3153R1]).  

To generate a transgenic fly expressing human TRAP1, human TRAP1 cDNA (see 

cell culture methods section 3.2.1. for isolation of human TRAP1 cDNA) was sub-cloned 

from pcDNA3.1+ vector into pUASattB (vector for site directed integration using C31   

integrase)
207

 using the KpnI and XbaI restriction sites. Human TRAP1 in pUASattB was 

sequenced and the pUASattB-TRAP1 vector was then sent to BestGene Inc (Chino Hills, CA, 

USA) for fly embryo injection and cytosite insertion (insertion cytosite 76A2). Flies received 

from BestGene were checked for human TRAP1 expression using Western blotting (see 

3.1.10 for protocol and antibody) and balanced using w;; croc/TM3,Sb flies before using for 

crossing (w;; UAS-human TRAP1/TM3, Sb). Fly referred to in text as hTRAP1. 

3.1.2. Single fly polymerase chain reaction (PCR) for genotyping 

A single fly was placed in 50 μl of cold extraction buffer (10 mM Tris-Cl pH 8.2, 1 

mM EDTA, 25 mM NaCl) containing proteinase K (2 mg/ml; P-2308, Sigma-Aldrich, 

Germany). A pipette tip was used to homogenize the fly and was followed by 30 minutes of 

incubation at room temperature (RT). Proteinase K was then inactivated by incubation at 

92°C for 2 minutes. 

50 μl PCR reactions were prepared using the following proportions: 

Volume (μl) Component 

1 Fly extract 

5 10X PCR Buffer (160 mM (NH4)2 SO4 ,670 mM Tris-

http://flybase.org/reports/FBal0018607.html
http://flybase.org/reports/FBal0018607.html
http://flybase.org/reports/FBti0023204.html
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HCl pH 8.8, 15 mM MgCl2, 0.1% Tween-20) 

(Genecraft, Germany) 

1 10 mM dNTP (Fermentas Life Sciences, Germany) 

1-1 Primers at 10 pmol/μl 

0.25 Taq polymerase (Biotherm DNA Polymerase, 

Genecraft) 

40.75 ddH2O 

 

Primer sequences: 

GAL4-for: 5`- atgaagctactgtcttctatcg-3`  

            rev: 5`- aagagcatccctgggcataaa -3` 

 

α-Synuclein for: 5`- ggggtaccatggatgtattcatgaaag-3` 

                    rev: 5`- ttaggcttcaggttcgtagtc-3` 

Conditions for PCR carried out using a Mastercycler Gradient (Eppendorf, Germany) 

thermocycler were as follows: 

Step Temperature (°C) Duration (minutes or 

seconds (s)) 

Repeat 

Initial Denaturation 94 5 1 

Denaturation 

Primer Annealing 

Elongation 

94 

55 

72 

30s 

30s 

1 

30 

Final Elongation 72 10 1 

 

PCR products were then separated using agarose gel DNA electrophoresis. Samples 

were combined with 6X Loading Buffer and loaded onto 1% agarose gels containing 0.0001% 

ethidium bromide (Sigma-Aldrich). A DNA ladder of appropriate size (Generuler 1 kB DNA-

Ladder, Fermentas) was also loaded on gels as point of comparison. Gels were visualized 

using the Biovision video documentation system (Peqlab Biotechnology, Germany). 

3.1.3. Treatment of flies with α-methyl tyrosine 

Wild type male flies were collected at time of hatching and placed in empty vials 

containing filter paper soaked in either 5% sucrose solution alone or 5% sucrose solution with 

5 mM α-methyl tyrosine (MT). The filter paper was treated each day with the necessary 

solution. Flies were collected for HPLC measurements at day 0, 2, 4, 6 and 8 (20 flies per 

sample). HPLC was then used to measure fly head DA (see 3.1.5.). 

3.1.4. Deficiency screen breeding 
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The Bloomington Deficiency Kit (Indiana, US, http://flystocks.bio.indiana.edu/) was 

utilized for screening purposes. Each line lacks a defined chromosomal section. Deficiencies 

were selected such that almost the entire genome was covered. Bloomington lines used can be 

seen in Appendix Results, Table 1. In general, male flies from a specific deficiency line were 

crossed to virgin females: 

♀ w;; ddc-GAL> UAS-α-Synuclein[A53T]/ TM3, Sb 

Male offspring containing the requisite absence/presence of selectable markers 

(depending on deficiency line) were isolated and aged. At ages 1 and 4 weeks, a minimum of 

9 flies were collected for later measurement of brain DA using HPLC. For deficiencies on the 

X chromosome, virgins were collected and bred to male flies containing ddc>A53T and 

offspring containing the requisite deficiency plus ddc>A53T  copy were collected and aged, 

as above. 

3.1.5. Measurement of fly brain DA using HPLC 

Fresh fly samples were flash frozen in liquid nitrogen and stored at -80℃. The samples 

were first placed in liquid nitrogen and all future processing was done on ice or at 4°C. Frozen 

fly samples were vortexed, allowing head removal from fly body using tweezers. Fly heads 

were placed in homogenization buffer (3 fly heads, 100 μl of 0.1 M perchloric acid/ 3% 

trichloric acid solution) in a 2 ml tube containing ceramic beads (ZrO2, 1.2-1.4 mm beads 

from Mülmeier Mahltechnik, Germany) and homogenized using a Percellys 24 Lysis and 

Homogenization machine (6500 revolutions per minute (rpm) for 30 s; Peqlab, Germany), 

followed by a brief centrifugation to enable transfer of samples to fresh tubes. Samples were 

then spun at 14,000 g for 15 minutes at 4℃. Fifty microlitres of supernatant from each sample 

was used for HPLC analysis (Dionex Ultimate 3000 machine; running buffer of 57 mM citric 

acid, 43 mM sodium acetate, 0.1 mM EDTA, 1 mM octane sulfonic acid and 20% methanol) 

(Dionex, Germany). The samples were first separated on a chromatographic column (Dionex 

http://flystocks.bio.indiana.edu/
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Acclaim C18, 5um, 2.1x 150 mm column, at 25℃) and then electrochemically detected on a 

graphite electrode (Dionex ED50 Electrochemical detector with the following conditions: 

disposable carbon electrode at 0.8 V, flow rate 0.2 ml/min). DA (Sigma-Aldrich, Germany) 

standards of 0.1 µM, 0.25 µM and 0.4 µM were included in each HPLC run for creation of a 

standard curve. Chromeleon 6.6 software was used for HPLC data analysis. DA values for 

each deficiency line are indicated (4 week average value/ 1 week average value).  

3.1.6. Fly longevity and oxidative stress assays 

For longevity assays, male flies were collected within 2-3 days of hatching and 

maintained at 25℃ in vials with normal fly food (not more than 20 flies per vial). Flies were 

transferred to new food twice per week and scored for survival until all flies had died. A 

minimum of 20 flies were counted for all longevity assays. For initial fly longevity 

experiments comparing flies with either 1 or 2 copies of α-Synuclein[A53T], single copy flies 

were: ddc>A53T /+ and double copy flies were ddc>A53T/ ddc>A53T (the same for the elav-

GAL4 driver). 

For the hydrogen peroxide (H2O2) assay, male flies were collected within 2 days of 

hatching and placed within a vial containing filter paper treated with 2.4% H2O2 in a 5% 

sucrose solution. The filter paper was treated with H2O2-sucrose solution daily and survival 

scored until all flies died. 

For the paraquat assay, paraquat dichloride (20 mM in a 5% sucrose solution) was 

applied to filter paper. Newly hatched male flies were placed in paraquat-filter vials at 25°C 

and survival scored at 6-12 hour intervals until 60 hours following treatment. A minimum of 

20 flies were counted per genotype for all assays.
208

 

3.1.7. Negative geotaxis assay (fly climbing) 

Fly climbing was assessed similar to previously published protocols.
136,142,135, 209

  A 

group of flies was aged on normal yeast medium and at ages 1 and 4 weeks, climbing was 



METHODS  
 

37 
 

assessed (twenty flies per genotype). Flies were individually placed in a graduated cylinder, 

and allowed to climb for 15 s. Maximum height attained was recorded and analysis was 

repeated 3 times per time point, with 3 trials at one minute intervals recorded at each time 

point. 

3.1.8. Whole fly brain stain for tyrosine hydroxylase and neuron counting 

Fly brains were carefully dissected in cold PBS under a Leica SMZ-168 dissecting 

microscope and then washed in a PBS/ 0.1% Triton X (PBT) solution under rotation. Brains 

were then fixed in 4% paraformaldehyde (PFA) (30 minutes, 4°C), washed in PBT (4C, 3x 15 

minutes) and then blocked in PBT containing 5% normal goat serum (overnight, 4°C). Flies 

expressing  ddc>GFP were first assessed for GFP expression, and specificity of ddc-GAL4 

driver was checked using staining for tyrosine hydroxylase (TH). Later experiments used only 

anti-TH staining for neuron counting. For TH staining, brains were incubated with a primary 

anti-TH antibody (1:100 in PBT+ 5% goat serum; rabbit polyclonal, AB152, Chemicon 

International/ Millipore, Germany) for 2 days, 4°C. Following washing in PBT (3x 15 

minutes), brains were incubated with the fluorescent secondary anti-rabbit antibody (1:200 in 

PBT at RT for 3.5 hours; AlexaFluor-555 or Cy3; Invitrogen, Germany/Jackson 

Immunological Research, England). After washing in PBT, brains were mounted in 

Vectashield (Vector Labs, UK). The number of TH positive neurons was determined via 1 μm 

optical sectioning and creation of Z stack images on a confocal microscope (Leica DM IRE2, 

Laser).
210

 Cy3 or AlexaFluor-555 fluorescence was imaged using a 488 nm Ar/Kr laser and 

500-550 nm band pass emission filter. Each fluorescent image was acquired individually 

(serial sequential scanning, 1 μm height, 1024x1024 resolution, 200 Hz), and then averaged 

and merged with the Leica Confocal Software. At least 15 brains were analyzed per genotype. 

3.1.9. Protein collection from fly heads 
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Flies were placed in tubes and flash frozen in liquid nitrogen. Frozen flies were briefly 

vortexed to separate fly heads from bodies. Heads were placed in vials containing RIPA 

buffer (25 heads in 100 μl) and a small quantity of ceramic beads on ice. The samples were 

then homogenized using the Precellys 24 machine (20 s, 5000 rpm). Following 

homogenization, a brief spin was used to pellet the beads. The supernatant was collected and  

cleared by an additional centrifugation for 10 min (12000 rpm, 4°C). Protein concentration 

was measured using the BioRad Protein Assay Reagent (BioRad Laboratories, Germany). 

3.1.10.  Protein Western blotting 

For Western blot analysis, protein samples were diluted in loading buffer (2X 

Laemmli buffer) and boiled (95°C, 5 minutes), before loading and separation via SDS-PAGE 

gel (polyacrylamide gel of either 10, 12 or 15% run for 80 V, 2 hours) and subsequent transfer 

onto nitrocellulose membrane (80 V, 1 hour). The membranes were then blocked with skim 

milk (1 hour, 5% skim milk in TBST: 0.05 M TBS containing 0.1 % Tween-20). After 

blocking, membranes were incubated overnight at 4°C with primary antibodies.  

The primary antibodies used were as follows: 

Antibody Dilution Company Source 

mouse anti- α-Synuclein  1:1000 Cell Signaling, Germany 

mouse anti- Drosophila CSP3 1:700 Developmental Studies Hybridoma Bank, University of 

Iowa, Iowa, USA 

mouse anti-δ tubulin 1:10,000 Sigma Aldrich 

rabbit anti- cleaved Caspase - 3 

polyclonal 

1:1000 Cell Signaling 

mouse anti- TRAP1  1:1000 BD Biosystems, Germany 

rabbit anti- p44/42 MAPK 

polyclonal 

1:1000 Cell Signaling 

mouse anti- phospho-tyrosine 

(PY99) 

1:200 Santa Cruz Biotechnology, Germany 

mouse anti- phospho-threonine 

(H2) 

1:200 Santa Cruz Biotechnology 

mouse anti- phospho-serine (H2) 1:200 Santa Cruz Biotechnology 

mouse anti- Cytochrome  c 1:500 Santa Cruz Biotechnology 

rabbit anti- VDAC1 0.3μg/ml Abcam, UK 

mouse anti- COX IV 2 μg/ml Abcam 



METHODS  
 

39 
 

rabbit anti- GFP (FL) polyclonal 1:1000 Santa Cruz Biotechnology 

Appropriate secondary anti- mouse or rabbit horse radish peroxidase-linked antibodies 

(1:10,000) were obtained from GE Healthcare (Germany) and incubated for 1 hour after 

washing three times in PBT. Blots were once again washed three times in PBT before signal 

detection using the Chemiglo substrate (Biozym, Germany), with imaging on the Alpha 

Imager (Alpha Innotech/ Biozym, Germany). 

3.1.11. Total RNA isolation and cDNA preparation from fly heads 

Method was adapted from Bertucci et al.
211

 Twenty flies were collected in a 1.5 ml 

tube and flash frozen in liquid nitrogen. The samples were removed briefly vortexed to 

separate fly heads from bodies. Heads were placed in a tube containing Total RNA Isolation 

Reagent (Abgene, Germany) and homogenized using a sterilized plastic pestle for several 

minutes, then incubated at RT for 5 minutes. A small volume of chloroform was added to the 

homogenate, followed by 30 s of vigorous shaking. After a 10 minute incubation at RT, 

samples were centrifuged (15 minutes, 14,000 rpm) and the aqueous layer was transferred to a 

new 0.5 ml tube. RNA was precipitated using isopropanol and Glycoblue (Ambion, 

Germany). After centrifugation (15 minutes, 14,000 rpm), the supernatant was discarded, the 

pellet was washed in 75% cold ethanol, followed by a brief centrifugation and ethanol 

removal. The RNA pellet was re-suspended in RNA-free water and the concentration 

determined using a NanoDrop1000 spectrophotometer (Thermo Fisher Scientific, UK). RNA 

samples were treated with DNase following manufacturer‟s instructions (Promega RQ1 

RNase-Free DNase kit; Promega Germany). cDNA production via reverse transcription was 

performed using the iScript cDNA Synthesis Kit according to the manufacturer provided  

instructions (BioRad). cDNA concentrations were determined using the NanoDrop1000 

spectrophotometer. 

3.1.12. Real-time PCR with fly samples 
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Real-time PCR measurements were performed using the SYBR Green (Thermo Fisher 

Scientific) reagent following manufacturer‟s instructions for preparation of PCR samples and 

the MX3000p qPCR machine (Stratagene/Agilent, Germany). Gene of interest signal was 

compared to that of control gene expression (β-actin5c) using the 2
-ΔΔCt

 method.
212

 No-RT 

controls were performed to exclude for genomic DNA sample contamination. PCR reactions 

were followed by generation of a dissociation curve to check for side product generation. 

Amplification conditions were as follows:  

Step Temperature (°C) Duration (minutes or s) Repeat 

Initial Denaturation 95 5 1 

Denaturation 

Primer Annealing 

Elongation 

95 

58 

72 

30s 

30s 

1 

40 

Final Elongation 72 10 1 

 

The primers used were as follows:  

Human α-Synuclein:  

for: 5‟- agaagacagtggagggagca -3‟  

rev: 5‟- tccagaattccttcctgtgg -3‟ 

 

Fly β-actin5c:  

for: 5′-ccagtcattcctttcaaacc-3′ 

rev: 5′-gcaacttcttcgtcacacatt-3′ 

 

Fly TRAP1:  

for: 5′-aggcagagtcaccgatcc-3′ 

 rev: 5′-tgatgcctgcttggtctc-3′ 

 

Fly citrate synthase (kdn):  

for: 5′-gtcgctctatcgcatttcc-3′  

rev: 5′-cgaacataggctcccacat-3′        

 

3.1.13. Measurement of citrate synthase (CS) enzymatic activity from fly lysates 

The protocol for measuring CS activity was adapted from a protocol provided by Sigma-

Aldrich with their CS assay kit (CS0270). In 50 μl cold extraction buffer (0.1% Triton X-100, 

1 mM EDTA, 20 mM HEPES, pH 7.2), three fly heads were homogenized, flash frozen in 

liquid nitrogen and centrifuged at high speed to pellet cellular debris. Protein-containing 
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supernatant was then removed to a fresh tube and assayed for protein content using the 

Bradford assay. Samples in triplicate were prepared at RT in 96-well plate for assay on a 

kinetic plate reader (Tecan Rainbow, SpectraFluor Plus, Tecan Deutschland GmbH) set to 

measure at 412 nm. Each sample contained of total 100 μl with 10 μl of sample with acetyl 

CoA (3 mM) and DTNB (1 mM). Data was collected for 1.5 minutes to establish baseline, 

before addition of oxaloacetic acid (OAA) (10 mM) to the plate. Data was then collected for 

10 minutes at 15s intervals. Signal was confirmed using a positive control of CS (enzyme 

from Sigma Aldrich). Absorbance vs. time was plotted, and absorbance per minute was 

calculated for endogenous (before OAA addition) and total activity (after OAA). Net CS 

activity was thus total activity subtracted from endogenous, and divided by protein 

concentration (final CS activity in μmole/ ml/ min/ mg protein). 

3.2. Cell culture 

3.2.1. Cloning and in vitro mutagenesis 

Full length human α-Synuclein cDNA (423bp), with the [A53T] mutation (cDNA a 

gift from Dr. Felipe Opazo, European Neuroscience Institute, Göttingen, Germany) was 

subcloned into the pcDNA3.1+ expression vector (Invitrogen) using the HindIII and EcoRV 

(Fermentas restriction enzymes) restriction sites located within the multiple cloning site, 

downstream of the CMV promoter. Restriction digest cut cDNA and plasmids were isolated 

using the QiaQuick Gel and PCR Extraction Kits (Qiagen). Cut cDNA and plasmid were then 

ligated overnight at 16°C using T4 DNA ligase (Fermentas). Plasmid amplification was 

carried out in DH-5α E. coli bacteria (Invitrogen). Heat shock transformation of DH-5α was 

performed according to manufacturer‟s instructions. Briefly: 50 μl of DH-5α mixed with 5 μl 

of ligation reaction followed by 30 minute incubation on ice; heat shock at 42°C for 45 s 

followed by 2 minutes on ice; bacteria mixed with 250 μl SOC medium (Invitrogen) and 

incubated for 30 minutes at 37°C; cells plated on LB-Ampicillin plates and incubated 
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overnight at 37°C. Bacteria from single colonies were then amplified in 1 ml of LB-

Ampicillin liquid for 4 hours at 37°C and resulting colonies were analyzed for presence of the 

plasmid+ insert using PCR (5 μl of bacteria in a PCR reaction using T7 and BGH Reverse 

primers, primers N560-02 and N575-02 from Invitrogen). Positive colonies were then 

expanded overnight into 100 ml LB-Ampicillin liquid cultures and plasmids were isolated 

using the Qiagen Mini Prep kit/ Qiafilter Plasmid (Qiagen). 

Full length human TRAP1 cDNA (2115bp)  was amplified from human HEK 293 cell 

cDNA samples and restriction enzyme sites of BglII and XhoI introduced to the sequence 

using the following primers: 

For: 5‟-gaagatctatggcgcgcgagctgcgggcgctgctgc-3‟, 

rev: 5‟- ccgctcgagtcagtgtcgctccagggccttgaca-3‟. 

Correct cDNA sequence was confirmed with sequencing (StarSeq GmbH, Germany). 

Sequencher software (version 4.1 from Gene Codes Corporation, Ann Arbor, USA) was used 

to compare experimental sequencing data to published sequence data (from Pubmed). TRAP1 

cDNA was then cloned into the pcDNA3.1+ vector using the BglII, XhoI sites, downstream of 

the CMV promoter (TRAP1 cDNA isolation from HEK293 done by Dr. Ellen Gerhardt (Dept. 

Neurodegeneration and Restoration, University of Göttingen, Göttingen, Germany). The 

plasmid was then amplified using DH-5α cells as described above. 

In vitro mutagenesis of human TRAP1 in pcDNA3.1+ was carried out using the 

QuickChange Site-Directed Mutagenesis kit (Stratagene) following manufacturer's 

instructions. Sites for mutagenesis were based on conserved sites found in the ATPase domain 

(see Appendix Methods Figures A1-1, 2 for sequence homology) and on known 

phosphorylation sites (see Fig. A1-3). PCR cycling parameters were used as suggested by 

Stratagene, with a specific extension time of 8 minutes and 16 cycles for all reactions. The kit 

provided cells (XL1-Blue Supercompetent) were used according to included protocol. Primers 

used for generating the mutants were as follows: 
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TRAP1[D158N] for: 5´- ggcaccatcaccatccagaatactggtatcggg-3` 

TRAP1[D158N] rev: 5´- cccgataccagtattctggatggtgatggtgcc-3` 

 

TRAP1[T494A] for: 5´-catgcgggccggcgcccgcaacatctactac -3` 

TRAP1[T494A] rev: 5´-gtagtagatgttgcgggcgccggcccgcatg -3` 

 

TRAP1[Y498G] for: 5´-cacccgcaacatcggctacctgtgcgcc -3` 

TRAP1[Y498G] rev: 5´-ggcgcacaggtagccgatgttgcgggtg -3` 

 

Sequence of the mutants was confirmed using automated sequencing (StarSeq GmbH) with 

the listed sequencing primers: 

TRAP1 rev1: 5´- tcgctggaaaactccttg c-3` 

TRAP1 for2: 5´-gaggacattcccctgaacct-3` 

 

New plasmids were then amplified using DH-5α cells as described above. 

3.2.2. Lentivirus preparation 

Full length human TRAP1 cDNA was subcloned into a third generation lentiviral 

vector pRRLsin.cPPT.PGK/GFP.WPRE (Tronolab, Lausanne, Switzerland), excluding the 

GFP cassette (virus: pRRLsin.cPPT.PGK-TRAP1.WPRE with phosphoglycerate kinase 

promoter). The GFP expressing virus served as a control. The correct sequence of TRAP1 

within the virus was verified with automated sequencing (StarSeq GmbH). Viruses containing 

full length human α-Synuclein[A53T] and GFP had been previously generated and sequenced 

using the same method. All viruses were prepared by Dr. Ellen Gerhardt (University of 

Göttingen, Dept. Neurodegeneration). 

3.2.3. Cells, plasmid transfection and viral infection 

Human HEK293 cells were grown in Dulbecco‟s modified Eagle‟s medium (DMEM) 

and supplemented with 10% fetal calf serum (Gibco/Invitrogen, catalogue: 10270-106), 100 

units/ml penicillin, and 100 mg/ml streptomycin, in a humidified atmosphere of 5% CO2/ 

95% air at 37°C. 
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Transfection of plasmids and small interfering RNA (siRNA) into HEK293 cells was 

completed using Metafectene (Biontex), following manufacturer‟s instructions. siRNAs used 

for gene knockdown experiments were obtained from Qiagen: MAPK1 control siRNA 

(Qiagen 1027277); 2 different TRAP1 siRNAs (Flexitube siRNA SI03066364 and siRNA 

SI00115150) and a scrambled siRNA for control (Allstars Negative Control, 1027280). 

MAPK1 control siRNA was originally used to test concentrations of siRNA to be transfected 

(see Appendix Methods Fig.A1-S2). Final concentration of siRNA used was 10 nM. Cells 

were seeded on poly-L lysine (PLL) coated plates (35,000 cells/ cm
2
) and then transfected 48 

hours before experimentation. 

Primary cortical rat neurons were prepared from E18 rat embryos, following 

previously published procedures
213

 (neurons prepared by Ulrike Schöl, laboratory of Dr. 

Sebastian Kugler, Dept. of Neurology, University of Göttingen, Göttingen, Germany). 

Neurons were seeded on poly-ornithin-coated 24-well plates at a density of 125,000 cells/ 

cm
2
. Cells were maintained in Neurobasal medium (Gibco/Invitrogen), supplemented with 

transferrin (5 μg/ml; Sigma), PSN (1%, Gibco/Invitrogen), L-Glutamine (0.5 mM; Seromed, 

Vienna, Austria), B27 supplement (2%; Gibco/Invitrogen) and media changed every 3-4 days. 

Primary neurons were infected equimolarly with lentiviruses one day after isolation and then 

cultured for 6 days before experimental use. 

3.2.4. Total RNA preparation from cell culture and real-time PCR 

Total RNA was prepared from treated and untreated cells using Qiagen RNeasy Mini 

kit (Qiagen) according to the manufacturer‟s instructions. cDNA synthesis was carried out as 

described above for fly RNA (section 3.1.11.). Real time PCR was performed as listed above 

for fly cDNA (section 3.1.12), however gene of interest was normalized to control 18S signal. 

Amplification conditions were as follows: 

Step Temperature (°C) Duration (minutes or s) Repeat 

Initial Denaturation 95 5 1 

Denaturation 94 30s 40 
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Primer Annealing 

Elongation 

60 

72 

30s 

1 

Final Elongation 72 10 1 

 

Primers were as follows:  

Human α-Synuclein:  

for: 5‟- agaagacagtggagggagca -3‟  

rev: 5‟- tccagaattccttcctgtgg -3‟ 

 

Human TRAP1:  

for: 5‟-cagaccaatgccgagaaag-3‟  

rev: 5‟-caccagctcttcctgtgtca-3‟ 

 

Human MAPK1:  

for: 5„-taatacgactcactataggg-3‟  

rev: 5‟-tagaaggcacagtcgagg-3‟ 

  

Human 18S primers: Quantitect primers (Qiagen, Germany). 

 

3.2.5. Protein collection from cell culture and Western blotting 

Plated cells were washed three times in ice cold PBS and then lysed in RIPA buffer for 

30 minutes on ice. Samples were spun at 14,000 g for 10 minutes and supernatants collected. 

Protein concentrations were calculated using the BioRad Protein Assay. Western blotting then 

proceeded as outlined in Fly Experiment section (section 3.1.10). 

3.2.6. Oxidative stress testing and measurement of cell viability 

Cells were incubated for 16 hours in the presence of either hydrogen peroxide (100 

μM) or rotenone in DMSO (HEK293: 200 μM, rat cortical: 1 μM rotenone). Rotenone control 

cells were treated with equivalent amount of DMSO alone. After overnight oxidative stress 

treatment, cells were washed once in PBS, fixed in 4% PFA for 10 minutes, washed twice in 

PBS and then permeabilized in 0.1% Triton X-100 in PBS for 10 minutes. After three PBS 

washes, the cells were incubated with Hoechst nuclear stain for 30 minutes, washed twice in 

PBS and imaged on a fluorescent microscope (Leica DMI6000B). Using a macro within the 

Leica Qwin V3 quantification software, cell number remaining in each well was assessed by 
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counting total fluorescent nuclei (6 images per well at 10X, with minimum 6 wells per 

genotype in a 24-well culture dish). 

3.2.7. ATP synthesis assay 

Method was adapted from Gegg et al.
214

 Cells were trypsinized and washed three 

times in cold PBS. Cells were then re-suspended in incubation medium (2x10
5
/ ml, 25 mM 

Tris, 125 mM KCl, 2 mM K+EDTA, 10 mM KH2PO4, pH 7.4) and permeabilized with 

digitonin (40 μg/ml). To measure ATP produced via specific complexes, an aliquot of cells 

(2x10
4
) (minimum of 12 replicates per experiment) was resuspended in a complex incubation 

medium supplemented with 1 mg/ml BSA and 2 mM ADP and for complex I, III, IV ATP 

production measurement: 10 mM glutamate, 2 mM malate; for complex II, III, IV: 20 mM 

succinate, 80 μg/ml Rotenone; complex IV: 4 mM ascorbate, 0.2 mM nnntetramethyl, 20 

μg/ml Antimycin A. Cells were then incubated for 20 minutes at 37°C. The reaction was 

stopped by addition of 6% perchloric acid and samples neutralized with 3 M K2CO3. ATP in 

each sample was measured using the CellTiter-Glo Luminescent reagent (Promega) in a 

Berthold Mithras LB940 following manufacturer- provided instructions. Total ATP levels 

were obtained using an ATP standard curve (ATP from Sigma), with final calculation 

expressing ATP as pmoles ATP per minute per 1 million cells. In the absence of substrates, 

production of ATP in the absence of substrates was less than 1% of values with substrates. 

3.2.8. Measurement of steady state cellular ATP 

HEK293 cells were trypsinized, counted and seeded (2x10
4
 cells/ well)(12 replicates 

per experiment) in a opaque white 96 well plate (Nunc, Thermoelectron GmbH, Germany). 

Total ATP levels were measured using the CellTiter-Glo Luminescent reagent (Promega) in a 

Berthold Mithras LB940 (Berthold Technologies, Germany) plate reader following 

manufacturer provided instructions. Total ATP levels were obtained using an ATP standard 

curve (ATP from Sigma) and related to cell number seeded per well. 
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3.2.9. Assessment of mitochondrial membrane potential 

Following manufacturer provided instructions, cells (6 replicates per experiment) in a 

96-well plate (black sided, clear bottom plate; Greiner Bio One, Frickenhausen, Germany) 

were incubated with the mitochondrial probe JC-1 (3 μg/ml; Invitrogen) in full medium for 30 

minutes at 37°C. Following incubation, cells were washed twice in PBS before JC-1 

mitochondrial aggregates were measured in a plate reader (Berthold Mithras LB940; 

excitation at 530 nm, emission at 590 nm). As a control, JC-1 fluorescence was measured in 

the presence of the mitochondrial membrane potential inhibitor CCCP (Carbonyl cyanide m-

chlorophenylhydrazone, 50 µM). Protein content per well was quantified using the Bradford 

assay and total fluorescence expressed against protein. 

3.2.10.  Immunocytochemistry 

Cells were plated on PLL-coated glass slips. Forty- eight hours after transfection, cells 

were washed once in PBS and then fixed in 4% PFA for 10 minutes. After three washes in 

PBS (pH 7.4), cells were permeabilized in 0.1% Triton X-100 in PBS for 10 minutes, 

followed by washing PBS. Cells were then blocked for one hour at RT in 1% BSA in PBS. 

The primary antibody was incubated overnight at 4°C on a shaker with 1% BSA in PBS. 

Antibodies used: monoclonal rat anti- α-Synuclein (1:500, Alexis Biochemicals/Enzo Life 

Sciences, Germany); monoclonal mouse anti- NeuN (1:500, Chemicon); monoclonal mouse 

anti-TRAP1 (1:300, Alexis Biochemicals). For visualization of mitochondria, cells were 

incubated with Mitotracker Orange CMTMRos (300 nM following manufacturer's 

instructions, Invitrogen) for 30 minutes at 37°C prior to fixation. 

Following primary antibody incubation, cells were washed three times in RT PBS 

before incubation with respective secondary antibodies for one hour at RT in PBS (all 

secondary antibodies 1:1000, anti-mouse or rat AlexaFluor-488, 543, 633, Invitrogen). Cells 

were again washed three times in PBS before being mounted on glass slides (Fischer-
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Scientific) using Mowiol (Calbiochem, Germany), with or without the anti-bleaching agent 

DABCO or nuclear stain Hoechst (Sigma-Aldrich). Staining was visualized using a Leica 

DMI 6000B fluorescent microscope or the confocal microscope (Leica DM IRE2). 

3.2.11.  Immunoprecipitation (IP) 

Protein was collected from HEK293 cells over-expressing α-Synuclein alone or both 

α-Synuclein and TRAP1 using the above described method for protein isolation (section 

3.2.5.) and quantification from cell culture. IP procedure followed the general procedure 

supplied with the Protein A Agarose (Roche) beads. To reduce background due to unspecific 

binding, protein samples were first pre-incubated with Protein A Agarose beads for 4 hours at 

4°C. After removal of the agarose beads by centrifugation, protein samples were incubated 

overnight at 4°C with either mouse anti-α-Synuclein monoclonal (Cell Signaling) or mouse 

anti-TRAP1 monoclonal (BD Biosystems) antibody. Incubation of samples with rabbit anti-

GFP polyclonal served as a negative control. After overnight incubation, Protein A agarose 

beads were added to the samples and incubated for 2 hours at 4°C. After incubation, the 

agarose-antibody-antigen complexes were collected by centrifugation and washed three times 

in ice cold RIPA buffer before running the samples on polyacrylamide gels and proceeding 

with the above described Western Blotting protocol (section 3.1.10.). 

3.2.12.  Mitochondrial isolation 

Mitochondria were isolated from HEK293 cells transfected with α-Synuclein[A53T] using 

a mitochondrial isolation kit (Sigma MITOISO2) following manufacturer provided 

instructions. Purification of mitochondria was assessed using Western blotting for the 

following mitochondrial association proteins: VDAC1 (porin1; outer membrane protein), 

Cytochrome  c (inner mitochondrial membrane protein) and TRAP1 (inner mitochondrial 

membrane space). 

3.3. List of basic laboratory buffers  



METHODS  
 

49 
 

Listed below are all basic laboratory buffers used:  

3.3.1. DNA extraction and electrophoresis 

PBS: 0.137 M NaCl, 8.2 mM Na2HPO4, 1.5 mM KH2PO4, 0.2 mM KCl, pH 7.4 

TAE buffer: 40 mM Tris/acetate; 1mM EDTA; pH 8.0 

6x TAE loading dye: 30% (v/v) glycerol, 0.25% (w/v) bromophenol blue, 0.25% (w/v), 

xylenol cyanol 

Agarose gel: 0.5% - 2% agarose in TAE, 0.001% ethidium-bromide 

3.3.2. Protein extraction and Western blotting 

RIPA buffer: 50 mM Tris, pH 8.0, 0.15 M NaCl, 0.1% SDS, 1.0% NP-40, 0.5% Na-

Deoxycholate, 2 mM EDTA, Complete™ Protease Inhibitors (Roche Applied Sciences), pH 

7.4 

5x Laemmli buffer: 10% glycerol, 2% SDS, 12.5% 0.5 M Tris-Cl, pH 6.8, 5% β-

mercaptoethanol, 0.05% bromophenol blue 

Running Buffer: 25 mM Tris/HCl; 0.192 M glycine; 0.2% SDS, pH 8.3 

Transfer buffer: 25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3 

Ponceau solution: 0.1% Ponceau-S in 5% acetic acid 

TBS: 10 mM Tris/HCl, 150 mM NaCl, pH 7.5 

TBS-T: TBS with 0.1% (v/v) Tween 20 

Blocking solution: 5% (w/v) skim milk in TBS 

Stripping buffer: 0.2 M glycine, 0.5 M NaCl, pH 2.8 

3.3.3. Bacterial transformation and cloning 

LB-medium: 10 g/l tryptone, 5 g/l yeast extract, 5g/l NaCl 

LB-plate: 2% (m/v) agar in LB-medium 

SOC: 20 g/l tryptone, 5 g/l yeast extract, 10 mM NaCl, 10 mM MgCl2, 10 mM MgSO4, 20 

mM glucose 
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3.3.4. Staining of cell culture slides for histology 

PBS: 137 mM NaCl, 8.2 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl, pH 7.4 

TBS: 0.1 M Tris, 150 mM NaCl, pH 7.4 

Mowiol-mounting medium: 24% w/v glycerol, 0.1 M Tris-base pH 8.5, 9.6% w/v Mowiol 

4.88, 2.5% w/o DABCO 

3.4. Statistics 

Data was analyzed using GraphPad Prism 4.0 (GraphPad Software Inc., La Jolla, 

USA), using 1-way ANOVA followed by Newman-Keuls post testing when significant 

(p<0.05), unless otherwise noted. Use of a 2-way ANOVA was noted in the text. Survival 

data was analyzed with the Kaplan-Meier analysis method and the Log Rank Test for curve 

statistical comparison analysis. Statistical significance referred to as: *, p<0.05; **, p<0.01 

and ***, p<0.001. All data is presented as mean ± SEM. 
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IV. Results.  

4.1. Initial Experiments: Fly Model Establishment and Genetic Screening 

Parameter Determination  

4.1.1. Generation of recombined ddc> and elav>α-Synuclein [A53T]-expressing 

flies 

After creating recombined flies (ddc and elav>A53T) (breeding schema, Methods 

3.1.1.), human α-Synuclein[A53T] expression in flies was confirmed using Western blotting 

(Fig. IV-1).  

                       

Fig. IV-1. Expression of human α-Synuclein[A53T] in fly brains in either aminergic neurons (ddc-GAL4 

driver) or pan-neuronally (elav-GAL4 driver). Expression of α-Synuclein[A53T] (16 kDa) was compared to 

CSP-α (protein loading control, 34 kDa). Lanes from left to right: 1) elav>A53T/ elav>A53T, 2) elav>A53T/+, 

3) ddc> A53T/+, 4) ddc>A53T/ ddc>α-SynA53T. For all Western blots: α-Synuclein[A53T] represented by 

„Syn[A53T]‟ and CSP-α as „CSP‟. Representative blot of 3 experiments. 

4.1.2. Aging of α-Synuclein[A53T]-expressing flies 

 

To investigate whether expression of a neurotoxic protein had effects on overall 

viability, recombined flies either homo- or heterozygous for α-Synuclein[A53T] gene (ddc or 

elav-GAL4 driver expression) were aged. Longevity was compared to control flies. Life span 

of flies expressing one copy of α-Synuclein[A53T] was not different than control, while flies 

expressing two copies of α-Synuclein[A53T] showed a reduced longevity independent of 

driver used (Fig. IV-2). For screening purposes however, the ddc driver was chosen, as the 

specific expression of α-Synuclein[A53T] within aminergic (serotinergic and dopaminergic) 

neurons. Expression in aminergic neurons more closely replicates the toxicity seen in PD.  
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Fig. IV-2. Longevity of flies expressing α-Synuclein[A53T] under either ddc or elav-GAL4 driver control. 

Flies either homo or heterozygous for α-Synuclein[A53T] were aged and longevity compared to Controls 

(driver/+). Flies expressing 2 copies of gene show significantly decreased survival (***, p<0.0001 vs. Controls 

under either elav or ddc-GAL4 driver) (n=50-70 for double copy flies, otherwise n<100).  

 

Fig. IV-3. Sensitivity of HPLC to measure fly head DA. Number of fly heads per measurement vial was varied 

(from 3-30) and absolute DA amounts measured using HPLC analyzed via linear regression. Linear regression  

r
2
= 0.997 (n=3). 

 

4.1.3. Determination of appropriate sample size number for HPLC fly brain DA 

measurements  

To determine the amount of fly head DA reproducibly measurable using the HPLC, 

number of fly heads per sample was varied and HPLC values compared (day 0 ddc>A53T/+ 

flies). A linear relationship between DA measured and number of fly heads per sample was 
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observed (Fig. IV-3). Thus, to minimize both number of flies required and strain on the HPLC 

system resulting from accumulated biomass, three fly heads for one HPLC sample was 

decided to be the standard method for measuring fly head DA.  

4.1.4. Influence of time of day on DA content in fly heads  

DA is a neurotransmitter that exhibits circadian fluctuations in synthesis rates and 

receptor sensitivity.
215

  Thus, the measurable level of DA in fly brains across time of day was 

investigated, for the purpose of determining whether or not time of fly collection could 

influence screening results. A slight variation was observed in fly brain DA amount with time 

of day (Fig. IV-4). It was thus determined that all screening sample collection would be done 

at a fixed time point of 12-1 pm, to minimize variation due to time.   

4.1.5. Variation in DA content between fly lines  

To check for variation in absolute DA level dependent on genetic background, freshly 

hatched flies were collected from three different fly lines and DA measured (Fig. IV-5). A 

difference between elav and ddc-GAL4 driver lines vs. white flies was observed, suggesting 

an influence of genetic background on absolute DA levels.  

4.1.6. Measurement of fly head DA over time following tyrosine hydroxylase 

(TH) inhibition (α-methyl tyrosine (MT) treatment) 

To confirm that HPLC had both the required sensitivity to measure decreasing fly 

head DA and the specificity of DA measurement, control flies were treated with α-MT. α-MT 

inhibits TH, the enzyme catalyzing DA production. After fly collection from 0-8 days of age, 

a dose- dependent decrease in DA was observed, confirming that HPLC had both specificity 

and sensitivity to measure decreasing levels of fly brain DA (Fig. IV-6). 

4.1.7. Measurement of DA with age in control and α-Synuclein[A53T]- 

expressing flies 
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The effect of age on DA levels was investigated by collecting DA samples at 1 week 

time intervals (0 to 5 weeks of age) for control and ddc>A53T flies. Evident from three  

 

Fig. IV-4. Changes in fly head DA dependent on time of day. Fly heads collected at indicated time of day 

were analyzed for DA using HPLC. Significant difference (1-way ANOVA) between time points noted: *, 

p<0.05 vs. 1030 and 1630 (n=3). 

 
Fig. IV-5. DA head content from flies with different genetic background. Flies were collected directly after 

eclosion. DA from head lysates was measured using HPLC. Genotypes analyzed: driver line/+ and white (w
118 

) 

flies. Significant differences (1-way ANOVA) observed: ***, p<0.0001 vs. white (n=3). 

 

weeks of age, there was a marked decreased in DA in ddc>A53T flies (Fig.IV-7). Based on 

this time course, screening collection time points of 1 and 4 weeks of age were chosen. Each 

screen sample would thus be presented as a change in DA (%), rather than absolute value of 

DA. Using the 1 and 4 week collection time points, DA head content was measured from both 

elav>A53T/+ flies and additional controls (Oregon R wild type flies, UAS-A53T alone, LacZ 
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or GFP expression under ddc or elav-GAL4 driver). Expression of α-Synuclein[A53T] under 

elav-GAL4 expression further enhances loss of DA vs. ddc-GAL4 driver. Age-dependent loss 

of DA is specific to α-Synuclein[A53T] expression, as flies expressing either  

 

Fig. IV-6. Dose- dependent reduction in fly head DA upon treatment with TH inhibitor, α-MT, as 

measured by HPLC. Wt flies were collected at eclosion and treated daily with α-MT. Flies were collected at 2 

day intervals for measurement of head DA using HPLC: Significant differences (t-test): *, p<0.05 for Control 

(untreated) vs. 5 mM α-MT. n=3.  

 
Fig. IV-7. Aging-dependent loss of DA in control and ddc>A53T/ +flies. Control (ddc-GAL/+) and α-

Synuclein[A53T]-expressing flies were collected at 1 week intervals and heads assessed for DA content using 

HPLC. Significant differences (t-test) at each time point observed:*, p<0.05 vs. Control (ddc-GAL/+). n=10-15 

for age 1 and 4 weeks, n=3 for other points. 

LacZ/GFP did not show pronounced aging-dependent loss of DA (Fig. IV-8).  

In addition, several genes previously related to PD were also tested for altering DA 

content (Parkin, PINK1 and HTRA2). As expected, both putative Parkin and HTRA2 
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deficiency caused a decrease in DA content at 4 weeks, consistent with their posited 

protective effects, acting to confirm sensitivity of the screen for valid modifiers (see Fig. IV-8 

and Appendix Results, Table A2-3).
189, 195

 Unexpected was the result that RNAi line for 

PINK1 did not result in an enhanced loss of DA. However this result can most likely be 

explained by an ineffective RNAi. Previously published phenotypes based upon RNAi-

mediated silencing of PINK1 of mitochondrial morphology, infertility, oxidative stress 

sensitivity and early mortality of flies could not be reproduced.
216

 
217

 However these papers 

utilized another RNAi line and thus it seems possible that this is the reason for the lack of DA 

change. In addition, although it was not found in a „low‟ deficiency line, an RNAi line for 

silencing of thioredoxin reductase-1 (VD47307), the Drosophila equivalent to human 

glutathione-S reductase, a key antioxidant enzyme, was bred with α-Synuclein[A53T]. As 

would be expected, there was a slight enhancement of DA loss with time.
218

 The flies also 

showed enhanced sensitivity to sensitive to paraquat under elav-GAL4 control. This serves as 

an additional positive confirmation of screen sensitivity. 

4.1.8. Loss of dopaminergic neurons in flies expressing α-Synuclein[A53T] 

Although several previous studies utilizing Drosophila expressing α-Synuclein have 

shown an aging-dependent loss of DA neurons, this has not been a consistent finding, as 

several studies using similar flies did not observe neuronal loss.
135, 142, 219-222

 Thus, it seemed 

pertinent to examine the extent of α-Synuclein[A53T] toxicity in the present model system. 

Flies expressing GFP within dopaminergic neurons (ddc>GFP) were crossed to flies 

containing transgenes for either LacZ (control) or α- Synuclein[A53T]. The high co-

localization of neurons stained with a TH antibody and the GFP signal indicated a rather 

specific TH-neuron-specific expression with the ddc-GAL4 driver (Fig. IV-9).  
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Fig. IV-8. Fly head DA content with time (4 week as % 1 week value). Flies of both control genotypes and 

those expressing α-Synuclein[A53T] were collected at 1 and 4 weeks of age for head DA measurement using 

HPLC. Significant differences (1-way ANOVA) observed: a, b: p<0.001 vs. respective control of ddc-GAL/+ or 

elav-GAL/+. All other differences ns. As a positive control for screen ability to pick up modifiers, genes 

previously connected to PD were screened for enhancing loss of DA in combination with α-Synuclein[A53T] 

(putative Parkin disruption allele (Park[c00062], BL10006) in combination with ddc>A53T). n=3 for 

ddc>A53T/Park[c00062] flies, n=6 for all other controls, n=10 for all other α-Synuclein[A53T] expressing flies. 

GFP-expressing neurons within the major dopaminergic neuron clusters were then counted in 

flies at 6 weeks of age. Flies expressing α-Synuclein[A53T] showed a significant loss of 

neurons in the PPL1 and PPM1 clusters, a result confirming previously published reports of 

neuron loss in these clusters (Fig. IV-10). 

Fig. IV-9. Ddc-GAL4 driven GFP co-localized in TH-stained fly brain neurons. Confocal section of a fly 

brain expressing GFP (green, left) under control of ddc-GAL4 was stained with anti-TH antibody (Cy3 

secondary, red, middle). Both signals show a high degree of overlap (merge, right). Picture from optical slice in 

confocal Z-stack. 
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Fig. IV-10. Fly brain dopaminergic neuron count at 4 weeks of age. A: Confocal Z stack of brain derived 

from ddc>GFP expressing fly. Circles indicating approximate dopaminergic neuron cluster locations. B: Neuron 

count from respective neuron clusters of ddc>GFP/UAS-A53T-expressing flies at 4 weeks of age compared to 

control (ddc>lacZ). Significant differences (t-test for specific cluster data) observed: **, p<0.01, *, p<0.05 vs. 

ddc>GFP/lacZ (n>15).  
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4.2. Primary Deficiency Screen Data (HPLC measurement of fly head DA) 

To screen for modification in α-Synuclein[A53T] neurotoxicity, loss of DA with time 

was used as an endpoint. Flies from the „Bloomington Deficiency Kit‟ (270 lines, each 

containing a defined deletion) were crossed to ddc>A53T flies. Offspring negative for 

balancer chromosome phenotypic markers were collected at 1 and 4 weeks of age and levels 

of DA in heads of respective flies measured. An overall summary of the primary data can be 

seen in Fig. IV-11. Individual HPLC values for each line can be seen in Appendix Results 

Table A2-1.  

Results of the initial screen were categorized on the basis of „low‟ (less than 50% DA 

at 4 weeks), „high‟ (greater than 100% DA at 4 weeks), „reduced viability‟ (offspring did not 

live to 4 week collection point) and lethal (crosses without viable offspring). Identified 

deficiency lines were then rebred for purpose of confirmation. After rebreeding, 24 lines were 

confirmed to result in „low‟ DA at 4 weeks vs. 1 week (Fig. IV-12) and 52 lines were 

designated as resulting in „high‟ DA. Five crosses resulted in lethality and nine crosses were 

semi-lethal (Table IV-1) (full results of screen in Table A2-I, Appendix Results): 

4.1.9. Data Summary from Initial Experiments to Establish the Model 

 

 Flies generated: ddc>A53T and elav>A53T 

 Flies with 2 copies of α- Synuclein[A53T] show reduced 

lifespan 

 Sensitivity of HPLC sufficient to measure 3 fly heads per 

sample 

 Age-dependent loss of brain DA observed in flies expressing α- 

Synuclein[A53T] 

 Time point for fly collection for deficiency screen: 1 and 4 

weeks 

 Loss of TH neurons in PPL1, PPM1 DA clusters observed for 

flies expressing  α- Synuclein[A53T] under ddc-GAL4 driver 
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Fig. IV-11. Change in fly head DA with time (4 week as % 1 week) for deficiency cross offspring (ddc> 

A53T X deficiency line).  

The numerous crosses resulting in „high‟ DA most likely resulted from an alteration in the 1 

week peak of DA, alongside possible deletion of enhancer genes. However the „low‟ group is 

easier to interpret, as large losses to DA content were not observed in control flies and thus 

more likely relates to deletion of suppressor genes. Thus, the decision was made to 

concentrate on the „low‟ and lethal candidate lines, as results more unambiguous. 

Investigation into the „high‟ group could be pursued at a future date. 

The cross resulting in the greatest loss of DA was Bloomington line 1007 (19.87% of 1 

week DA at 4 weeks). This deficiency contains 158 genes, which were examined for any 

possible „obvious‟ candidates to use as a beginning for screening individual gene crosses for 

loss of DA (using P-element gene disruption or RNAi lines for each gene crossed to ddc> α-

Synuclein[A53T]). TRAP1, a mitochondrial chaperone, had been recently identified as 

downstream phosphorylation target of the PD protein PINK1.
103

 Without TRAP1 

phosphorylation, PINK1‟s protective effect was reduced. TRAP1 was located within 

deficiency 1007 and thus a hypothesis implicating a decrease in TRAP1 enhancing α-

Synuclein[A53T] toxicity in Drosophila was suggested. The fly gene‟s functional domains 
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(HSP-90 like and a histidine kinase-like ATPase) share high homology with the human gene 

and thus a conservation of function seemed likely.
223

 Several lines publicly available, 

potentially interfering with TRAP1 expression were: a gene disruption line for TRAP1 

(TRAP1[KG06242]; BL14032) and 2 RNAi lines from NIG-FLY (TRAP1-RNAi[3152R1] 

and TRAP1-RNAi[3152R1]; NI3152R1 and NI3152R3).
224

 Alteration of TRAP1 expression 

with these lines in combination with both ddc>A53T and elav>A53T was first examined. A 

decrease in TRAP1 was observed using TRAP1[KG06242] in combination with ddc>A53T 

and the greatest, most consistent decrease TRAP1 expression in elav>A53T was seen with 

 

Fiv. IV-12. Twenty-four confirmed crosses (ddc>A53T/deficiency) resulting in 'low' (less than 50% of 1 

week DA at 4 weeks) DA measurement. Legend numbers refer to Bloomington line number and region deleted 

by respective deficiency line (bars are means of 2 HPLC measurements).  



RESULTS  
 

62 
 

 

Fig. IV-13. Reduction of TRAP1 expression in fly brains with either ddc or elav-GAL4 α-Synuclein[A53T] 

expression. Real time PCR was used to assess expression of TRAP1 expression in fly brains and demonstrated 

that use of either targeted P-element gene disruption or RNA interference alleles reduced TRAP1 expression. 

TRAP1 expression in flies of interest was normalized to TRAP1 expression in: ddc>A53T/+ for 

ddc>A53T/TRAP1[KG06242]; elav>A53T/+ for elav>A53T/TRAP1-RNAi[3152R1], elav>A53T/TRAP1-

RNAi[3152R3]; ddc-GAL/+ for ddc-GAL/TRAP1[KG06242]; elav-GAL/+ for elav-GAL/TRAP1-

RNAi[3152R1] (n=3-4).  

use of TRAP1-RNAi[3152R1] and this RNAi was thereafter used exclusively (Fig. IV-13). 

Only real time PCR could be used to investigate down regulation of Drosophila TRAP1, 

because no Western Drosophila TRAP1 antibody is currently available. Thus, flies expressing 

either ddc>A53T or elav>A53T were then bred to either gene disruption or RNAi lines 

specific for TRAP1 and assessed for loss of brain DA. Decreased expression of endogenous 

TRAP1 expression caused an enhanced loss of 4 week DA in ddc>A53T and elav>A53T flies 

(Fig. IV-16). Given TRAP1‟s previous connection to PD-related processes, exploration of 

possible mechanism for modification to α-Synuclein toxicity was then focused on TRAP1, 

with utilization of the above mentioned fly lines. Results from the investigation into TRAP1 

and α-Synuclein[A53T] continue in Results section 4.3. 

Table IV- I. List of Deficiency Lines Resulting in Lethality when crossed with ddc>A53T  

BL line Deficiency Symbol Deleted Segment 

5281 Df(1)dx81 5C3-10;6C3-12 

 

4953 Df(1)BK10 

 

15F2-15F9;16C7-16C10 

7497 Df(2L)Exel6011 

 

25C8;25D5 
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3024 Df(3L)h-i22 66D10-11;66E1-2 

3340 Df(3R)e-R1 93B6-7;93D2 

 

Deficiency lines resulting in lethality were bred with driver line alone (negative for 

lethality), and then genes within the deficiencies were individually screened (using P-element 

disruption and RNAi lines) for lethality in combination with ddc>A53T (full screening list, 

Appendix Results, Table A2-2).  Only one gene disruption or RNAi line was found to result in 

lethality when in combination with ddc>A53T: gene disruption line for Kdn (BL 14436; 

CG3861, citrate synthase (CS)). Thus, most likely reason for the other instances of lethality 

was due to multiple gene product deletion, not connectable to any one gene. Use of the RNAi 

line for kdn (VD26301) was semi-lethal when crossed to elav>A53T flies. CS is the first 

enzyme of the mitochondrial Krebs Cycle. Reduction of CS activity in flies with 

elav>A53T/26301 was confirmed with enzymatic assay (Fig. IV-14). However, given the 

promising data concerning TRAP1 and α-Synuclein[A53T] at the time, the kdn effect was not 

further investigated.  

 

Fig. IV-14. CS activity reduction in flies elav>A53T ± RNAi for CS. One week old flies were collected and 

freshly prepared brains assessed for CS activity. Significant difference (t-test) observed in CS activity between 

flies with pan-neuronal expression of kdn RNAi (VD26301) vs. flies without RNAi (*, p<0.05)(n=3).   
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4.3. Modification of α-Synuclein[A53T] Toxicity by Mitochondrial Chaperone 

Protein, TRAP1 

4.3.1. Modification of α-Synuclein[A53T] Toxicity by TRAP1 in D. melanogaster  

4.3.1.1. Effect of human TRAP1 overexpression on loss of brain DA in the 

fly 

The finding that decreased TRAP1 expression could enhance α-Synuclein[A53T] –

induced DA loss provoked the question of whether or not overexpression of TRAP1 could 

suppress α-Synuclein[A53T] toxicity. To this end, a new transgenic fly expressing human 

TRAP1 (UAS-hTRAP1) was generated. Western blotting was used to assay whether or not 

induction of human TRAP1 expression or RNAi-mediated silencing of endogenous TRAP1 

had effect on ectopic α-Synuclein[A53T] expression. As is evident from Fig. IV-15, neither 

overexpression nor silencing of TRAP1 resulted in a change of α-Synuclein abundance. 

Similarly, α-Synuclein expression did not influence TRAP1 expression. The overexpression 

of human TRAP1 provided a rescue of brain DA loss in both ddc>A53T and elav>A53T flies 

(Fig. IV-16).   

4.2.1 Data Summary from Primary Deficiency Screen 

 

 ddc>A53T crossed to 270 deficiency lines, each containing a 

specific chromosomal deletion 

o Brain DA measured at 1 and 4 weeks of age 

 24 crosses classified as „low‟ (less than 50% DA at 4 weeks 

age) 

o Individual genes examined in lowest deficiency cross 

and reduction in TRAP1 identified as causing enhanced 

aging-dependent DA loss 

 52 crosses classified as „high‟ (greater than 100% at 4 weeks 

age) 

 5 crosses resulted in lethality 

o Individual genes from lethal deficiencies crosses 

 1 gene resulting in lethality with ddc>A53T 

identified as kdn (CS)  
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Fig. IV-15. D. melanogaster expression of human α-Synuclein[A53T] and human TRAP1 under ddc and 

elav-GAL4 driver control.  Protein of interest expression was detected on Western blots with specific 

antibodies for TRAP1 (75 kDa) and α-Synuclein[A53T] (16 kDa) in reference to CSP-α (protein loading control, 

34 kDa). A) Expression of Synuclein[A53T] expression. Top panel lanes from left to right: 1. ddc>A53T/+, 2. 

ddc>A53T/ TRAP1[KG06242], 3. ddc>A53T/hTRAP1,  4. elav>A53T/+ 5. elav>A53T/ TRAP1-

RNAi[3152R1], 6. elav>A53T/hTRAP1. B) Expression of TRAP1. Bottom panel lanes from left to right: 1. ddc-

GAL/hTRAP1, 2. ddc>A53T/hTRAP1 , 3. elav-GAL/hTRAP1,  4. elav>A53T/hTRAP1. CSP-α antibody shows 

binding to isoform 1 and 2 in TRAP1 blot (34, 36 kDa). Representative blots after 3 experiments shown. 

 

Fig. IV-16. Aging-dependent loss of brain DA in flies expressing α-Synuclein[A53T] with hTRAP1 

expression or reduced endogenous TRAP1 expression (ddc-GAL4 or elav-GAL4 driver). Flies were aged 

and collected at 1 and 4 weeks for measurement of head DA content using HPLC. Significant differences 
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(separate 1-way ANOVA for each driver-line set) observed: a: p<0.001 vs. ddc-GAL/+; b: p<0.01 vs. 

ddc>A53T/+; c: p<0.05 vs. ddc-GAL/+; d: p<0.001 vs. ddc>A53T/+; e: p<0.05 vs. elav-GAL/hTRAP1; f: 

p<0.001 vs. elav-GAL/+; g: p<0.05 vs. elav>A53T/+; h: p<0.001 vs. elav>A53T/+ (n=10 for ddc and elav> α-

Synuclein[A53T] flies with/out TRAP1 reduction; otherwise n=6).  

4.3.1.2. Sensitivity to oxidative stress in flies expressing α-Synuclein[A53T] 

and alteration to TRAP1 expression  

Altered sensitivity to oxidative stress has been noted for a number of PD-related 

genes. Chronic treatment of D. melanogaster with either the pesticide rotenone, a 

mitochondrial complex I inhibitor, or the herbicide paraquat, a powerful oxidant, which can 

interfere with mitochondrial function resulting in Caspase -3 cell death, has been shown to 

result in neurodegenerative and behavioral alteration that recapitulates key features of PD.
222, 

225, 226
 In addition, oxidative stress treatment in the context of α-Synuclein overexpression has 

been shown to increase α-Synuclein aggregation and inclusion formation, with an 

enhancement of toxicity.
227, 228

  At the same time, cell culture experiments have shown 

TRAP1 to be a protective factor against oxidative stress- induced damage and apoptosis.
229, 230

 

Thus, to evaluate whether TRAP1 altered fly sensitivity in the context α-Synuclein[A53T] 

expression, newly hatched flies were treated with either paraquat or hydrogen peroxide (toxic 

due to reaction with ferrous iron to produce the •OH radical, resulting in free radical damage 

to cellular contents, cytosolic acidification and possible inhibition of glycolysis).
231

  

Flies expressing α-Synuclein[A53T] under the ddc-GAL4 driver showed an enhanced 

sensitivity to paraquat treatment (Fig. IV-17). Reduction of TRAP1 expression in these flies 

further enhanced paraquat sensitivity. However, overexpression of TRAP1, when in 

combination with α-Synuclein[A53T], enhanced survival. Similarly, the combination of α-

Synuclein[A53T] expression and TRAP1 reduction enhanced sensitivity to hydrogen peroxide 

treatment, while overexpression of TRAP1 with α-Synuclein[A53T] enhanced survival. α-

Synuclein[A53T] expression alone, however, did not reduce survival upon hydrogen peroxide 

treatment (Fig. IV-18). A decrease in TRAP1 expression was also sufficient to reduce survival 

upon hydrogen peroxide treatment. This is the first known data in an animal model indicating 
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a decrease in TRAP1 can detrimentally affect response to oxidative stress, which confirms 

previous data from cell culture systems. Curiously, the least sensitive flies to hydrogen 

peroxide treatment were ddc>A53T/hTRAP1 and not ddc-GAL/hTRAP1. The same 

experiments for oxidative stress (hydrogen peroxide, paraquat) were also repeated using the 

elav-GAL4 driver and results were similar to those obtained using ddc-GAL4 driver.  

 
Fig. IV-17. Fly survival after paraquat (20 mM) treatment (α-Synuclein[A53T] expression with hTRAP1 

expression or reduced endogenous TRAP1  expression (ddc-GAL4 driver)).  Flies expressing α-

Synuclein[A53T] show reduced survival after treatment in comparison to control flies (p<0.0001, ddc-GAL/+ vs. 

ddc>A53T/+). Flies with reduced TRAP1 expression and α-Synuclein[A53T] show enhanced sensitivity  beyond 

α-Synuclein[A53T] alone (p<0.0001, ddc>A53T/+ vs. ddc>A53T/TRAP1[KG06242]). Overexpression of 

human TRAP1 with α-Synuclein[A53T] reduces paraquat sensitivity (p<0.0001, ddc>A53T/+ vs. 

ddc>A53T/hTRAP1). Reduction of TRAP1 expression alone also reduces survival after paraquat treatment 

(p=0.01, ddc-GAL/+ vs. ddc-GAL/TRAP1[KG06242]). Although the curves are significantly different 

(p<0.001), survival time is not different for ddc>A53T/hTRAP1 and ddc-GAL/+, indicating a restoration to 

control with TRAP1 overexpression.  Human TRAP1 expression alone did not significantly change sensitivity to 

paraquat (p=ns, ddc-GAL/+ vs. ddc-GAL/hTRAP1, survival curve not shown). n>100. 
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Fig. IV-18. Fly survival after hydrogen peroxide (2.4%) treatment (α-Synuclein[A53T] expression with 

hTRAP1 expression or reduced endogenous TRAP1 expression (ddc-GAL4 driver)). Flies with reduced 

TRAP1 expression and α-Synuclein[A53T]  show enhanced sensitivity (p<0.0001, ddc>A53T/+ vs. ddc>A53T/ 

TRAP1[KG06242]). α-Synuclein[A53T]  expression alone did not enhance sensitivity to hydrogen peroxide 

(p=ns, ddc-GAL/+ vs. ddc>A53T/+). Overexpression of human TRAP1 with α-Synuclein[A53T] reduces 

hydrogen peroxide sensitivity (p<0.0001, ddc>A53T/+ vs. ddc>A53T/ hTRAP1), however hTRAP1 expression 

alone was not different than control (p=ns, ddc-GAL/+ vs. ddc-GAL/hTRAP1, survival curve not shown). Flies 

with reduced TRAP1 expression show altered survival time course vs. control (p<0.001, ddc-GAL/+ vs. ddc-

GAL/ TRAP1[KG06242]) (n>100). 

   

4.3.1.3. Negative geotaxis assay of flies expressing α-Synuclein[A53T] with 

alteration to TRAP1 expression 

PD is clinically defined as a movement disorder and thus key to animal model disease 

phenotype recapitulation is loss of locomotor ability. In flies, the negative geotaxis assay or a 

climbing assay has been used to assess fly locomotor ability in both PD and aging models. 

After tapping flies to the bottom of a vial, normal flies will quickly climb to the top of the 

vial. Previous reports indicate that flies expressing α-Synuclein show an age-related deficit in 
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climbing ability.
135, 209

 Of interest was thus whether or not overexpression of human TRAP1 

could rescue locomotor defects.  

 

Fig. IV-19. Fly climbing ability with age (α-Synuclein[A53T] expression with hTRAP1 expression or 

reduced endogenous TRAP1 expression (ddc-GAL4 driver)).  Climbing ability was assessed at ages 1 and 4 

weeks. Significant differences (2-way ANOVA) observed: a: p<0.001 vs. 4 week ddc-GAL/+; b: p<0.05 vs. 4 

week ddc>A53T]/+; c: p<0.001 vs. 4 week ddc>A53T/ TRAP1[KG06242](n=20).  

 Flies were tested at ages 1 and 4 weeks for climbing ability, the same time points as 

for HPLC DA measurements. Confirming previous reports, flies expressing α- 

Synuclein[A53T] showed a decrease in climbing ability that is age-dependent (measured 

using screening specific flies, that is, ddc-GAL4 driver, Fig. IV-19)
135

 At 4 weeks of age, ddc-

GAL4 driver flies showed an age-dependent locomotor defect specific to α-Synuclein[A53T], 

as control flies (driver alone, TRAP1 reduction using P-element disruption allele 

TRAP1[KG06242] and over expression of hTRAP1), did not show significant loss of 

locomotor ability. Importantly, overexpression of human TRAP1 was able to rescue the loss 

of locomotor ability resulting from α-Synuclein[A53T] expression (4 week data 

ddc>A53T/hTRAP1 not different than 4 week ddc-GAL/+ data). Experiment repeated using 



RESULTS  
 

70 
 

the elav-GAL4 showed similar results to ddc-GAL4. Thus, this data indicates that rescue of 

brain DA content was sufficient to restore motor ability. 

4.3.1.4. Loss of DA neurons in flies expressing α-Synuclein[A53T] and 

alteration to TRAP1 expression 

Previously reported Drosophila modifiers of α-Synuclein such as HSP70 have been 

shown to be able to restore DA neuron numbers to control levels.
142

  While the present data 

set has already shown that TRAP1 overexpression can increase brain DA and motor ability of 

aged α-Synuclein[A53T] flies, this restoration could in principle be effected by increased 

health of remaining DA neurons, without rescue of cells per se. Thus, key dopaminergic 

clusters in flies with TRAP1 knockdown or human TRAP1 overexpression were compared for 

numbers of TH-positive neurons at 4 weeks of age (Fig. IV-20). In both the PPM1/2 and 

PPL1 clusters, TRAP1 knockdown result in an significant loss of neurons beyond that seen 

with α-Synuclein[A53T] expression alone. Decreased TRAP1, in the absence of α-

Synuclein[A53T], did not affect DA neuronal numbers.  

 

Fig. IV-20. Fly brain dopaminergic neuron numbers at 4 weeks of age. Brains from aged flies were dissected, 

fixed and stained before DA neuron cluster imaging under the confocal microscope. PPL1 and PPM1/2 neuron 

cluster counts from flies expressing α-Synuclein[A53T] were compared to flies with α-Synuclein[A53T] and 

either a TRAP1 reduction allele (TRAP1[KG06242]) or human TRAP1. Control flies (ddc>GFP/+) were also 

compared to flies with the TRAP1 reduction allele. Significant differences(1-way ANOVA for each cluster) 
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observed: a: p<0.05 vs. ddc>GFP/lacZ; b: p<0.001 vs. ddc>GFP/+; c: p<0.05 vs. ddc>GFP/UAS-A53T. Brains 

n>15.  

4.3.1.5. Longevity of flies expressing α-Synuclein[A53T] with alteration to 

TRAP1 expression 

Fly longevity with TRAP1 expression alteration was also investigated for flies associated 

with screening. Under the ddc-GAL4 driver with α-Synuclein[A53T] expression, there were 

no significant differences in longevity (see Appendix Results Fig. A2-1).  

4.3.2. Modification of α-Synuclein[A53T] Toxicity by TRAP1 in Human 

HEK293 Cell Culture  

4.3.2.1. Knockdown and overexpression of TRAP1 in α-Synuclein[A53T]-

expressing cells 

In order to confirm the results generated in the fly concerning TRAP1-rescue of α-

Synuclein[A53T]-induced toxicity in a vertebrate system, human and rat cell culture was 

used. In addition, the use of human or rat cell culture offers several advantages including 

more extensive antibody collection vs. that available for Drosophila, direct biochemical assay 

of mitochondrial- related factors, protein-protein interactions, and initial screening of new 

mutants. For a more complete introduction into cell culture model, please see Introduction 

section 2.3.1..  

siRNA was used to knockdown TRAP1 expression in HEK293 cells. Validation of the 

delivery system and concentration required for gene knockdown was first confirmed using 

siRNA for MAPK1 (data in Appendix Methods Figs. A, B). Two different siRNAs directed 

against TRAP1 were compared for efficacy. As shown in Fig. IV-22, both TRAP1-siRNAs 

were able to reduce endogenous TRAP1-expression in HEK cells. However, siTRAP1-1 was 

shown to be more efficient and was therefore used for further investigations.  
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Fig. IV-22. Comparison of siRNA efficacy for knockdown of TRAP1 in HEK293 cells. Assessment of 

relative TRAP1 expression levels. Relative abundance of endogenous TRAP1 transcripts in relation to β-actin. 

Both siTRAP1-1 and siTRAP1-2 resulted in knockdown of TRAP1 expression (**, p<0.01 vs. Negative siRNA 

control). n=3. 

                                 

Fig. IV-23. Protein expression of α-Synuclein[A53T], TRAP1 and siTRAP1 in HEK293 cell culture. 

Western blot analysis of HEK cell lysates probed with TRAP1 (75 kDa), β-actin (50 kDa) and  α-Synuclein (16 

kDa) specific antibodies. HEK cells were either (lanes from left to right) untransfected (control), or transfected 

with α-Synuclein[A53T] (Control vector+ α-Synuclein[A53T]), co-transfected with α-Synuclein[A53T] and 

TRAP1 (α-Synuclein[A53T]+ TRAP1), or siTRAP1 (α-Synuclein[A53T] + siTRAP1). Blot representative of 3 

experiments. 

Next the effect of TRAP1-silencingand overexpression was analyzed on a protein level (Fig. 

IV-23). TRAP1-overexpression as well as TRAP1 silencing resulted in enhanced/decreased 

protein levels, respectively. In addition, overexpression or silencing of TRAP1 was tested for 

possible effect on co-expressed α-Synuclein[A53T] levels. This was not the case (data not 

shown). 



RESULTS  
 

73 
 

Previous reports showed a localization of TRAP1 to mitochondria. Co-localization 

studies in HEK cells revealed a strong overlap of TRAP1 staining with “Mitotracker Orange”-

labelled mitochondria. This indicates that TRAP1 indeed localizes to mitochondria in HEK 

cells (Fig. IV-24).  

 
Fig. IV-24. Localization of TRAP1 to mitochondria. HEK293 cells were stained using the mitochondrial 

marker “Mitotracker Orange” (red), TRAP1 (green) and Hoechst nuclear stain (blue). A high degree of co-

localization of red and green fluorescent signals is apparent in overlay. Scale bar indicates 27 µm. Slides imaged 

on Leica fluorescent microscope. 
 

Immunocytochemical analysis on HEK cells using a TRAP1 specific antibody 

indicated that these cells have a robust endogenous expression of TRAP1 as evident by strong 

mitochondrial staining. This staining was highly reduced if cells were treated with siTRAP1 

and strongly increased in cells with TRAP1 overexpression. Also in this analysis, α-

Synuclein[A53T] protein levels did not seem to change upon TRAP1 

overexpression/silencing (Fig. IV-25). 

Mitotracker Orange  

Overlay  Hoechst  

TRAP1 (Alexa 488)  
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Fig. IV-25. TRAP1 overexpression and downregulation in HEK293 with α-Synuclein[A53T] expression. 

HEK cells transfected with α-Synuclein[A53T] were stained for TRAP1 (red), α-Synuclein[A53T] (green) and 

DNA (blue). Merged picture is shown (overlay). Upper panel: α-Synuclein[A53T] expressing cells co-

transfected with empty vector. Middle panel: α-Synuclein[A53T] expressing cells with siTRAP1. Lower panel: 

Cells with α-Synuclein[A53T] and TRAP1 overexpression. Scale bar=24 µm. 

 

4.3.2.2. α-Synuclein[A53T] mitochondrial localization using 

immunofluorescence and confocal microscopy  

TRAP1 is defined as a mitochondrial molecular chaperone and is protective against 

cell death and in particular, oxidative stress- induced cell death via multiple postulated 

mechanisms, including inhibition of Cytochrome  c release, interference with Caspase  3 

activation, attenuation of ROS production and chaperone folding of ETC complex I.
103, 104, 229, 

230, 232-234
 At the same time, multiple recent papers have suggested that α-Synuclein‟s toxic 

effect may in part result from direct effects on the mitochondria and that a cryptic 

mitochondrial targeting allows its entry.
46, 129, 174, 176, 235

  TRAP1, as a mitochondrial protein, is 

able to rescue toxicity induced α-Synuclein. This leads to the hypothesis, that α-Synuclein 

TRAP1 (Alexa555)             Synuclein(Alexa488)           Hoechst                                 Overlay 
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toxicity is at least partially linked to mitochondrial function and that these effects can be 

directly antagonized by TRAP1. Of interest was therefore to confirm, as previously reported, 

that α-Synuclein can indeed be found within the mitochondria.
46, 174, 177

 Two methods were 

used to show that α-Synuclein at least partially localizes to mitochondria: 1. Co-localization 

of α-Synuclein with mitochondria using immunofluorescence and 2. cell fractionation assays 

with subsequent Western blot analysis to address α-Synuclein abundance in the mitochondrial 

fraction. 

Previously published data suggested that α-Synuclein mitochondrial entry was 

stimulated by low pH and oxidative stress.
180

 Thus, after stressing α-Synuclein[A53T]-

expressing HEK293 cells with rotenone, cells were examined for evident co-localization of α- 

Synuclein[A53T] and mitochondria. While a large proportion of α-Synuclein[A53T] was 

found in the cytoplasm, a small proportion of α-Synuclein[A53T] seemed also to be located 

within the mitochondria (Fig. IV-26).  

 

Fig. IV-26. Co-localization of fluorescent signal from Mitotracker Orange and α-Synuclein[A53T]- 

Alexa488. HEK cells were stained with Mitotracker Orange (red) and α-Synuclein[A53T] specific antibody 

(green).Confocal Z-stacks were analyzed for localization of fluorescent signal intensity in indicated region of 

interest (3.42 µm
2
). Fluorescence distribution of red (upper) and green (lower) signals across the ROI is shown. 

B. Red Channel= 
Mitotracker Orange 

C. Green Channel= 
α- Synuclein-Alexa 
488 

A 
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4.3.2.3. α-Synuclein[A53T] mitochondrial localization using cell 

fractionation  

 In addition to immunofluorescence assays for α-Synuclein[A53T] localization, cell 

fractionation was used to further the argument that α-Synuclein[A53T] can be found within 

the mitochondria. The process of mitochondrial isolation divided cellular contents into three 

fractions: a mitochondrial enriched fraction, a light cytoplasmic fraction and a crude pellet. 

Using Western blotting, these fractions were compared for protein content of TRAP1 

(mitochondrial protein, putatively localized to the matrix), VDAC1 (mitochondrial outer 

membrane protein), Cytochrome  c (inner mitochondrial membrane). All three proteins 

showed enrichment in the mitochondrial fraction, with Cytochrome  c banding noted only 

within the mitochondrial fraction, indicating specificity of the mitochondrial enrichment 

procedure (Fig. IV-27). Importantly, α-Synuclein[A53T] protein band was also found within 

the mitochondrial fraction. Thus, the combined data of both immunofluorescence and 

        

Fig. IV-27. Mitochondrial cell fraction isolation from HEK293 cells expressing α-Synuclein[A53T]. 

Samples derived from two independent cell fractionation assays were used for Western blot analysis. Blots were 

probed with specific antibodies detecting the following proteins: TRAP1 (75 kDa), VDAC1 (31 kDa), α-

Synuclein (16 kDa) and Cytochrome  c (15 kDa). Fractions analyzed (crude cell pellet; light cytoplasmic and 
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mitochondrial enriched fraction) are indicated. Molecular weight of analyzed proteins is indicated. 

Representative blots from 3 experiments. 

mitochondrial fractionation are suggestive that a small portion of α-Synuclein[A53T] does 

indeed enter the mitochondria. 

4.3.2.4. Oxidative stress sensitivity of HEK293 cells expressing α-

Synuclein[A53T], TRAP1 and/or siTRAP1 

Overexpression of TRAP1 has previously been shown to be protective against 

oxidative stress induced cell death via reduction in ROS production, restoration of 

mitochondrial membrane potential and inhibition of Cytochrome  c release.
105, 229, 236, 237

 At 

the same time, toxicity associated with α-Synuclein[A53T] is in part mediated due to above 

mentioned mechanisms and moreover has been shown to sensitize cells to oxidative stress.
238

 

Thus, to firstly determine whether in vitro treatment of cells mimicked the in vivo Drosophila 

data concerning TRAP1 and oxidative stress sensitivity, HEK293 cells were treated overnight 

with either hydrogen peroxide or rotenone. Rotenone is a specific Complex I inhibitor, while 

hydrogen peroxide is a more general oxidative stress inducer, mainly by producing primarily 

hydroxyl radicals. In both cases, α-Synuclein[A53T] expression served to significantly 

enhance cell sensitivity to oxidative stressors (Figs. IV-28, 29). Reduction in TRAP1 

expression with siRNA further reduced survival in presence of α-Synuclein[A53T]. 

Moreover, reduction of TRAP1 was sufficient to decrease cell survival under oxidative stress 

in the absence of α-Synuclein[A53T] overexpression. For both rotenone and hydrogen 

peroxide treatment, overexpression of TRAP1 in the context of α-Synuclein[A53T] 

expression attenuated the decrease in cell survival. The magnitude of the rescue effect was 

greatest when cells were exposed to rotenone oxidative stress. Also in cells without α-

Synuclein[A53T] expression, the decrease in cell survival under oxidative stress was rescued 

to control level, independent of the used stressor. This data is in line with the reported 

function of TRAP1 as a protective mitochondrial chaperon.
106, 229, 230
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Fig. IV-28. Cell survival after hydrogen peroxide-induced oxidative stress. HEK293 cells transfected with: 

(left to right) empty vector and scrambled siRNA (Control); α-Synuclein[A53T] and empty vector; α-

Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and TRAP1; empty vector and siTRAP1; empty vector and 

TRAP1 were assayed for cell survival 16 hours after hydrogen peroxide (100 μM) treatment. Significant changes 

(1-way ANOVA) are indicated (a: p<0.001 vs. Control; b: p<0.001 vs. α-Synuclein[A53T] + empty vector). n=6. 

 

 
 

Fig. IV-29. Cell survival after rotenone-induced oxidative stress. HEK293 cells transfected with: (left to 

right) empty vector and scrambled siRNA (Control); α-Synuclein[A53T] and empty vector; α-Synuclein[A53T] 

and siTRAP1; α-Synuclein[A53T] and TRAP1; empty vector and siTRAP1; empty vector and TRAP1 were 

assayed for cell survival 16 hours after rotenone (200 μM) treatment. Significant changes (1-way ANOVA) are 

indicated (a: p <0.001 vs. Control; b: p<0.001 vs. α-Synuclein[A53T] + empty vector; c: p<0.05 vs. Control). 

n=6. 
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4.3.2.5. α-Synuclein[A53T] mitochondrial toxicity: measurement of ETC 

complex ATP production 

 Previous reports have indicated that α-Synuclein[A53T] may interfere with 

mitochondrial respiration, in particular with Complex I function.
70

 At the same time, PINK1 

knockdown or mutations in PINK1 have been show to lead to Complex I deficits in ATP 

production.
239

 The protective effect of PINK1 requires TRAP1 as a downstream effector.
103

 

Given the rescue effect of TRAP1 on rotenone treated cells with or without α-

Synuclein[A53T] expression, it was hypothesized that the TRAP1 effect on α-

Synuclein[A53T] may in part be related to altered function of ETC components. Thus, ATP 

production through the ETC complexes was assayed (Complex I; Complex II; Complex IV). 

 Expression of α-Synuclein[A53T] in HEK cells results in a reduction of Complex I 

activity, but not Complexes II or IV (Figs. IV-30-32). This reduction was enhanced by 

silencing TRAP1 expression. Overexpression of TRAP1 provided a rescue of the α-

Synuclein[A53T]-induced defect. In addition, activity of Complex I and II is influenced by 

TRAP1 alone. Overexpression of TRAP1 alone significantly enhances ATP production to 

above that of Control values. In contrast, siTRAP1 significantly reduced ATP production. The 

ATP deficit noted for α-Synuclein[A53T] with and without siTRAP1 may therefore directly 

result in cellular damage as a result of insufficient ATP production for normal cellular 

functions such as the UPS, responsible for clearance of misfolded and toxic proteins. In 

addition, ATP deficit at Complex I may indicate a malfunctioning Complex, resulting in an 

increase of ROS production, causing downstream cell toxicity via oxidative modification of 

cellular contents.
240
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Fig. IV-30. ATP production through ETC Complex I with α-Synuclein[A53T] ±TRAP1. ATP production 

was measured in digitonin permeabilized cells via a luminescent assay using Complex I specific substrates. Cells 

were co-transfected with (left to right): empty vector and scramble siRNA (Control); α-Synuclein[A53T] and 

empty vector; α-Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and TRAP1; empty vector and siTRAP1; 

empty vector and TRAP1. Significant changes (1-way ANOVA) are indicated: a: p<0.05 vs. Control; b: p<0.05 

vs. α-Synuclein[A53T]+ Empty Vector; c: p<0.05 vs. α-Synuclein[A53T]+ +TRAP1). n=6-7.  

 

 

Fig. IV-31. ATP production through ETC Complex II with Synuclein [A53T] ±TRAP1. ATP production 

was measured in digitonin permeabilized cells via a luminescent assay using Complex II specific substrates. 

Cells were co-transfected with (left to right): empty vector and scramble siRNA (Control); α-Synuclein[A53T] 

and empty vector; α-Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and TRAP1; empty vector and 

siTRAP1; empty vector and TRAP1. Significant changes (1-way ANOVA) are indicated: a: p<0.001 vs. α-

Synuclein[A53T]+ Empty Vector;  b: p<0.05 vs. Control). n=6-7.  
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Fig. IV-32. ATP Production through ETC Complex IV in HEK293 cells expressing ± α-Synuclein[A53T] 

and ± TRAP1. ATP production was measured in digitonin permeabilized cells via a luminescent assay using 

Complex IV specific substrates. Cells were co-transfected with (left to right): empty vector and scramble siRNA 

(Control); α-Synuclein[A53T] and empty vector; α-Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and 

TRAP1; empty vector and siTRAP1; empty vector and TRAP1. No differences from control ATP production 

were observed. n=6-8.  

4.3.2.6. α-Synuclein[A53T] mitochondrial toxicity: measurement of total 

ATP content 

 In light of the defects observed in α-Synuclein[A53T]- induced Complex I ATP 

production, total ATP levels in the cell were also investigated. Only cells expressing α-

Synuclein[A53T] in combination with siTRAP1 showed a defect in total ATP. A lack of ATP 

might impair many cellular processes including oxidative stress response (Fig. IV-33). This 

suggests a possible reason for these cells enhanced sensitivity to hydrogen peroxide and in 

particular, rotenone, treatment. Despite Complex I inhibition noted for Synuclein[A53T] 

alone, overall ATP levels were unchanged.  



RESULTS  
 

82 
 

 

Fig. IV-33. Total cellular ATP content measured in HEK293 cells with ± α-Synuclein[A53T] and ± 

TRAP1. Total ATP content production was measured via a luminescent assay. Cells were co-transfected with 

(left to right): empty vector and scramble siRNA (Control); α-Synuclein[A53T] and empty vector; α-

Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and TRAP1; empty vector and siTRAP1; empty vector and 

TRAP1. Significant changes (1-way ANOVA) are indicated: a: p<0.01 vs. Control. n=6.  

 

4.3.2.7. α-Synuclein[A53T] mitochondrial toxicity: loss of mitochondrial 

membrane potential (JC-1 measurement) 

 An additional aspect of mitochondrial pathology that could explain partially why α-

Synuclein[A53T] expressing cells show an increased sensitivity to oxidative stress treatment 

may be due to loss of mitochondrial membrane potential. Loss of mitochondrial membrane 

potential predisposes cells to apoptosis. α-Synuclein has been suggested to take on an alpha-

helical form that could perforate membranes. At the same time, TRAP1 protection against 

apoptosis has been suggested to act via inhibition of opening mitochondrial permeability 

transition pore (PTP), a transition that acts to inhibit oxidative phosphorylation in the 

mitochondria, with the downstream result of cell death.
236

 The mitochondrial membrane 

potential is thought to indirectly reflect the state of the PTP. Cells were thus assessed for 

mitochondrial membrane potential using the mitochondrial membrane dye, JC-1. After 

excitation, JC-1 emissions are
 
depending on the mitochondrial membrane potential. Red 

emitted light represents polarized and green represents depolarized mitochondria and thus the 

changing ratio of red signal to green indicates loss of potential. Cells expressing α-
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Synuclein[A53T] in combination with siTRAP1 showed a loss in mitochondrial membrane 

potential under resting conditions and also after 4 hour rotenone (200 μM) treatment (Figs. 

IV-34, 35), suggesting oxidative stress sensitivity is due to mitochondrial-dependent enhanced 

apoptotic cell death.  

 

Fig. IV-34. Measurement of mitochondrial membrane potential using JC-1 in cells ± α-Synuclein[A53T] 

and ±TRAP1 in HEK293 cells. Cells were co-transfected with (left to right): empty vector and scramble siRNA 

(Control); α-Synuclein[A53T] and empty vector; α-Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and 

TRAP1; empty vector and siTRAP1; empty vector and TRAP1. Significant changes (1-way ANOVA) are 

indicated: a: p<0.01 vs. Control and α-Synuclein[A53T]. n=3. 

 

Fig. IV-35. Measurement of mitochondrial membrane potential using JC-1 in cells ± α-Synuclein[A53T] 

and ±TRAP1 in HEK293 cells after 4 hours rotenone (200 μM) treatment. Cells were co-transfected with 

(left to right): empty vector and scramble siRNA (Control); α-Synuclein[A53T] and empty vector; α-

Synuclein[A53T] and siTRAP1; α-Synuclein[A53T] and TRAP1; empty vector and siTRAP1; empty vector and 

TRAP1. Significant changes (1-way ANOVA) are indicated: a: p<0.05 vs. Control and α-Synuclein[A53T].  

n=3. 
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4.3.2.8. Measurement of total mitochondrial protein in HEK293 cells 

expressing α-Synuclein[A53T] with alteration to TRAP1 expression 

 Alteration in Complex I ATP production might be due to differing amount of  

mitochondria within the cells, this in comparison to a functional deficit in the ETC. To control 

for this, cell samples were probed for two proteins typically used to control for total amount 

of mitochondrial protein on Western blots: VDAC1 and COX4. As can be seen in Fig. IV-36, 

no major differences were observed for expression of VDAC1 and COX4 between samples, 

suggesting the decrease in Complex I ATP production results from a functional effect, not an 

overall decrease in mitochondrial content. 

              

Fig. IV-36. Mitochondrial protein (VDAC1 and COX4) expression in HEK293 cells expressing α-

Synuclein[A53T] ±TRAP1. Western blot analysis of HEK cell lysates probed with COX4 (15 kDa), VDAC1 

(31 kDa) and β-actin(50 kDa) specific antibodies. Lanes from left to right: 1) Control (empty Vector + scramble 

siRNA), 2) α-Synuclein[A53T] + Empty Vector, 3) α-Synuclein[A53T] + siTRAP1, 4) α-Synuclein[A53T] + 

TRAP1. Unspecific banding seen at intermediate molecular weights. Representative blot shown from 3 

experiments.  

 

4.3.2.9. Protein-protein interaction of α-Synuclein[A53T] and TRAP1  

 In light of the data indicating both entry of α-Synuclein[A53T] into the mitochondria 

and the TRAP1 rescue effect, a possible direct interaction between α-Synuclein[A53T] and 

TRAP1 was queried using immunoprecipitation.  Protein samples from cells over-expressing 

both proteins were immunoprecipitated with either α-Synuclein or TRAP1 antibodies, 

followed by Western blotting. Interestingly, TRAP1 Western blots showed a TRAP1 band for 
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samples immunoprecipitated with α-Synuclein, suggestive of a possible direction interaction 

between TRAP1 and α-Synuclein[A53T] (Fig. IV-37). However, the reverse result, that being 

a TRAP1 IP showing a band on a α-Synuclein Western could not be demonstrated. It is 

possible that the interaction of Synuclein-TRAP1 with the TRAP1 antibody in use under IP 

conditions was not sufficient for a pull-down. However, due to the lack of additional, working 

TRAP1 antibodies, this hypothesis cannot be confirmed. 

                     

Fig. IV-37. Protein-protein interaction between TRAP1 and α-Synuclein[A53T]. IP with α-Synuclein 

antibody followed by TRAP1 Western resulted in a TRAP1 (75 kDa) band on TRAP1 Western blot. Top blot for 

TRAP1, bottom blot for α-Synuclein. Lanes from left to right: 1) IP without antibody, 2) IP with Synuclein 

antibody,  3) IP with GFP antibody,  4) IP with TRAP1 antibody. Slight non-specific banding at 76 kDa often 

seen when large amounts of TRAP1 present in gel. Blot representative of 3 experiments.   

4.3.2.10. Creation of TRAP1 mutants and expression in HEK293 cells 

 In order to better understand the mechanism by which TRAP1 is able to exert its  

protective effect against α-Synuclein-induced toxicity, a number of TRAP1 mutants were 

produced. In particular, given that the PINK1 protective effect is dependent upon TRAP1 

phosphorylation, it was therefore of interest to ask the same question for α-Synuclein rescue: 

is TRAP1 phosphorylation necessary for α-Synuclein rescue? In addition, TRAP1 is defined 

as an HSP90-like chaperone protein possessing an ATPase domain. Thus, the second question 

was: will TRAP1 rescue if its ATPase function has been abolished?  

 The exact sites for TRAP1 phosphorylation were not yet experimentally defined. 

Thus, 2 putative phosphorylation sites (based on phospho-site data available at time) were 
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selected and mutated using in vitro mutagenesis: changing threonine at amino acid position 

494 to alanine [T494A] and tyrosine at 498 to glycine [Y498G]. The human TRAP1 ATPase 

domain shares high homology with both other HSP90 proteins and other species TRAP1 

sequences (for protein sequence data, see Appendix Methods Figures A1-1-3). Previously 

published results from yeast indicated that mutation of specific amino acid in the ATPase 

domain stopped binding of ATP.
241

 This amino acid was highly conserved in both HSP90 and 

TRAP1 proteins and therefore a new mutant with aspartic acid at position 148 changed to 

asparagine was created (TRAP1[D158N]). Expression of the new constructs within HEK293 

cells was confirmed (Fig. IV-38). Expression of TRAP1, whether wt or mutant, resulted in 

similar overexpression, both with and without coincident α- Synuclein[A53T] expression. 

 

 

Fig. IV-38. Expression of TRAP1 mutants and α-Synuclein[A53T] in HEK293 cells. After transfection with 

indicated expression constructs, HEK293 lysates were used for Western blot analysis and probed with TRAP1 

(75 kDa), α-Synuclein(16 kDa) and ß-Actin (50 kDa protein loading control) specific antibodies. Top panel lanes 

from left to right: 1) Control (empty vector+ scramble siRNA), 2) α-Synuclein[A53T]+ Empty Vector, 3) α-

Synuclein[A53T]+ TRAP1, 4) α-Synuclein[A53T]+ siTRAP1, 5) α-Synuclein[A53T]+ TRAP1 [D158N], 6) α-

Synuclein[A53T]+ TRAP1 [T494A], 7) α-Synuclein[A53T]+ TRAP1 [Y498G]. Bottom panel shows TRAP1 
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expression in the absence of α-Synuclein[A53T] expression. Lanes from left to right: 1) Control (empty vector+ 

scramble siRNA), 2) Empty Vector+ TRAP1, 3) Empty Vector+ TRAP1 [D158N], 4) Empty Vector+ TRAP1 

[T494A], 5) Empty Vector+ TRAP1 [Y498G], 6) Empty Vector+ siTRAP1. Representative blots from 3 

experiments shown. 

4.3.2.11. Phosphorylation state of TRAP1 and TRAP1 mutants 

The phosphorylation of TRAP1 might be crucial to its protective function. Therefore 

the phosphorylation status of TRAP1 was both under resting and oxidative stress conditions 

was analyzed by IP followed by Western blot analysis, probing with phospho-

serine/threonine/tyrosine specific antibodies.  

 

Fig. IV-39. Phosphorylation state of wt TRAP1 and TRAP1 mutants in HEK293 cells. Western blot analysis 

of HEK cells after IP of TRAP1 (75 kDa), under both resting and oxidative stress (200 μM rotenone for 4 hours) 

conditions. Blots were probed for TRAP1, phospho-threonine, phospho-tyrosine and phospho-serine using 

specific antibodies. Different TRAP1 variants were expressed in absence of α-Synuclein[A53T] (lanes 1-4) or in 

combination with  α-Synuclein[A53T] expression (lanes 5-8). Samples from left to right: 1) wt TRAP1, 2) 

TRAP1[D158N], 3) TRAP1[T494A], 4) TRAP1[Y498G]. 5-8 repeat. Control IPs with GFP did not show 

Western blot TRAP1 staining (not shown). Representative blots shown. 

Under resting conditions, wt TRAP1 appears to be lightly phosphorylated at threonine 

and serine (Fig. IV-39). After oxidative stress, wt TRAP1 evidenced tyrosine and serine 
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phosphorylation, with particular enhancement of both with α-Synuclein[A53T] co-expression. 

Co-expression of α-Synuclein[A53T] differentially affected serine phosphorylation dependent 

on TRAP1 variant.  The [T494A] mutant showed minimal evidence of threonine 

phosphorylation under both tested conditions. Thus, mutation was successful in eliminating 

the major threonine phosphorylation site. In comparison to wt, the [T494A] mutant showed 

enhanced tyrosine phosphorylation under both conditions. In contrast to wt, serine 

phosphorylation was enhanced in the absence of α-Synuclein[A53T], especially under resting 

conditions. [Y498G] showed only faint tyrosine phosphorylation at rest, with an increase 

when α-Synuclein[A53T] is co-expression. Tyrosine phosphorylation of [Y498G] after 

rotenone treatment was not observed. Thus, it is seems likely that sites other than Y498 are 

available for tyrosine phosphorylation sites are found in TRAP1 and that their 

phosphorylation may be connected to TRAP1 function/response to α-Synuclein[A53T]. 

Similar to wt TRAP1, the extent of threonine and serine phosphorylation on  [Y498G] during 

oxidative stress was dependent on the presence of α-Synuclein[A53T]. In contrast to wt and 

other mutants, the [D158N] mutant showed primarily serine phosphorylation at rest and heavy 

phosphorylation of all types when under oxidative stress. In summary, phosphorylation indeed 

appears to play a role in TRAP1 function
103

, with differential phosphorylation dependent on 

either co-expression of α-Synuclein[A53T] or oxidative stress treatment. 

4.3.2.12. Effect of TRAP1 mutation on protein-protein interaction with α-

Synuclein[A53T]  

 Effect of TRAP1 mutation on the observed protein-protein interaction with α-

Synuclein[A53T] was investigated. IP from HEK293 lysates variously expressing α-

Synuclein[A53T] in combination with the different TRAP mutations both before and after 

exposure to rotenone oxidative stress was performed in analogy to previously described 

experiments (see 4.3.2.9.). Precipitates were investigated for co-precipitation of TRAP1 in 
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Western blot analysis. All mutants, in particular, TRAP1[D158N],seem to have decreased 

interaction with α-Synuclein[A53T] as compared with wt TRAP1 protein (Fig. IV-40).  

 
 

Fig. IV-40. TRAP1 mutants protein-protein interaction with α-Synuclein[A53T] from HEK293 lysates 

(IP). Lysates of HEK cells co-expressing α-Synuclein[A53T] in combination with the different TRAP1 variants 

were collected both before and after 4 hour (100 uM) rotenone treatment. Lysates were then used for IP with a α-

Synuclein specific antibody.  Precipitates were separated using SDS-PAGE and blotted. Western blot were 

analyzed for co-precipitation of TRAP1 using a TRAP1 specific antibody (75 kDa). Lanes from left to right: 1) 

wt TRAP1, 2) TRAP1[D158N], 3) TRAP1[T494A], 4) TRAP1[Y498G]. Control IPs with GFP (lower panel) did 

not show Western blot TRAP1 staining (rotenone treated GFP IP not shown; also had no banding). Resting 

conditions IPs of TRAP1[D158N] consistently showed high molecular weight band of unknown significance 

(asterisk). Representative blots shown. 

 

4.3.2.13. Effect of TRAP1 mutation on TRAP1 oxidative stress rescue effect 

 Alteration to the TRAP1 rescue effect for oxidative stress was then investigated for 

cells expressing α-Synuclein[A53T] and mutant TRAP1. Cells were treated for 16 hours with 

either hydrogen peroxide or rotenone. Compared to wt TRAP1, expression of the TRAP1 

mutants [D158N], [T494A] and [Y498G] alone resulted in a significant decrease in survival 

after oxidative stress treatment, independent of the stress inducer (Fig. IV-41). In combination 

with α-Synuclein[A53T], the observed rescue effect by wt TRAP1 trended to be reduced by 

the TRAP1 mutants, however the observed differences were mainly not significant. Only 

under rotenone treatment, cells co-expressing α-Synuclein[A53T] in combination with the 

ATPase deficient mutant TRAP1[D158N] displayed a significant reduction on cell survival.  
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Fig. IV-41. Cell survival after oxidative stress treatment of HEK293 cells expressing wt TRAP1 or mutant 

TRAP1 in presence/absence of α-Synuclein[A53T]. HEK293 cells transfected with: (top panels, left to right) 

empty vector and TRAP1; empty vector and  TRAP1[D158N]; empty vector and  TRAP1[T494A]; empty vector 

and  TRAP1[Y498G], (bottom panels, left to right): α-Synuclein[A53T] and TRAP1; α-Synuclein[A53T] and  

TRAP1[D158N]; α-Synuclein[A53T] and  TRAP1[T494A]; α-Synuclein[A53T] and  TRAP1[Y498G]; were 

assayed for cell survival 16 h after either hydrogen peroxide (100 μM) or rotenone (200 μM) treatment. 

Significant changes (1-way ANOVA) are indicated: a: p<0.05 vs. empty vector+ TRAP1; b: p<0.001 vs. empty 

vector+ TRAP1; c: p<0.01 vs. Empty vector+ TRAP1[D158N]; d: p<0.001 vs. empty vector+ TRAP1 [D158N]; 

e: p<0.01 vs. empty vector+ TRAP1 [T494A]; : p<0.05 vs. α-Synuclein[A53T]+ TRAP1. n=6 for empty vector 

+TRAP1, n=3 for TRAP1 mutants. 

4.3.2.14. Effect of TRAP1 mutations on ATP production of ETC complexes  

 Similar to the previous experiment, HEK cells were transfected with either wt TRAP1 

or TRAP1 mutants in absence or presence of α-Synuclein[A53T] co-expression. Two days 

post-transfection ATP production by the different ETC was analyzed. First, ATP-production 

by complex I was measured (Fig. IV-42). In this assay, TRAP1[D158N] and [T494A]- 

expressing cells showed a decrease in ATP-production as compared to wt TRAP1. This 

decrease was more pronounced in cells co-expressing α-Synuclein[A53T], as compared to 

cells without α-Synuclein[A53T].  

Next, ATP-production by complex II was analyzed using the same paradigm (Fig. IV-

43). In this analysis, in the absence of α-Synuclein[A53T] expression, no significant changes  
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Fig. IV-42. Effect of TRAP1 mutation on ATP production via Complex I in HEK293 cells. TRAP1 

overexpression previously shown to enhance ATP production via Complex I. HEK293 cells transfected with: 

(left panel, left to right) empty vector and TRAP1(Control); empty vector and  TRAP1[D158N]; empty vector 

and  TRAP1[T494A]; empty vector and  TRAP1[Y498G]; (right panel, left to right) α-Synuclein[A53T]and 

TRAP1(Control); α-Synuclein[A53T] and  TRAP1[D158N]; α-Synuclein[A53T] and  TRAP1[T494A]; α-

Synuclein[A53T] and  TRAP1[Y498G]; were assayed for Complex I ATP production. Significant changes (1-

way ANOVA) vs. Control are indicated: a: p<0.01 vs. Control; b: p<0.001 vs. Control. In addition, both empty 

vector+TRAP1[D158N], TRAP1[T494A] were significantly different than empty vector+ TRAP1[Y498G] 

(p<0.01 and p<0.001 respectively). α-Synuclein[A53T]+ TRAP1[D158N], TRAP1[T494A] were significantly 

different than α-Synuclein[A53T]+ TRAP1[Y498G] (p<0.001 for both). Left graph ATP production normalized 

to Control= empty vector+ TRAP1; right graph, Control= α-Synuclein[A53T]+ TRAP1. n=6 for +TRAP1, n=3 

for TRAP1 mutants. 

 

Fig. IV-43. Effect of TRAP1 mutation on ATP production via Complex II ATP production in HEK293 

cells. wt TRAP1 overexpression previously shown to enhance ATP production via Complex II in both presence 

and absence of α-Synuclein[A53T]. HEK293 cells transfected with: (left panel, left to right) empty vector and 

TRAP1 (Control); empty vector and  TRAP1[D158N]; empty vector and  TRAP1[T494A]; empty vector and  

TRAP1[Y498G]; (right panel, left to right): α-Synuclein[A53T]and TRAP1 (Control); α-Synuclein[A53T] and  

TRAP1[D158N]; α-Synuclein[A53T] and  TRAP1[T494A]; α-Synuclein[A53T] and  TRAP1[Y498G]; were 

assayed for Complex II ATP production. Significant changes (1-way ANOVA) to Control observed: a: p<0.001 

vs. Control. α-Synuclein[A53T]+ [D158N] was also significantly different than α-Synuclein[A53T] + TRAP1 

[Y498G] (p<0.001). α-Synuclein[A53T]+ [T494A] was significantly different than both other mutants (p<0.05 

and p<0.001 respectively).  Left graph ATP production Control= empty vector+ TRAP1; right graph Control= α-

Synuclein[A53T]+ TRAP1. n=6 for +TRAP1 and, n=3 for TRAP1 mutants. 

in ATP production by complex II could be detected. However, similar to the situation 

observed for complex I, TRAP1[D158N] and TRAP1[T498G] displayed reduced ATP-

production by complex II if co-expressed with α-Synuclein[A53T]. An entirely different 

situation was observed if ATP-production of complex IV was analyzed (Fig. IV-44). Cells 

without α-Synuclein[A53T] expression showed significantly reduced ATP-production with all 
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TRAP1 mutant variants. Compared to wt TRAP1-expressing cells, the decrease in ATP was 

most prominent for cells expressing TRAP1[T494A]. In cells with α-Synuclein[A53T] and 

TRAP1 expression, however, only TRAP1[T494A] co-expressing cells showed significant 

reduced ATP-production compare to wt TRAP1.  

 

 

 

 

 

 

Fig. IV-44. Effect of TRAP1 mutation on ATP production via Complex IV in HEK293 cells. 

Overexpression of wt TRAP1 was previously shown not to affect Complex IV ATP production. HEK293 cells 

transfected with: (left panel, left to right) empty vector and TRAP1 (Control); empty vector and  

TRAP1[D158N]; empty vector and  TRAP1[T494A]; empty vector and  TRAP1[Y498G]; (right panel, left to 

right): α-Synuclein[A53T]and TRAP1 (Control); α-Synuclein[A53T] and  TRAP1[D158N]; α-Synuclein[A53T] 

and  TRAP1[T494A]; α-Synuclein[A53T] and  TRAP1[Y498G]; were assayed for Complex IV ATP production. 

Significant changes (1-way ANOVA) vs. Control observed: a: p<0.05 vs. Control; b: p<0.01 vs. Control; c: 

p<0.001 vs. Control. In addition, α-Synuclein[A53T] and TRAP1[T494A] was significantly different than both 

other mutants (p<0.001 for both). Left graph ATP production Control= empty vector+ TRAP1; right graph 

Control= α-Synuclein[A53T]+ TRAP1. n=6 +TRAP1, n=3 for TRAP1 mutants. 

4.3.2.15. Effect of TRAP1 mutation on mitochondrial membrane potential 

The impaired ATP production by the different complexes might suggest that TRAP1-

mutations might have an effect on the mitochondrial membrane potential. As the proton 

gradient across the inner mitochondrial membrane is used for ATP production by ATP-

synthase, alterations of the membrane potential might explain previously measured 

differences in ATP. Therefore, the mitochondrial membrane potential of the TRAP1 mutants 

was compared to that of wt TRAP1, when expressed alone or in combination with α-

Synuclein[A53T]. However, no significant  differences from wt TRAP1 were observed (Fig. 

IV-45). 
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Fig. IV-45. Measurement of mitochondrial membrane potential in HEK293 cells expressing wt TRAP1 or 

TRAP1 mutants. JC-1 measurements with TRAP1 overexpression was previously shown to be no different than 

control cells. HEK293 cells transfected with: (left panel, left to right) empty vector and TRAP1 (Control); empty 

vector and  TRAP1[D158N]; empty vector and  TRAP1[T494A]; empty vector and  TRAP1[Y498G]; (right 

panel, left to right): α-Synuclein[A53T]and TRAP1 (Control); α-Synuclein[A53T] and  TRAP1[D158N]; α-

Synuclein[A53T] and  TRAP1[T494A]; α-Synuclein[A53T] and  TRAP1[Y498G]; were assayed for 

mitochondrial membrane potential. No significant differences (1-way ANOVA) were noted. Left graph Control= 

empty vector+ TRAP1; right graph Control= α-Synuclein[A53T]+ TRAP1. n=6 for +TRAP1, n=3 for TRAP1 

mutants. 

4.3.2.16. Effect of TRAP1 mutation on total cellular ATP 

Finally, it was hypothesized that the impaired function of the different ETC complexes 

mainly observed for TRAP1[D158N] and [T494A]-expressing cells might reduce overall ATP 

level. Therefore, cells expressing the mutant TRAP1 proteins were compared for total cellular  

 

Fig. IV-46. Measurement of total cellular ATP for HEK293 cells expressing wt TRAP1 or TRAP1 

mutants. TRAP1 overexpression was previously shown to not change total cellular ATP content. HEK293 cells 

transfected with: (left panel, left to right) empty vector and TRAP1 (Control); empty vector and  

TRAP1[D158N]; empty vector and  TRAP1[T494A]; empty vector and  TRAP1[Y498G]; (right panel, left to 

right): α-Synuclein[A53T]and TRAP1 (Control); α-Synuclein[A53T] and  TRAP1[D158N]; α-Synuclein[A53T] 

and  TRAP1[T494A]; α-Synuclein[A53T] and  TRAP1[Y498G]; were assayed for total cellular ATP content. 

Significant differences (1-way ANOVA) observed: a: p<0.01 vs. empty vector+ TRAP1; b: p<0.001 vs. empty 

vector+ TRAP1[T494A]). In addition, α-Synuclein[A53T]+ [Y498G] was significantly different than both other 

mutants (p<0.01 for both). Left graph Control= empty vector+ TRAP1; right graph Control= α-

Synuclein[A53T]+ TRAP1. n=6 +TRAP1, n=3 for TRAP1 mutants. 
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ATP content vs. wt TRAP1 expressing cells (Fig. IV-46). Interestingly, there was a reduction 

in ATP content seen with TRAP1[Y498G] when expressed alone or with α-Synuclein[A53T]. 

The reason for the selective decrease in ATP under these conditions with [Y498G] is unclear, 

given that ETC complex production was not affected by this mutant. For TRAP1[D158N], the 

observed overall ATP deficit might result from the ETC Complex deficits previously noted.  

4.3.2.16. Effect of TRAP1 mutation on total mitochondrial protein 

 As observed in previous experiments, certain TRAP1 mutations seem to cause an 

alteration in Complex I ATP production. This effect might be due to differing amount of 

mitochondria within the cells rather than being caused by a functional deficit of the ETC 

complexes. Thus, cell lysates were analyzed for abundance of the mitochondrial proteins 

VDAC1 and COX4 (Fig. IV-47). No changes in VDAC1 or COX4 protein levels were 

observed in cell lysates expressing either wt TRAP1 or mutant variants TRAP1, regardless if 

there was co-expression of α-Synuclein[A53T] or not. This data thus indicates that mutant 

TRAP1 expression does not alter the overall mitochondrial content. This data therefore argues 

in favour of a functional ETC Complex deficit, rather than a ATP deficit resulting from 

amount of mitochondrial/ETC components in the cell. 
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Fig. IV-47. Mitochondrial protein VDAC1 and COX4 expression in HEK293 cells expressing TRAP1 

mutants ± α-Synuclein[A53T]. After transfection with indicated expression constructs, HEK293 lysates were 

used for Western blot analysis and probed with VDAC1 (31 kDa),  COX4(15 kDa) and ß-Actin (50 kDa protein 

loading control) specific antibodies. Top panel shows expression of actin, VDAC and COX4 for cells expressing 

TRAP1 alone and bottom panel shows expression of the same for cells expressing TRAP1 mutants and α-

Synuclein[A53T]. Top panel lanes from left to right: 1) Control (empty vector+ scramble siRNA), 2) Empty 

Vector+ TRAP1, 3) Empty Vector+ TRAP1[D158N], 4) Empty Vector+ TRAP1[T494A], 5) Empty Vector+ 

TRAP1[Y498G], 6) Empty Vector+ siTRAP1. Bottom panel lanes from left to right: 1) Control (empty vector+ 

scramble siRNA), 2) α-Synuclein[A53T] + TRAP1, 3) α-Synuclein[A53T] + TRAP1[D158N], 4) α-

Synuclein[A53T]+ TRAP1[T494A], 5) α-Synuclein[A53T]+ TRAP1[Y498G]. Representative blots after 3 

experiments shown. 
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4.3.3. Modification of α-Synuclein[A53T] Toxicity by TRAP1 in Rat Primary Cortical 

Neuron Culture  

4.3.3.1. Overexpression of TRAP1 and α-Synuclein[A53T] in primary cortical neurons  

In fly, overexpression of human TRAP1 was able to reduce α-Synuclein[A53T]-

induced sensitivity to oxidative stress and loss of DA neurons. These findings concerning 

oxidative stress sensitivity were reproduced in HEK293 human cell culture. However, as 

HEK293 cells are not terminally differentiated cells and survival differences observed might  

reflect quiescence rather than cell death mechanisms. Experiments measuring cell survival 

after oxidative stress treatment must therefore be carefully interpreted. Thus, to additionally 

confirm that overexpression of human TRAP1 is able to rescue α-Synuclein[A53T]-induced 

sensitivity to oxidative stress in a vertebrate neuron, terminally-differentiated cell model, rat 

primary neuron cultures were used for oxidative stress survival assays. Neurons are poorly 

transfected with classical transfection reagents, therefore lentiviruses were generated allowing 

efficient infection of these cells. First lentivirus-facilitated expression of TRAP1 or α-

Synuclein[A53T] after infection of cortical neurons was examined (Fig. IV-48). Western blot 

analysis of cell lysates after infection with respective viruses clearly indicate that infection of 

cortical neurons resulted in robust expression of the target protein.  

                

Fig. IV-48. Overexpression of TRAP1 and α-Synuclein[A53T] in rat primary cortical neurons. After 

infection with indicated lentiviruses, rat cortical neuron lysates were used for Western blot analysis and probed 

with TRAP1 (75 kDa),  α-Synuclein (16 kDa) and ß-Actin (50 kDa protein loading control) specific antibodies. 

Samples were collected 6 days after virus infection. Lanes left to right: 1,2) α-Synuclein[A53T] +GFP control 

virus; 3,4) α-Synuclein[A53T] +TRAP1 viruses; 5,6) GFP control virus alone and 7,8) TRAP1+ GFP control 

virus. The α-Synuclein specific antibody used in this analysis cross reacts with rat α-Synuclein, as seen by the 
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weak signal in lysates from cells without viral induced expression of human α-Synuclein[A53T]. Representative 

blot after 3 experiments. 

4.3.3.2. Confirmation of neuronal phenotype and viral infection in rat primary cortical 

culture  

Cortical neuron preparations contain not only neurons but also other cells found within 

the brain, including astrocytes, oligodendrocytes and  glia. Thus, in order to determine the 

percentage of neurons within the cultures, neuron preparations infected with a lentivirus 

resulting GFP expression were analyzed for co-localization of the neuronal marker NeuN with 

GFP signal (Fig. IV-49). More than 70% of the cells stained with the neuronal marker. 90% of 

the NeuN positive cells (neurons) also showed GFP expression, indicating a very high 

infection efficacy. Thus, specific survival of neurons can therefore be assessed using the rat 

primary cortical preparation.  

 
Fig. IV-49. Virally infected rat primary cortical culture stained for NeuN. A high percentage of cells show 

GFP expression indicating infection with lentivirus expressing α-Synuclein[A53T] and the neuronal marker 

NeuN (red). Blue= Hoechst (nuclear dye). Micrographs taken on Leica fluorescent microscope. Scale bar=43 

um.   

NeuN-Alexa 555 Lentivirus GFP 

Hoechst  Overlay  
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4.3.3.3. Rotenone treatment of primary cortical neurons 

 As seen in HEK cells, TRAP1 might also protect primary cortical neurons from α-

Synuclein[A53T] induced toxicity. In analogy to other cell types, cortical neurons did not 

displayed robust toxicity upon α-Synuclein[A53T] alone. Therefore, cultured cells were 

exposed to low doses of the mitochondrial complex I inhibitor rotenone. Compared to GFP-

virus infected cells (control), co-expression of α-Synuclein[A53T] resulted in an enhanced 

sensitivity to rotenone (Fig. IV-50). In agreement with fly and HEK293 data, coincident 

overexpression of TRAP1 was able to restore survival to control values. Interestingly, 

expression of TRAP1 alone enhanced survival beyond that of control cells, indicative of a 

protective effect of TRAP1 on neurons independent of effects on toxicity. 

 

Fig. IV-50. Survival of primary cortical neurons following rotenone treatment. Primary rat cortical neurons 

were infected with: (left to right): GFP; α-Synuclein[A53T]  and GFP; α-Synuclein[A53T]  and TRAP1 and 

TRAP1 and GFP-expressing viruses; and treated with rotenone (1 μM) for 16 hours. Significant differences (1-

way ANOVA) observed: a: p<0.001 vs. GFP; b: p<0.001 vs. α-Synuclein[A53T]+ GFP; c: p<0.05 vs. GFP). 

n=3. 
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4.3.4.   Data Summary from Investigation into TRAP1 modification of α-Synuclein[A53T] 

Toxicity  

D.melanogaster: 

 Decrease in TRAP1 enhanced α-Synuclein[A53T] toxicity in flies 

o Enhancement to: 

 Loss of brain DA  

 Sensitivity to hydrogen peroxide and paraquat 

 Loss of  climbing ability 

 Loss of TH-neurons in PPL1 and PPM1/2 cluster 

o Overexpression of human TRAP1 was able to rescue the above 

noted phenotypes except for PPL1 cluster TH neuron loss  

Human HEK293 cells: 

 α-Synuclein[A53T], TRAP1 and siTRAP1 expressed in HEK293 cells 

 α-Synuclein[A53T] fraction localized to mitochondria 

o Co-immune localization using confocal optical slicing for 

Mitotracker Orange and α-Synuclein[A53T] 

o Cell fractionation with α-Synuclein[A53T] in the mitochondrial 

enriched fraction in Western blot 

 Expression of α-Synuclein[A53T]+ siTRAP1 sensitizes cells to oxidative 

stress (treatment with hydrogen peroxide or rotenone)  

o TRAP1 overexpression provides rescue 

 Complex I ATP production is reduced in cells with α-Synuclein[A53T] 

expression 

o Combination of siTRAP1 enhances deficit 

o TRAP1 overexpression provides rescue 

o No differences observed for Complexes II, III and IV 

 Total cellular ATP content unchanged with α-Synuclein[A53T] ±TRAP1 

 Mitochondrial membrane potential (JC-1 measurement) reduced with α-

Synuclein[A53T] and siTRAP1 transfection 

 Protein-protein interaction between TRAP1 and α-Synuclein[A53T] found 

using IP 

 Oxidative stress enhances tyrosine phosphorylation of wt TRAP1, with co-

expression of α-Synuclein[A53T] enhancing of phospho-threonine, tyrosine 

and serine   

 TRAP1 [D158N] (putative ATPase dead) shows reduced rescue effect  of α-

Synuclein[A53T] –induced sensitivity to rotenone 16 hour treatment 

 TRAP1 [D158N] and phosphorylation mutant [T494A] shows less effective 

rescue of α-Synuclein[A53T] –induced Complex I defect 

 TRAP1 [D158N] and [T494A] both interfere with Complex II ATP 

production in the presence of α-Synuclein[A53T]  

 TRAP1 [T494A] reduces Complex IV activity with α-Synuclein[A53T] 

expression  

 Total cellular ATP reduced with TRAP1[Y498G] with α-Synuclein[A53T] 

expression  

 No differences in mitochondrial membrane potential observed for TRAP1 vs. 

TRAP1 mutants and α-Synuclein[A53T] 

 TRAP1[D158N] mutant data indicates limited protein-protein interaction 

with α-Synuclein[A53T] 

Rat Primary Cortical Neurons: 

 Lentiviral expression of α-Synuclein[A53T] enhances sensitivity to 

rotenone  

o Overexpression of TRAP1 rescues α-Synuclein[A53T]-induced 

sensitivity 

 Expression of TRAP1 alone reduces sensitivity 

above that of Control 
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4.4. Secondary Screen for Mitochondrial Related Genes Modifying α-

Synuclein[A53T] Toxicity 

 Single genes analysis from candidate deficiencies identified in the primary screen was 

primary performed in an unbiased way. However, as first single genes candidates were linked 

to mitochondria and their function, a cross reference with screening data from a recently 

published mitochondrial function genetic screen seemed useful. Targeting genes relating to 

the mitochondria seemed a reasonable step, given that both of the first two genes identified in 

the screen as candidates (TRAP1 and kdn) were mitochondrial-related, and at the same time, 

multiple studies linking α-Synuclein to mitochondrial function had been recently published. 

Chen et al used genome-wide RNAi in Drosophila cell culture to identify genes affecting 

mitochondrial function, as assessed by alteration to CS activity.
242

 A total of 153 hits were 

identified. The Chen et al results were then cross referenced to genes found within the lethal, 

semi-lethal, „low‟ and „high‟ deficiency categories of the HPLC screen. Twenty two genes 

identified by Chen and co-workers were located in deficiencies identified in HPLC screen to 

alter DA content in fly heads. Flies with RNAi-mediated gene silencing of these genes were 

then individually screened for alteration in brain DA content, longevity and sensitivity 

towards oxidative stress. Several other genes of noted in Chen et al screen thought to be of 

interest were also screened, although they could not be located in the above mentioned 

deficiency categories (e.g. PP1- involved in DA synaptic transmission 
243, 244

;  Suvar- 

regulator of SUMO modification and as addition, several SUMO related genes
245

). Candidates 

which indeed reduced DA compared to controls were confirmed (for full list see Appendix 

Results Table 3). Genes that showed alteration to more than one endpoint are summarized in 

Table IV-2. In total, 17 additional candidate genes were identified as altering at least one of 

the end points relating to α-Synuclein[A53T] toxicity (DA content, oxidative stress tests or 

longevity). In addition to genes connected to directly to mitochondria, multiple genes 
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involved in protein processing and degradation were identified, and thus implicated as being 

important to mitochondrial function. 

Table IV-2. Summary of Data from Secondary Screen to Identify Single Gene Modifiers of α-

Synuclein[A53T]. All using ddc> α-Synuclein[A53T] unless otherwise noted. 

Gene Loss of DA Sensitivity to Oxidative 

Stress (H2O2 or Paraquat 

Treatment) 

Longevity Alteration 

Tiny Tim 50 (CG2713) Enhanced  Increased sensitivity to 

H2O2 

Reduced 

Bellweather (CG3612) Enhanced with  both 

drivers 

Increased sensitivity to 

paraquat with elav 

 

Src42A (CG7873) Enhanced Increased sensitivity to 

H2O2 

 

CCT δ (CG8258) Enhanced Increased sensitivity to 

H2O2 with elav 

 

p70 S6k (CG10539) Enhanced Overexpression enhances 

sensitivity to H2O2, RNAi  
decreases; opposite for 

paraquat   

 

Thread (CG12284) Enhanced  Reduced 

Deflated (CG18176) Enhanced Enhanced sensitivity to 

H2O2 

Enhanced 

Barren (CG10726) Enhanced Increased sensitivity to 

H2O2 

 

Phosphoglycerate mutase 

(CG5165) 

Enhanced  Increased sensitivity to 

paraquat  
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V. Discussion.  

5.1. Brief Summary of Key Findings 

In the present study, a genetic screen in D. melanogaster was performed to identify 

new modifiers of α-Synuclein[A53T] toxicity. In the primary screen, flies expressing α-

Synuclein[A53T] in aminergic neurons were crossed with fly lines derived from the 

'Bloomington Deficiency Kit', carrying a certain chromosomal deletion. In the F1 generation, 

flies with α-Synuclein[A53T] expression and a respective deletion were analyzed with regard 

to reduction in brain DA with time. Twenty four deficiencies were identified to enhance α-

Synuclein[A53T]-induced DA loss. The deficiency resulting in the greatest loss of DA was 

selected for further investigation in order to isolate the single gene responsible for this 

phenotype. Reduced expression of the mitochondrial chaperone TRAP1 was pinpointed as 

enhancing α-Synuclein[A53T] toxicity. TRAP1 reduction in α-Synuclein[A53T]-expressing 

flies not only enhanced DA loss, but also enhanced loss of DA neurons and resulted in 

impaired locomotion. In addition to these age-dependent effects, reduction in TRAP1 

sensitized flies towards oxidative stress, an effect more pronounced when α-Synuclein[A53T] 

was co-expressed. All phenotypes could however be rescued by overexpression of human 

TRAP1.  

Cell culture experiments underlined the protective effects of TRAP1. First, in HEK293 

cells, α-Synuclein[A53T] caused a decrease in Complex I activity and when in combination 

with siTRAP1, reduced the mitochondrial membrane potential under resting conditions. In 

these cases, TRAP1 overexpression also restored the observed defects to control values. 

Analysis of mutations in TRAP1 suggested an importance of both its ATPase domain and 

phosphorylation state to its protective functions. Finally, rat primary neurons showed 

enhanced sensitivity to oxidative stress in the presence of α-Synuclein[A53T] expression, 

while coincident overexpression of TRAP1 provided a rescue effect. This data cumulatively 
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argues in favor of α- Synuclein[A53T] exerting its toxicity, at least partially, in mitochondria. 

In agreement, α-Synuclein[A53T] was found to co-localize with mitochondrial markers and a 

direct protein-protein interaction between TRAP1 and α-Synuclein[A53T] was observed in IP 

experiments.  

Thus, this study describes the mitochondrial chaperone protein TRAP1 as a novel 

modifier of α-Synuclein[A53T] toxicity in fly, human cell culture and rat primary neurons. A 

key importance of the mitochondria to both α-Synuclein toxicity and toxicity suppression are 

thereby implicated. 

5.2. Genetic Screen Results 

5.2.1. Limitations of the primary and secondary genetic screens for modifiers of 

α- Synuclein[A53T] neurotoxicity 

Before comparing results of the primary and secondary screens to previously 

published screens and data relating to α-Synuclein, several important topics must be first 

discussed in order to correctly assess the data.  

First, obvious limitations of the primary screen should be outlined. Genetic screening 

utilized an endpoint of alteration in fly brain DA, measured using HPLC. Although loss of 

brain DA is a relatively subtle end point, as it occurs on a gradient, this endpoint is of 

immediate relevance to PD pathogenesis. However, the requirement of HPLC analysis made 

this approach not practical for a genome-wide approach utilizing single gene mutations or 

single gene silencing via RNAi. Depending on the library used, such a screening approach 

would require at least 8,000 (roughly the number of all fly genes displaying a human 

homolog) crosses and subsequent DA analysis. Use of the 'Bloomington Deficiency Kit' 

limited the number of fly crosses to 270. However, the chromosomal deletions can affect 

several genes, up to more than hundred. Indeed, the total number of genes affected by 

deficiencies identified to significantly reduce DA (and thus considered for further analysis) 
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was well over 1000. The identification of the single gene, responsible for the decrease in DA, 

requires sub-screening of the genes deleted by a given deficiency.
246, 247

  

Although using deficiencies allows a genome wide analysis, not all modifiers of α-

Synuclein[A53T] induced toxicity will be identified utilizing a deficiency screen. For 

example, a deficiency could contain genes with opposing effect, with one gene acting to 

increase DA, while the other acting to decrease, with the summed effects resulting in no 

change in DA. Alternatively, multiple genes might act in the same direction could be located 

in the same loci, resulting in significant increase or decrease in DA. However, loss of the 

individual gene might not affect DA content to any noticeable effect. This limits the 

conclusions that can be drawn from any one deficiency result, before individual gene sub-

screening has been carried out. In addition, the used screening paradigm is based on the 

assumption that a 50% reduction of a given modifier is enough to render strong effects on 

DA. This of course limits false positive interactions, but on the other hand might miss 

important factors. However, despite these limitations of the chosen screening approach, the 

major advantage of the primary screen remains that the end point is one clearly related to PD 

pathogenesis. Thus, modifiers identified through this process should likely be of direct 

relevance to the age-dependent time course of α-Synuclein[A53T] toxicity.  

In order to find additional specific targets beyond TRAP1, and avoid laborious and 

impractical gene by gene HPLC screening, „low‟ results from the primary screen were cross 

referenced with data from a mitochondrial screen. That is, a hypothesis- based approach was 

utilized. Recent papers had demonstrated the mitochondria as an additional pathway for α-

Synuclein toxicity, beyond that of aggregation, ER-Golgi and vesicular dynamics. α-

Synuclein and α-Synuclein[A53T] were shown able to enter the mitochondria and entry was 

associated with derangement of function.
46, 173, 174, 180

 Thus, of interest were factors relating to 

the mitochondria, factors which might be connected to the loss of DA endpoint of the primary 
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screen. Loss of DA might be connected to mitochondrial dysfunction via two avenues. Firstly, 

neuron dysfunction may occur due to a mitochondrial precipitated energy crisis. Secondly, 

DA neuron loss might result from mitochondrial- dependent apoptosis. The importance of 

mitochondria was further suggested by both the TRAP1 outcome from the primary screen and 

the finding that the combination of citrate synthase (CS) activity and α-Synuclein[A53T] 

expression resulted in lethality. The Chen et al screen was the only screen found dealing with 

Drosophila mitochondria function and thus the genes highlighted provided a useful staging 

ground for a secondary screen.
242

 In particular, the genes in the Chen et al screen were 

identified using overall CS activity as end point for altered mitochondrial function. This 

choice of end point was rationalized on the basis that CS activity has been previously used as 

a marker indicative of oxidative capacity and has been shown to correlate mitochondrial DNA 

content in muscle.
248, 249

 Thus, the screen seemed a useful tool for generating modifiers related 

to α-Synuclein-associated mitochondrial function. Of course, the primary screen data could 

also be cross referenced with other screening data, to generate additional genes for HPLC 

screening. 

Several additional points are worth mentioning before moving onto data comparison. 

The screen utilized an aging-dependent model of α-Synuclein[A53T] toxicity, as assessed by 

loss of brain DA. This description relates three critical factors that must be considered when 

interpreting screen results in comparison to data previously published. The first being that the 

toxicity assessed was aging-dependent, and was not an effect observable during the initial 

period of overexpression.
135

 Thus, the screen is more closely applicable to the native course of 

PD pathogenesis. The second point refers to how toxicity was enhanced. An exogenous toxin 

was not applied and then assessed for alteration, but rather the native course of α-Synuclein 

toxicity was effected on the basis of a genetic alteration to the fly. This implies a direct 

genetic interaction, rather than a reaction secondary to a toxic mediator. Lastly, α-
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Synuclein[A53T] was used. Multiple papers have demonstrated that mechanism of toxicity 

may be dependent on the α-Synuclein variant.
132, 169, 250-254

 For example, a yeast screen that 

looked for α-Synuclein suppressors found that the top five identified suppressors of wt α-

Synuclein were ineffective in suppressing toxicity resulting from [A30P] or [A53T] 

Synuclein.
250

 Thus, it would not be surprising that genetic modifiers found for α-Synuclein wt 

or α-Synuclein[A30P] might be different than those generated when investigating α-

Synuclein[A53T]. All of these points are important to keep in mind when evaluating the 

results of the present screen in comparison to previously published screens involving α-

Synuclein.  

5.2.2. Comparison of candidates to previously identified α-Synuclein modifiers 

and genetic screens  

Several modifiers of α-Synuclein have been identified through hypothesis-based 

testing. In particular, the molecular chaperone protein HSP70 has been found associated with 

α-Synuclein in the LB. Overexpression of human HSP70 was reported by Auluck et al in 

2002 to reduce DA neuronal loss secondary to ddc driver expression of either wt α-Synuclein 

or Synuclein [A53T] in Drosophila.
142,

 
197

 Expression knock down of a major endogenously- 

expressed chaperone with homology to human HSPs, Hsc4, enhanced α-Synuclein-induced 

DA neuronal loss.
142

 Hsc4 is located in deficiency BL1534 (Tp(3;Y)ry506-85C), a large 

deletion containing over 300 genes. For this deficiency cross, no enhancement of DA loss was 

noted. It may be that the enhancer genes were also deleted, thus acting to normalize DA 

content. Alternatively, the loss of 50% of Hsc4 gene product using a deficiency line may not 

have been sufficient to enhance the toxicity of α-Synuclein (vs. near 100% elimination using a 

dominant-negative mutation). HSP70 was not a gene analyzed in the secondary 

mitochondrial-related screen. Worth noting however, is that deficiency BL3128 (Df(3R)M-

Kx1) contains 6 isoforms of endogenous HSP70 (all without homology to human HSPs). This 
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deficiency cross resulted in a large decrease of DA at 4 weeks (54.85%), but it did not fall 

within the „low‟ category to be further pursued. Thus, while it is possible that the native 

HSP70s also play a role in modifying toxicity of α-Synuclein, HSP70 suppression of α-

Synuclein was not re-confirmed. In addition to HSP70, two other proteins: Sirtuin2, a histone 

deacetylase with multiple cell regulatory functions, and Cu/Zn SOD, an antioxidant protein, 

have also been identified as modifiers of α-Synuclein toxicity in the fly using hypothesis-

based testing.
201

 
255

 Neither of these genes were found in deficiency crosses categorized as 

either „low‟, „high,‟ „semi-lethal‟ or „lethal.‟ As noted above, there are multiple reasons why a 

specific gene may or may not be located in a deficiency cross categorized as „low‟.  

Several genetic screens, completed in either yeast or worm, have previously searched  

for novel modifiers of α-Synuclein toxicity. Both worm screens measured the effect of RNAi 

gene knockdown on modification to wt α-Synuclein aggregation in the cytoplasm.
107, 256

 The 

yeast screens searched for modification of α-Synuclein toxicity using an end point of cell 

viability.
60, 250, 257

 Alongside several hits relating to stress response and ubiquitin-mediated 

protein degradation, the screens generated a preponderance of genes related to lipid 

metabolism and vesicle-mediated transport. Although the present screen was oriented toward 

mitochondrial function, it also highlighted several genes related to the protein degradation 

(thread, CCTδ, Uev1a, smt3, Aos1, Parkin) or autophagy (P70 S6k) as either reducing DA 

content or increasing sensitivity to oxidative stress. This emphasizes that protein degradation 

pathways are key to the pathology of both wt and mutant α-Synuclein and that aggregation 

can be linked to mitochondrial function. Importantly, as mentioned in the Introduction, the 

van Ham et al worm screen identified R151.7 as a candidate worm gene, with putative 

expression knockdown resulting in premature α-Synuclein aggregation.
107

 R151.7 is a worm 

mitochondrial chaperone, homologue to Drosophila and human TRAP1.
223

 This data acts as 

an external confirmation that TRAP1 is able to modulate the toxicity of α-Synuclein. It also 
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suggests that TRAP1‟s protective mechanism is additionally linked to alteration of cytosolic 

aggregation, an end point not examined in the present study.  

In summary, these data together suggest that mechanisms of α-Synuclein toxicity 

directly related to ER-Golgi function and lipid metabolism seem largely independent of 

mitochondrial toxicity, at least in terms of genetic modifiers to date identified. At the same 

time, given the findings of UPS-associated proteins found in all genetic screens including the 

present study, a common importance of the UPS system to α-Synuclein toxicity is implicated.  

5.2.3. Secondary mitochondrial-related screen: discussion of targets generated  

Several gene candidates identified in the mitochondrial-associated secondary screen  

are worthy of further mention. Genes directly associated with mitochondrial function were 

highlighted as modifiers: Tiny Tim 50 
258

 and bellweather. In addition, several genes involved 

in central control of energy homeostasis, that being carbohydrate metabolism (glycolysis 

enzyme phosphoglucomutase, ER carbohydrate modifier alpha man II and Krebs Cycle CS) 

also modified α-Synuclein[A53T] toxicity.  In this study, cell culture data indicated that α-

Synuclein is able to inhibit Complex I activity, although overall ATP levels remained 

unchanged. The lack of change to overall ATP suggests a hypothesis whereby other pathways 

involved in ATP production, that being glycolysis, could be upregulated to supply ATP 

sufficient to the cell‟s needs under baseline conditions. Thus, decrease in expression of genes 

associated with these pathways would interfere with such compensation. Such a hypothesis is 

supported by proteome data from α-Synuclein-expressing Drosophila. In comparison to 

younger flies, old flies show upregulation of a wide range of genes involved in energy 

homeostasis, in particular many genes of the glycolysis and Krebs Cycle such as 

phosphofructokinase, succinyl CoA synthetase and the ETC, including ATP synthase.
259-261

 

Pennington et al investigated mitochondrial proteome changes due to α-Synuclein expression 

in human SH-SY5Y cells and recorded similar results.
251

 Similarly, several genes involved in 
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carbohydrate metabolism were found to suppress α-Synuclein aggregation in the van Ham et 

al C. elegens α-Synuclein screen.
107

 Thus, cellular response to α-Synuclein involves core, 

evolutionary conserved pathways of energy homeostasis in the face of alteration to ETC 

components and efficiency.  

In addition to the earlier mentioned proteins linked to protein degradation and 

ubiquitin modification, proteins associated with SUMO (Suvar, Aos1, lwr) modification, were 

found to modify α-Synuclein toxicity.
262

 
263

 
264

 Thus, it seems possible that SUMOylation of 

α-Synuclein may have functional consequences, especially in context of response to oxidative 

stress. Further investigation seems warranted. Finally, putative p70 S6k overexpression 

reduced α-Synuclein toxicity while targeted-RNAi line usage decreased DA loss and 

sensitivity to hydrogen peroxide. p70 S6k is involved in multiple Rheb-target-of rapamycin 

(mTOR) signaling pathways, including apoptosis and autophagy.
231, 265, 266

 That opposite 

results were observed when using putative overexpressor vs. an RNAi line is strongly 

suggestive of a significant role for p70 S6k in mediating α-Synuclein toxicity. Whether that 

role is one involves in autophagy or apoptosis, or both, and what the relative contribution of 

each process is to overall cell survival in the context of α-Synuclein, remains to be 

determined.  

5.3. TRAP1 modification of α- Synuclein[A53T] toxicity in Drosophila, 

HEK293 cells and primary neurons: conclusions, limitations and 

unanswered questions  

 In this study, expression of α-Synuclein[A53T] in Drosophila resulted in aging- 

dependent phenotype of: brain DA loss, loss of TH neurons and a climbing-ability deficit. Fly 

sensitivity to exogenously applied oxidative stress was also enhanced. Loss of TRAP1 was 

shown to enhance detrimental effects of α-Synuclein[A53T], while overexpression of 

hTRAP1 rescued α-Synuclein[A53T] induced toxicity in all tested paradigms. 
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 The finding that α-Synuclein[A53T] expression in aminergic neurons (ddc-GAL4) 

causes a decline in amount of TH neurons is in agreement with previously published 

Drosophila models of PD.
135, 199, 201, 210, 267, 268

 In particular, TH neuron loss has been 

consistently reported in certain clusters or in overall TH number.
135, 142, 197, 201, 210, 222, 255

 The 

reason for the selective loss of DA neurons to PPL and DM is unclear, as little is known about 

differences in biochemistry between the Drosophila DA neurons. Differential susceptibility of 

DA neurons to death is seen in humans, and thus it is also plausible that a similar 

phenomenon could function in Drosophila. In either case, the data indicates that TRAP1 is 

able to rescue α-Synuclein-induced toxicity in the PPM cluster. For this reason, this cluster 

was chosen for full analysis.   

An additional aspect of TRAP1 function previously investigated is that of its anti-

apoptotic effects. As mentioned, in tumor cells, levels of TRAP1 are inversely correlated to 

levels of apoptosis.
104, 230, 269

 In multiple cell systems, high levels of TRAP1 appears able to 

reduce release of key factors involved in apoptosis, including Apoptosis Inducing Factor, 

Caspase-3 and Cytochrome c.
103, 105, 229, 230

 Direct mechanisms by which TRAP1 might inhibit 

apoptosis were not examined in this study. However, given that overexpression of TRAP1 in 

both HEK293 and rat primary neuron culture was able to enhance cell survival after rotenone 

treatment similar to previous studies, it can be hypothesized that similar anti-apoptotic 

mechanisms might in part be responsible for TRAP1 rescue of α-Synuclein[A53T] toxicity. 

PD-associated neuronal death has been shown to involve apoptotic cell death.
270-274

 Thus, in 

addition to effects enhancing mitochondrial health and energy production, TRAP1 

overexpression in Drosophila DA neurons most likely is directly anti-apoptotic. Staining fly 

DA neurons for markers of apoptosis would be necessary in order to substantiate this 

hypothesis. 
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 Alteration to TRAP1 expression levels also had an influence on Drosophila 

susceptibility to oxidative stress treatment in either presence/absence of α-Synuclein. 

Paraquat's toxicity results from an uncoupling of oxidative phosphorylation, as it accepts 

protons from donors such as NADPH, normally used by Complex I for ATP production.
275, 276

 

This seems to be the major point of action, as evident by the present analysis of α-

Synuclein[A53T] expression with regard to its effect on ETC in HEK cells (discussed below). 

In addition, paraquat can oxidize cytosolic Thioredoxin and activate JNK, followed by 

MAPK-mediated Caspase-3 dependent apoptosis and cell death. Thioredoxin regulates the 

stress response via redox-sensitive transcription factors and detoxification of ROS. Hydrogen 

peroxide is a more general inducer of oxidative stress, producing primarily hydroxyl free 

radicals via the Fenton reaction that can then oxidize cell proteins and damage mitochondria. 

Expression of α-Synuclein[A53T] reduced survival upon paraquat treatment vs. control, 

however not after hydrogen peroxide treatment. This suggests that the toxicity engendered by 

paraquat is more closely related to α-Synuclein[A53T]-toxic effects than hydrogen peroxide 

toxic effects. That is, presence of both α-Synuclein[A53T] and paraquat may alter the same 

mitochondrial processes such as Complex I ATP production. TRAP1 overexpression 

enhanced survival of the α-Synuclein[A53T] expressing flies under both stress paradigms. 

Reduction of endogenous TRAP1 in driver line flies reduced survival in both experiments, as 

would be expected from previous data indicating a decrease in TRAP1 to sensitize cells to 

oxidative stress.
229, 237

 However, both previous and the present in vitro studies demonstrated 

that in different human cell types, endogenous TRAP1 overexpression can decrease 

sensitivity to hypoxic ischemic and ROS stress. In addition, TRAP1 has also been shown to 

reduce Caspase-3 release.
105, 229, 237

 This reduction in sensitivity was not observed in flies 

expressing human TRAP1. The reason for this is most likely that hTRAP1 is only expressed 

in few cells/neurons (ddc-GAL4 driver) and thus can exert its protective function only in 
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these cells. The oxidative stress however is induced in all cells and thus an overall change in 

fly survival beyond control values was not observed.  

 Interesting is the case of hydrogen peroxide stress, where the greatest survival was 

found in α-Synuclein[A53T]+ TRAP1 flies. In this situation, a possible explanation is that α-

Synuclein[A53T] may take on a protective role via TRAP1 signaling. For example, if one 

accepts an assumption that TRAP1 directly binds α-Synuclein[A53T] and somehow modifies 

it to be non-toxic (as suggested by the protein-protein IP data demonstrated in this study and 

putative TRAP1 chaperone function), then a small population of α-Synuclein[A53T] might 

remain in the cell. Low concentration of α-Synuclein might then prove to be protective. This 

is suggested by data showing a similar mechanism for wt Synuclein and HSP70.
277

 Further 

investigation into a possible protective effect α-Synuclein in the fly brain is necessary to 

explain this finding.  

 The toxicity resulting from expression of α-Synuclein[A53T] in both human cell and 

rat primary neuron culture agrees with previously published data. That being, expression of α-

Synuclein can sensitize cells to oxidative stressors such as the Complex I inhibitor rotenone 

and oxidative stressor hydrogen peroxide, and can decrease Complex I activity.
46, 175-177, 278, 279

 

Of note was that the α-Synuclein[A53T]-induced reduction in viability was enhanced in 

combination with siTRAP1. Co-expression of TRAP1 on the other hand, rescued α-

Synuclein[A53T] toxicity and cell viability was restored to control levels. This data is 

therefore supportive of a role for both α-Synuclein[A53T] and TRAP1 ability to modulate 

Complex I behavior. Indeed, direct measurement of Complex I ATP production showed a 

decrease attributable to α-Synuclein[A53T] expression, that was enhanced by siTRAP1 and 

restored by TRAP1 overexpression. ATP production by the other ETC complexes (II and IV) 

was neither reduced due to α-Synuclein[A53T] expression nor did additional siTRAP1 have 

any effect. Although a clear reduction of ATP production of Complex I was observed in cells 
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with α-Synuclein[A53T] expression, total ATP levels were comparable to controls. It 

therefore might be possible that the cells expressing only α-Synuclein[A53T] are able to 

initially compensate for this reduction, most likely via enhancement of glycolysis.
280-282

 

However, cells with α-Synuclein[A53T] expression in combination with siTRAP1 exhibited a 

decrease in overall ATP levels. Interestingly, these cells also displayed a significant reduction 

in mitochondrial membrane potential with and without oxidative stress treatment. Thus, α-

Synuclein[A53T] expression with reduction of TRAP1 has a strong impact on mitochondrial 

function and seems to change the cellular energy metabolism.  

 It has been previously reported that decreased activity of oxidative phosphorylation 

reduces the mitochondrial membrane potential. Due to this drop in potential, the mitochondria 

then switch from ATP production to ATP consumption, in order to maintain the potential.
283

 

Thus, when under the additional exogenous oxidative stress, the cells can neither defend 

against stress nor maintain the potential, leading to decreased survival, as was noted for α-

Synuclein[A53T]+ siTRAP1 cells.  

 As a final note, overexpression of TRAP1 alone was able to enhance ATP production 

from Complexes I and II. This finding has not been previously reported. It suggests a direct 

role for TRAP1 in modulating ETC components and an additional reason as to why TRAP1 

overexpression is protective against oxidative stress.
105, 229, 237

 A simple explanation for the 

observed effects would be, that siTRAP1 reduces the amount of mitochondria, while TRAP1 

overexpression preserves mitochondria, eventually leading to an increase in total number. 

However, the presented analysis of mitochondrial protein abundance indicates that overall 

mitochondrial load is not altered upon α-Synuclein[A53T] expression. Similarly, siTRAP1 

and TRAP1 overexpression did not alter overall mitochondrial protein abundance, indicating 

no depletion of mitochondria under these assay conditions. Thus, a direct effect of TRAP1 in 

alerting the function of the ETC components is implicated.  
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The detrimental effects of α-Synuclein[A53T] on Complex I suggest a mitochondrial 

localization of the protein. To prove α-Synuclein[A53T] indeed can be found in mitochondria, 

fractionation experiments were performed. In these experiments, α-Synuclein[A53T] could be 

found in the mitochondrial fraction. Moreover, immunofluorescence analysis revealed a co-

localization of mitochondria with α-Synuclein[A53T]. Finally, α-Synuclein[A53T] was 

shown to co-precipitate with mitochondria-localized TRAP1. Moreover, mitochondrial 

localization of α-Synuclein has been previously demonstrated in several other experimental 

systems, including cell culture, rat and PD patient brains.
46, 175-177, 180

 In addition, a direct 

association of α-Synuclein with Complex I has been shown in PD brains and human fetal DA 

neurons.
46

 Together these data strongly suggest that at least a fraction of α-Synuclein[A53T] 

in the cell can enter mitochondria and is involved/can alter organelle function.  

The IP data indicating direct binding of α-Synuclein[A53T]-TRAP1 may relate to 

TRAP1 chaperone function, with binding acting to inhibit α-Synuclein aggregation or α-

Synuclein interaction with ETC components such as Complex I. Direct binding of TRAP1 

(also known as HSP75) is suggested by the cytosolic interactions with α-Synuclein of another 

heat shock chaperone, that being HSP70. That said, IP data is only the first step of delineating 

a protein- protein interaction. FRET for either in vitro or live cell measurements might be 

used for further investigation, although the ability of a fluorophore-labelled α-Synuclein to 

enter the mitochondria is uncertain. Moreover, direct protein- protein interaction may not be 

strictly necessary for TRAP1 to have an effect on α-Synuclein toxicity. That is, TRAP1‟s 

ability to lower ROS, preserve ATP levels, interfere with Caspase -3 activation, regulate the 

mitochondrial permeability pore and Cytochrome c release, may be the major ways in which 

it can counteract α-Synuclein-induced toxicity.
105, 236, 237, 284

 
103, 229

  

Another point to mention is that a specificity of TRAP1 effect to α-Synuclein is not a 

necessity for TRAP1 rescue. That is, while TRAP1 has been shown to act downstream of 
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PINK1 in the context of PD, it may also be a more general modifier of mitochondrial 

behavior. Its pro-survival activity may therefore be activated in the context of multiple 

mitochondrial stressors, perhaps without specificity to α-Synuclein. Confirmation of such a 

mechanism of action would however not alter the fact that it is indeed protective against α-

Synuclein toxicity. Further investigation is required to clarify the precise mechanics and 

functional implications of said interaction. However, based on the effects of both TRAP1 

knockdown and TRAP1 overexpression on α-Synuclein[A53T]  toxicity observed in both fly 

and human/rat cell culture, it would be interesting to investigate TRAP1 KO in a mouse 

model of α-Synuclein[A53T]  expression. It can be hypothesized that TRAP1 KO would 

sensitize mice to α-Synuclein[A53T] and perhaps reveal additional insights into the 

mitochondrial effects of the protein in an in vivo mammalian system.  

The previously published features of TRAP1 function relating to survival after 

oxidative stress treatment were confirmed in the cell culture data presented. However, while 

oxidative stress combined with siTRAP1 reduced survival below control, similar to previous 

studies, overexpression in HEK293 of TRAP1 did not increase cell survival above control. 

However in primary rat cortical culture, expression of TRAP1 alone enhanced survival of 

cells after rotenone treatment. The reason for this difference in efficacy is unclear. As 

mentioned, TRAP1 overexpression in a variety of cell types, including astrocytes, has been 

shown protective against oxidative stress. One could speculate that HEK293 cells are in 

general less sensitive to oxidative stress, meaning that they constitutively express proteins 

such as TRAP1 to a higher level. This is suggested by the decreased quantity of rotenone 

needed to cause cell death in cortical culture vs. HEK293. Thus, additional TRAP1 expression 

would not further enhance survival. However, in primary neuron culture, endogenous TRAP1 

expression may be lower and thus overexpression of TRAP1 provides additional protection.  
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The fact that TRAP1 is reported to have chaperone function and is here shown to co-

precipitate with α-Synuclein[A53T] suggests a scenario in which TRAP1 prevents misfolded 

α-Synuclein to exert detrimental effects in mitochondria. To analyze the TRAP1-α-Synuclein 

interaction in more detail, several TRAP1 mutants were generated. In particular, the ATPase 

domain of TRAP1 has been implicated as important for both import into the mitochondria and 

for chaperone folding.
285

 ATP hydrolysis by chaperones is generally considered to be 

important for chaperone substrate release. Indeed, ATP/ADP cycling of chaperones implies 

substrate binding. As suggested by other HSP90 proteins, there may be an additional role for 

co-chaperones in TRAP1 regulation, which may also interact via the ATPase domain.
286

 Thus, 

abolishing ATP binding should interfere with TRAP1 endogenous function and should impact 

the ATPase domain in general. On the basis of sequence to homology to mutant ATPase dead 

yeast HSP90
241

, the D158N-mutation was introduced to interfere with ATP binding domain of 

TRAP1. Of course, definitive structural analysis and biochemical proof of ATP binding 

deficit were not provided in this study and thus this provides a topic for an additional study. 

Thus, attribution to ATPase domain functional alteration as the reason for the functional 

effects of [D158N] mutation effect can only be regarded as tentative at present.  That said, the 

TRAP1[D158N] will be referred to a TRAP1 variant with an altered function of the ATPase 

domain.  

In addition, as mentioned in the Introduction, it was previously reported that TRAP1 

acts downstream of PINK1. Pridgeon et al demonstrated that the kinase PINK1 

phosphorylates TRAP1. Moreover, this phosphorylation is a prerequisite for mediation of 

PINK1's protective effects against oxidative stress and apoptosis.
103

 Thus, the presented data 

links PINK1 via TRAP1 to α-Synuclein, a connection that has not been thus far described. 

TRAP1 was also described as having constitutive serine phosphorylation, that could be 

increased upon PINK1 signaling/ hydrogen peroxide treatment of PC12 cells (other forms of 
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phosphorylation were not investigated).
103

 As the phosphorylation status of TRAP1 is thus 

implicated as important for TRAP1s protective effects, putative phosphorylation sites were 

mutated. As phosphorylation sites were not previously specified, the theoretic sites of T494 

and Y498 were mutated.
287

 

When expressed alone, [D158N] enhanced sensitivity to rotenone vs. wt TRAP1. It 

also showed a less prominent enhancement of Complex I activity vs. wt TRAP1. Similarly, 

when expressed with α-Synuclein[A53T], the [D158N] mutant showed a less efficacious 

rescue of both oxidative stress and Complex I activity. Moreover, in comparison to wt, the 

[D158N] mutant showed limited evidence of protein-protein interaction with α-

Synuclein[A53T]. The pattern of phosphorylation observed was quite different than that seen 

for wt TRAP1. wt TRAP1 showed an enhancement of serine phosphorylation only during 

oxidative stress and α-Synuclein[A53T] co-expression. This suggests that serine 

phosphorylation, whether directly due to PINK1 or other kinases, occurs specifically in the 

context of α-Synuclein or alternately, during times of pronounced stress. In contrast, the 

mutant showed heavy serine phosphorylation under both resting and oxidative stress 

conditions. Oxidative stress additionally resulted in both threonine and tyrosine 

phosphorylation. In contrast, wt TRAP1 showed only minimal threonine phosphorylation 

under both conditions. This data jointly suggests that ATPase domain mutation results in 

significant alteration to TRAP1 regulation. The lack of protein-protein interaction and the 

absence of increased serine phosphorylation in the presence of  α-Synuclein[A53T] suggests 

that the ATPase domain is key to TRAP1's interaction and functional effects in regards to  α-

Synuclein[A53T]. The Pridgeon et al paper had demonstrated that increased serine 

phosphorylation of TRAP1, downstream of PINK1, was key to its protective functions in the 

face of oxidative stress. However, although TRAP1[D158N] showed more evidence of 

phosphorylation than wt TRAP1, it was less efficacious in protecting against oxidative stress. 
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This suggests a hypothesis regarding the role of phosphorylation in regulating mutant and wt 

TRAP1 function. Upstream kinases that normally phosphorylate may function via a negative 

feedback cycle, such that following wt TRAP1 phosphorylation and its successful execution 

of downstream function, downstream mediators turn off the upstream kinases. In the case of 

the [D158N] mutant, its lack of downstream effect results in a lack of inhibition on the 

upstream kinases and thus enhanced phosphorylation of TRAP1 results, to no effect. In 

addition, the presence of threonine phosphorylation of [D158N] suggests that mutation of the 

ATPase domain changes the overall regulation of the protein, such that additional kinases 

result in aberrant and deleterious phosphorylation of the protein. Further investigation is 

necessary to either confirm or dismiss these hypotheses and to identify all of the kinases and 

upstream mediators that are involved in TRAP1 regulation, especially in the context of α-

Synuclein[A53T]. Indeed, in the presence of α-Synuclein[A53T], the [D158N] mutation 

appears to act as a dominant negative mutant in regards to Complex II activity, as Complex II 

activity had previously not been affected by α-Synuclein[A53T]. These alterations to TRAP1 

function together suggest that the ATPase domain is key to TRAP1 function, involved in both 

reaction to general oxidative stress and ETC component moderation. More data is needed to 

better clarify the [D158N] effect. Such experiments were beyond the scope of the present 

study.  

Based on Western data, TRAP1 appears to have minor constitutive threonine 

phosphorylation that was more evident in the presence of α-Synuclein[A53T] when under 

oxidative stress. Threonine phosphorylation on the [T494A] mutation was not observed. Lack 

of strong staining for threonine phosphorylation with the mutant suggests a relative paucity of 

other P-threonine sites. While the [T494A] showed a slightly greater sensitivity to oxidative 

stress than wt TRAP1, it could still rescue the α-Synuclein[A53T]-induced oxidative stress 

sensitivity. This suggests the effect of threonine phosphorylation on oxidative stress response 
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is not pronounced. However, data indicates that the T494 phosphorylation site may be 

important for moderation of both native TRAP1 and α-Synuclein[A53T] effect on the ETC 

Complexes. Expression of [T494A] alone did not enhance Complex I activity as per wt 

TRAP1 and moreover decreased Complex IV activity. Rescue of α-Synuclein-induced 

Complex I defect was not achieved with  the [T494A] mutant. Moreover, an additional 

decrease in Complex II and IV was recorded when α-Synuclein[A53T] was expressed in 

combination with [T494A]. Notably, [T494A] showed limited evidence of serine 

phosphorylation. This suggests that alteration of the T494 site additionally effects serine 

phosphorylation, which seems important to rescue of α-Synuclein-associated toxicity. 

Together this data indicates a key effect of T494 site on TRAP1-ETC interaction.  

Evidence of constitutive tyrosine phosphorylation of TRAP1 was observed, with an 

apparent increase in tyrosine phosphorylation upon α-Synuclein[A53T] expression under both 

resting and oxidative stress conditions. The effect of [Y498G] on phosphorylation is unclear, 

as a tyrosine phosphorylation band was still observed under resting conditions, but not after 

oxidative stress treatment (Fig. IV-41). A decrease in tyrosine phosphorylation during 

oxidative stress also implicates aberrant interaction of mutant TRAP1 and yet to be identified 

protein phosphatases. However, while the effect cannot be finally ascribed to a change in 

tyrosine phosphorylation, the mutation of Y498 did indeed have an effect on TRAP1 function. 

In comparison to [D158N]/[T494A], the [Y498G] mutation appeared to be silent in the 

context of interaction with ETC Complexes. However, [Y498G] reduced survival after 

oxidative stress and reduced total ATP content, in comparison to wt TRAP1 alone. This 

suggests that the T494 and Y498 sites differentially modulate TRAP1 function, with one site 

important for ETC interaction and the other involved mediating the response to oxidative 

stress and apoptosis signaling. Further investigation is require to clarify the structural effect of 

Y498 mutation. 
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Downstream targets of TRAP1, such as Cytochrome c, were not investigated for the 

mutants, but would be seem to be an interesting line of investigation. As for known upstream 

kinases, only PINK1 has been identified. Thus, it is possible that phosphorylation of T494 site 

is due to PINK1 action and thus that PINK1 function can be tied to the ETC function, but this 

remains to be confirmed. Unfortunately, only recently were additional serine phospho-sites 

defined
287

, and thus these sites, also potential downstream targets of PINK1, were not 

mutated. As the Y498 also seems to be functionally important, an upstream tyrosine kinase 

would also seem to be implicated in the TRAP1 signaling pathway. Alternatively, it may be 

that alteration of the amino acid has a functional consequence on 3D structure that also affects 

TRAP1 function. More detailed studies are needed to clarify this point. In conclusion, both 

the ATPase domain and phosphorylation modification have been implicated as key to TRAP1 

function, but both require more detailed investigation.   

5.4. Significance of TRAP1-α- Synuclein[A53T] interaction in the context of 

PD pathogenesis 

This study closely connects the mitochondrial protein TRAP1 to α-Synuclein, as 

TRAP1 reduction/overexpression has a direct impact on α-Synuclein[A53T]-induced toxicity. 

Thus, a mitochondrial-centric theory of toxicity can be hypothesized. α-Synuclein[A53T] 

overexpression causes multiple mitochondrial deficits resulting in reduction of ATP 

production. This leads to inhibition of key cell functions including ubiquitylation and 

proteasome function. At the same time, ETC deficits, such as that noted for Complex I, may 

increase generation of ROS and thereby increase the number of oxidated and misfolded 

proteins. These two effects together result in an increase in protein accumulation and 

aggregation. Decrease of TRAP1 levels further enhances this effect. It can thus be 

hypothesized that the alteration to cytosolic aggregation of α-Synuclein[A53T] noted in C. 
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elegens due to TRAP1 decrease is secondary to a loss of protection against α-

Synuclein[A53T]-induced mitochondrial deficits.
107

 

 

Fig.V-1. Schema for Understanding α- Synuclein[A53T]  Mitochondrial PD Pathology. See text for detailed 

description. MMP=mitochondrial membrane potential.  

 Similar models also exist for toxicity ensuing from mutation or deletion of PINK1 or 

Parkin. Indeed, on the basis of TRAP1 suppression of the α-Synuclein phenotype and the 

direct interaction of TRAP1 and α-Synuclein[A53T] described in this study, α-

Synuclein[A53T] can be placed within the PINK1 pathway (see Fig.V-1). In the PD brain, as 

a result of an unknown oxidative stress trigger/DA oxidative environment, α-Synuclein can 

begin to form oligomeric structures within the cytoplasm, that cause damage to internal 

organelles and that additionally move into the mitochondria. α-Synuclein entry into 

mitochondria may have toxic effects, but key is a direct or downstream interaction with 

Mitochondria 

DA oxidative 
environment 

Environmental 
oxidative stress 

PD mutation Protein 
overexpression 

Cytosolic 
Acidification/other 
trigger 

α-Syn  Oligomerization 
aggregation 

α-Syn   

Complex I 

Inhibition 

ATP Production 

DA release, 
Synaptic 
dysfunction 
 

ROS 

Enhancement 

Decreased MMP 

Sensitivity to 
apoptosis 

Cytochrome 
C release 

TRAP1 

Apoptosis 

Proteasome 
Dysfunction 

Parkin,
* 

ER-Golgi Dysfunction 

Downstream 
Effects 

PINK1 

TRAP1 rescue 
effect  

DJ-1 



DISCUSSION  
 

122 
 

Complex I, resulting in its decreased activity. Complex I deficit can reduce mitochondrial 

membrane potential and ATP levels, and eventually increases ROS production. This results in 

additional functional changes, including a decrease in DA release
288

, increased sensitivity to 

apoptosis and Cytochrome c release. In sum, cell organelles and proteins may be further 

damaged, aggravating α-Synuclein[A53T] entry into the mitochondria and aggregation within 

the cytosol. A positive feedback cycle ensues and neuron death is the end result. TRAP1, 

acting downstream of both PINK1 and perhaps other, as yet undetermined signaling 

molecules, counteracts the key toxic effect of α-Synuclein[A53T], that being Complex I 

inhibition. In addition, it can inhibit downstream effects of ROS formation and Cytochrome  c 

release, by as yet undetermined mechanisms. While there are still many unknowns, an 

additional linkage between the genes involved in PD adds an additional layer of 

understanding to PD pathogenesis. Such knowledge moves the field closer to a better 

identification of molecular targets able to halt disease progression and thus identify worthy 

clinical targets.  
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A1. Appendix Methods. 

Fig. A1-1. Protein sequencing alignment data generated using ClustalW showing conserved aspartic acid 

in HSP90 proteins and in human TRAP1 ATPase domain, position [D158N]. http://www.e 

bi.ac.uk/Tools/clustalw2/index.html    

 
Fig. A1-2. Protein sequencing alignment data generated using ClustalW showing conserved aspartic acid 

at position [D158N] in human TRAP1. http://www.ebi.ac.uk/Tools/clustalw2/index.html 
 

 

http://www.ebi.ac.uk/Tools/clustalw2/index.html
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Fig. A1-3. TRAP1 domain data and putative phosphorylation sites based on sequence data. Data from 

http://www.phosphosite.org/proteinAction.do?id=4177&showAllSites=false. At the time of mutagenesis design, 

only T494 and Y498 sites were described and therefore experimentally targeted. TRAP1 also known as HSP75.

 
 

 

Fig. A1-4. MAPK knockdown in HEK293 following siRNA treatment: confirmation using real time PCR. 

MAPK expression was compared to β-actin expression. Both 5 nM and 15nM siRNA concentrations were 

effective in reducing MAPK1(*, p<0.001 vs. Controls). Treatment with negative siRNA (scrambled sequence) 

did not alter MAPK expression (p=ns vs. Untransfected control).  

 

 

 

http://www.phosphosite.org/proteinAction.do?id=4177&showAllSites=false


APPENDIX METHODS  
 

125 
 

 

Validation of siRNA delivery: MAPK knockdown at protein level 

 

 

 

Fig A1-5. MAPK knockdown in HEK293 following siRNA treatment: confirmation using Western 

blotting. MAPK samples: 1) 20 nM siRNA 2) 15 nM siRNA 3) 5 nM siRNA 4)1 nM siRNA 5) Scramble 

siRNA 6) Untreated. Expression compared to reference protein expression, δ-Tubulin. 
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A2. Appendix Results. 

Table 1. Head DA Measurements from Primary Screen. **= „high‟ DA; *= „low‟ DA; SL= semi lethal, no 

HPLC data collected; L=lethal, no HPLC data collected. High and low values are means of 2 measurements, all 

other values single measurements.  

Cross BL Stock Symbol Deleted segment 

Head DA (4 

week as % 1 

week 

1 1329  Df(1)BA1 1A1;2A 116** 

2 1546  Df(1)sc-J4 1B2-14;3A3 73.23 

3 936  Df(1)64c18 2E1-2;3C2 SL 

4 935  Df(1)JC19 2F6;3C5 SL 

5 729  Df(1)N-8 3C2-3;3E3-4 SL 

6 939  Df(1)dm75e19 3C11;3E4 SL 

7 940  Df(1)A113 3D6-E1;4F5 65.81 

8 944  Df(1)JC70 4C15-16;5A1-2 74.37 

9 945  Df(1)C149 5A8-9;5C5-6 74.15 

10 946  Df(1)N73 5C2;5D5-6 SL 

11 5281  Df(1)dx81 5C3-10;6C3-12 L 

12 9625  Df(1)ED6878 6C12;6D8 81.20 

13 3196  Df(1)Sxl-bt 6E2;7A6 176** 

14 948  Df(1)ct-J4 7A2-3;7C1 26.82* 

15 3221  Df(1)ct4b1 7B2-4;7C3-4 90.10 

16 949  Df(1)C128 7D1;7D5-6 89.20 

17 950  Df(1)RA2 7D10;8A4-5 75.62 

18 951  Df(1)KA14 7F1-2;8C6 70.25 

19 3651  Df(1)lz-90b24 8B5-6;8D8-9 87.73 

20 952  Df(1)C52 8E;9C-D 138.52** 

21 954  Df(1)v-L15 9B1-2;10A1-2 87.17 

22 3560  Df(1)v-N48 9F;10C3-5 70.02 

23 959  Df(1)HA85 10C1-2;11A1-2 53.60 

24 962  Df(1)N105 10F7;11D1 107.59** 

25 967  Df(1)C246 11D-E;12A1-2 81.70 

26 727  Df(1)g 12A3-10;12E9 SL 

27 998  Df(1)RK2 12D2-E1;13A2-5 80.12 

28 1039  Df(1)RK4 12F5-6;13A9-B1 105.78** 

29 7339  In(1)AC2[L]AB[R] 

9D5-E1;9E7-8 + 13B5 

6;13E1-2 59.97 

30 3347  Df(1)sd72b 13F1;14B1 113.74** 

31 2099  Df(1)XR38 14A;15D 85.73 

32 9905  Df(1)ED7364 14A8;14C6 60.45 

33 125  Df(1)4b18 14B8;14C1 47.44* 

34 3217  Tp(1;2)r[+]75c 14B13;15A9 51.75 

35 5272  Df(1)r-D1 14C5-6;15B1 67.89 

36 4741  Df(1)B25 15D3;16A4-6 110.36** 

37 4953  Df(1)BK10 16A2;16C7-10 L 

38 6217  Df(1)RR79 16C;16F SL 

39 970  Df(1)N19 17A1;18A2 63.38 

40 7754 Df(1)Exel6291 18A2;18A2 68.33 

41 971  Df(1)JA27 18A5;18D 72.73 

42 7721  Df(1)Exel6253 18D13;18F2 98.62 

43 972  Df(1)HF396 18E1-2;20 64.94 
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44 977  Df(1)DCB1-35b 19F1-2;20E-F 71.23 

45 3714  Df(1)A209 20A;20F 82.49 

46 3638  Df(2L)net-PMF 21A1;21B7-8 131.30** 

47 8672  Df(2L)BSC106 21B7;21C2 114.21** 

48 6283  Df(2L)BSC4 21B7-C1;21C2-3 87.67 

49 6608  Df(2L)BSC16 21C3-4;21C6-8 59.30 

50 3084  Df(2L)ast2 21D1-2;22B23 47.06* 

51 3133  Df(2L)dp-79b 22A2-3;22D5-E1 180.85** 

52 7144  Df(2L)BSC37 22D2-3;22F1-2 66.97 

53 6648  Df(2L)dpp[d14] 22E4-F2;22F3-23A1 62.71 

54 90  Df(2L)C144 22F4-23A1;23C2-4 53.94 

55 1567  Df(2L)JS17 23C1-2;23E1-2 69.56 

56 6875  Df(2L)BSC28 23C5-D1;23E2 65.44 

57 6965  Df(2L)BSC31 23E5;23F4-5 83.95 

58 6507  Df(2L)drm-P2 23F3-4;24A1-2 88.92 

59 5330  Df(2L)ed1 24A2;24D4 77.50 

60 693  Df(2L)sc19-8 24C2-8;25C8-9 198.92** 

61 9270  Df(2L)ED250 24F4;25A7 97.62 

62 8835  Df(2L)BSC110 25C1;25C4 79.38 

63 8674  Df(2L)BSC109 25C4;25C8 59.82 

64 7497  Df(2L)Exel6011 25C8;25D5 L 

65 781  Df(2L)cl-h3 25D2-4;26B2-5 98.91 

66 490  Df(2L)E110 25F3-26A1;26D3-11 205.68** 

67 6299  Df(2L)BSC5 26B1-2;26D1-2 74.35 

68 6338  Df(2L)BSC6 26D3-E1;26F4-7 56.21 

69 6374  Df(2L)BSC7 26D10-E1;27C1 90.16 

70 2414  Df(2L)spd[j2] 27C1-2;28A 47.48* 

71 5420  Df(2L)Dwee1-W05 27C2-3;27C4-5 55.18 

72 4956  Df(2L)XE-3801 27E2;28D1 65.00 

73 7147  Df(2L)BSC41 28A4-B1;28D3-9 97.69 

74 9502  Df(2L)BSC142 28C3;28D3 82.65 

75 140  Df(2L)Trf-C6R31 28DE;28DE 71.00 

76 179  Df(2L)TE29Aa-11 28E4-7;29B2-C1 130.19** 

77 8836  Df(2L)BSC111 28F5;29B1 128.33** 

78 9298  Df(2L)ED611 29B4;29C3 180.83** 

79 2892  Df(2L)N22-14 29C1-2;30C8-9 81.97 

80 6478  Df(2L)BSC17 30C3-5;30F1 83.15 

81 1045  Df(2L)Mdh 30D-30F;31F 29.62* 

82 8469  Df(2L)BSC50 30F5;31B1 92.26 

83 3366  Df(2L)J2 31B;32A 69.70 

84 9503  Df(2L)BSC143 31B1;31D9 105.86** 

85 7142  Df(2L)BSC32 32A1-2;32C5-D1 31.34* 

86 9505  Df(2L)BSC145 32C1;32C1 90.45 

87 7143  Df(2L)BSC36 32D1;32D4-E1 98.14 

88 5869  Df(2L)FCK-20 32D1;32F1-3 70.13 

89 3079  Df(2L)Prl 32F1-3;33F1-2 71.73 

90 6999  Df(2L)BSC30 34A3;34B7-9 97.30 

91 9594  Df(2L)BSC159 34B4;34C4 109.79** 

92 3138  Df(2L)b87e25 34B12-C1;35B10-C1 102.12** 

93 9506  Df(2L)BSC147 34C1;34C6 27.51* 

94 3588  Df(2L)TE35BC-24 35B4-6;35F1-7 84.37 

95 1491  Df(2L)r10 35D1;36A6-7 109.20** 
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96 2583  Df(2L)cact-255rv64 35F-36A;36D 145.29** 

97 420  Df(2L)TW137 36C2-4;37B9-C1 104.59** 

98 567  Df(2L)pr-A16 37B2-12;38D2-5 95.69 

99 167  Df(2L)TW161 38A6-B1;40A4-B1 79.06 

100 7531  Df(2L)Exel6049 40A5;40D3 59.39 

101 9510  Df(2L)BSC151 40A5;40E5 121.48** 

102 4959  Df(2L)C' h35;h38L 97.30 

103 749  In(2R)bw[VDe2L]Cy[R] h42-h43;42A2-3 122.02** 

104 739  Df(2R)M41A4 41A;41A 69.11 

105 1007  Df(2R)nap9 42A1-2;42E6-F1 19.81* 

106 1888  Df(2R)ST1 42B3-5;43E15-18 57.62 

107 3368  Df(2R)cn9 42E;44C 54.78 

108 198  Df(2R)H3C1 43F;44D3-8 103.78** 

109 201  Df(2R)H3E1 44D1-4;44F12 49.94* 

110 3591  Df(2R)Np5 44F10;45D9-E1 76.92 

111 4966  Df(2R)w45-30n 45A6-7;45E2-3 47.2* 

112 6917  Df(2R)BSC29 45D3-4;45F2-6 60.41 

113 9410  Df(2R)BSC132 45F6;46B4 50.18 

114 1743  Df(2R)B5 46A;46C 50.47 

115 1702  Df(2R)X1 46C;47A1 85.22 

116 190  Df(2R)en-A 47D3;48B2 100.00 

117 1145  Df(2R)en30 48A3-4;48C6-8 88.98 

118 7145  Df(2R)BSC39 48C5-D1;48D5-E1 57.56 

119 4960  Df(2R)CB21 48E;49A 88.54 

120 7146  Df(2R)BSC40 48E1-2;48E2-10 86.52 

121 5879  Df(2R)BSC3 48E12-F4;49A11-B6 85.45 

122 754  Df(2R)vg-C 49A4-13;49E7-F1 134.41** 

123 442  Df(2R)CX1 49C1-4;50C23-D2 54.42 

124 6516  Df(2R)BSC18 50D1;50D2-7 60.49 

125 7875  Df(2R)Exel7130 50D4;50E4 95.84 

126 9496  Df(2R)BSC134 50E1;50E6 95.86 

127 7876  Df(2R)Exel7131 50E4;50F6 85.76 

128 6455  Df(2R)BSC11 50E6-F1;51E2-4 61.57 

129 3518  Df(2R)Jp1 51D3-8;52F5-9 56.04 

130 3520  Df(2R)Jp8 52F5-9;52F10-53A1 108.50** 

131 7445  Df(2R)BSC49 53D9-E1;54B5-10 54.56 

132 7414  Df(2R)BSC44 54B1-2;54B7-10 59.78 

133 9596  Df(2R)BSC161 54B2;54B17 21.48* 

134 5574  Df(2R)k10408 54B16;54B16 66.44 

135 5680  Df(2R)robl-c 54B17-C4;54C1-4 54.56 

136 7441  Df(2R)BSC45 54C8-D1;54E2-7 46.81* 

137 6779  Df(2R)14H10Y-53 54D1-2;54E5-7 125** 

138 6780  Df(2R)14H10W-35 54E5-7;55B5-7 87.61 

139 1547  Df(2R)PC4 55A;55F 51.16 

140 757  Df(2R)P34 55E2-4;56C1-11 49.94* 

141 6866  Df(2R)BSC26 56C4;56D6-10 83.30 

142 6647  Df(2R)BSC22 56D7-E3;56F9-12 92.78 

143 3467  Df(2R)AA21 56F9-17;57D11-12 73.05 

144 7896  Df(2R)Exel7162 56F11;56F16 93.58 

145 6609  Df(2R)BSC19 56F12-14;57A4 64.89 

146 5246  Df(2R)Egfr5 57D2-8;58D1 80.97 
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147 282  Df(2R)X58-12 58D1-2;59A 126.3** 

148 3909  Df(2R)59AD 59A1-3;59D1-4 41.00* 

149 7273  Df(2R)vir130 59B;59D8-E1 39.85* 

150 1682  Df(2R)or-BR6 59D5-10;60B3-8 65.22 

151 9691  Df(2R)BSC155 60B8;60C4 52.43 

152 2604  Df(2R)Px2 60C5-6;60D9-10 80.41 

153 9069  Df(2R)ED4065 60C8;60E8 78.79 

154 2471  Df(2R)M60E 60E2-3;60E11-12 61.70 

155 4961  Df(2R)Kr10 60F1;60F5 67.92 

156 2577  Df(3L)emc-E12 61A;61D3 75.24 

157 439  Df(3L)Ar14-8 61C5-8;62A8 94.34 

158 7566  Df(3L)Exel6087 62A2;62A6 94.96 

159 600  Df(3L)Aprt-1 62A10-B1;62D2-5 52.25 

160 9693  Df(3L)BSC181 62A11;62B7 85.20 

161 2400  Df(3L)R-G7 62B4-7;62D5-E5 61.61 

162 6755  Df(3L)BSC23 62E8;63B5-6 83.21 

163 3650  Df(3L)M21 62F;63D 83.58 

164 3649  Df(3L)HR119 63C2;63F7 40.70 

165 463  Df(3L)GN34 63E6-9;64A8-9 91.76 

166 3686  Df(3L)GN24 63F6-7;64C13-15 50.24 

167 3096  Df(3L)ZN47 64C;65C 40.69* 

168 4393  Df(3L)XDI98 65A2;65E1 24.71* 

169 6867  Df(3L)BSC27 65D4-5;65E4-6 60.71 

170 6964  Df(3L)BSC33 65E10-F1;65F2-6 41.51* 

171 1420  Df(3L)pbl-X1 65F3;66B10 107.10** 

172 5877  Df(3L)ZP1 66A17-20;66C1-5 61.26 

173 1541  Df(3L)66C-G28 66B8-9;66C9-10 50.24 

174 6460  Df(3L)BSC13 66B12-C1;66D2-4 69.25 

175 3024  Df(3L)h-i22 66D10-11;66E1-2 L 

176 4500  Df(3L)Scf-R6 66E1-6;66F1-6 104.84** 

177 7079  Df(3L)BSC35 66F1-2;67B2-3 106.4** 

178 997  Df(3L)AC1 67A2;67D11-13 SL 

179 6471  Df(3L)BSC14 67E3-7;68A2-6 191** 

180 2611  Df(3L)vin5 68A2-3;69A1-3 88.13 

181 2612  Df(3L)vin7 68C8-11;69B4-5 26.11* 

182 5492  Df(3L)eyg[C1] 69A4-5;69D4-6 57.50 

183 6456  Df(3L)BSC10 69D4-5;69F5-7 64.96 

184 6457  Df(3L)BSC12 69F6-70A1;70A1-2 84.57 

185 4366  In(3LR)C190[L]Ubx[42TR] 70A1-2;70C3-4 66.04 

186 3124  Df(3L)fz-GF3b 70C1-2;70D4-5 144.89** 

187 3126  Df(3L)fz-M21 70D2-3;71E4-5 74.66 

188 6551  Df(3L)XG5 71C2-3;72B1-C1 96.84 

189 3640  Df(3L)brm11 71F1-4;72D1-10 77.29 

190 2993  Df(3L)st-f13 72C1-D1;73A3-4 100.52** 

191 2998  Df(3L)81k19 73A3;74F 67.16 

192 6411  Df(3L)BSC8 74D3-75A1;75B2-5 79.73 

193 2608  Df(3L)W10 75A6-7;75C1-2 97.35 

194 2990  Df(3L)Cat 75B8;75F1 87.51 

195 8082  Df(3L)ED4782 75F2;76A1 50.53 

196 6754  Df(3L)fz2 75F10-11;76A1-5 97.36 

197 6646  Df(3L)BSC20 76A7-B1;76B4-5 84.23 
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198 3617  Df(3L)kto2 76B1-2;76D5 158.03** 

199 5126  Df(3L)XS533 76B4;77B 53.28 

200 2052  Df(3L)rdgC-co2 77A1;77D1 91.55 

201 3127  Df(3L)ri-79c 77B-C;77F-78A 105.56** 

202 5878  Df(3L)ri-XT1 77E2-4;78A2-4 58.66 

203 4429  Df(3L)ME107 77F3;78C8-9 86.30 

204 4430  Df(3L)Pc-2q 78C5-6;78E3-79A1 65.80 

205 8101  Df(3L)ED4978 78D5;79A2 98.01 

206 9700  Df(3L)BSC223 79A3;79B3 80.24 

207 23149  Df(3L)BSC249 79B2;79D1 65.08 

208 4506  Df(3L)Ten-m-AL29 79C1-3;79E3-8 83.41 

209 5951  Df(3L)HD1 79D3-E1;79F3-6 69.31 

210 6649  Df(3L)BSC21 79E5-F1;80A2-3 67.77 

211 1518  Df(3R)ME15 81F3-6;82F5-7 84.26 

212 4787  Df(3R)3-4 82F3-4;82F10-11 76.56 

213 5694  Df(3R)e1025-14 82F8-10;83A1-3 90.12 

214 7623  Df(3R)Exel6144 83A6;83B6 93.38 

215 8103  Df(3R)ED5177 83B4;83B6 68.47 

216 7443  Df(3R)BSC47 83B7-C1;83C6-D1 76.81 

217 1990  Df(3R)Tpl10 83C1-2;84B1-2 90.87 

218 2393  Df(3R)WIN11 83E1-2;84A5 77.78 

219 1884  Df(3R)Scr 84A1-2;84B1-2 29.55* 

220 1842  Df(3R)Antp17 84A5;84D9 70.67 

221 1968  Df(3R)p712 84D4-6;85B6 86.48 

222 1962  Df(3R)p-XT103 85A2;85C1-2 46.60* 

223 6756  Df(3R)BSC24 85C4-9;85D12-14 87.23 

224 1931  Df(3R)by10 85D8-12;85E7-F1 45.14* 

225 7080  Df(3R)BSC38 85F1-2;86C7-8 71.91 

226 3128  Df(3R)M-Kx1 86C1;87B1-5 54.85 

227 3003  Df(3R)T-32 86E2-4;87C6-7 65.89 

228 3007  Df(3R)ry615 87B11-13;87E8-11 90.56 

229 1534  Tp(3;Y)ry506-85C 87D1-2;88E5-6 75.70 

230 383  Df(3R)ea 88E7-13;89A1 70.57 

231 756  Df(3R)sbd105 88F9-89A1;89B9-10 85.10 

232 1920  Df(3R)sbd104 89B5;89C2-7 52.87 

233 1467  Df(3R)P115 89B7-8;89E7 182.22** 

234 4431  Df(3R)DG2 89E1-F4;91B1-B2 111.99** 

235 3011  Df(3R)Cha7 90F1-F4;91F5 92.33 

236 3012  Df(3R)Dl-BX12 91F1-2;92D3-6 122.15** 

237 4962  Df(3R)H-B79 92B3;92F13 145.61** 

238 7413  Df(3R)BSC43 92F7-93A1;93B3-6 67.90 

239 2425  Df(3R)e-N19 93B;94 76.45 

240 3340  Df(3R)e-R1 93B6-7;93D2 L 

241 2586  Df(3R)23D1 94A3-4;94D1-4 77.56 

242 8491  Df(3R)BSC55 94D2-10;94E1-6 56.48 

243 8583  Df(3R)BSC56 94E1-2;94F1-2 78.45 

244 7990  Df(3R)Exel9012 94E9;94E13 126** 

245 9497  Df(3R)BSC137 94F1;95A4 48.79* 

246 7674  Df(3R)Exel6195 95A4;95B1 74.66 

247 4940  Df(3R)mbc-30 95A5-7;95C10-11 117.64** 

248 2585  Df(3R)mbc-R1 95A5-7;95D6-11 133.74** 

249 7992  Df(3R)Exel9014 95B1;95D1 95.60 
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250 7675  Df(3R)Exel6196 95C12;95D8 108.21** 

251 4432  Df(3R)crb-F89-4 95D7-D11;95F15 44.54 

252 7676  Df(3R)Exel6197 95D8;95E1 135.12** 

253 2363  Df(3R)crb87-5 95F7;96A17-18 65.89 

254 3468  Df(3R)slo8 96A2-7;96D2-4 88.61 

255 7681  Df(3R)Exel6202 96D1;96D1 173.8** 

256 7682  Df(3R)Exel6203 96E2;96E6 141.1** 

257 9500  Df(3R)BSC140 96F1;96F10 96.31 

258 5601  Df(3R)Espl3 96F1;97B1 61.64 

259 1910  Df(3R)Tl-P 97A;98A1-2 49.14 

260 823  Df(3R)D605 97E3;98A5 80.34 

261 9529  Df(3R)IR16 97F1-2;98A 172.1** 

262 7412  Df(3R)BSC42 98B1-2;98B3-5 118.53** 

263 430  Df(3R)3450 98E3;99A6-8 143.77** 

264 669  Df(3R)Dr-rv1 99A1-2;99B6-11 134.41** 

265 3547  Df(3R)L127 99B5-6;99F1 91.08 

266 3546  Df(3R)B81 99D3;3Rt 77.99 

267 1785  C(4)RM 101F1;102F8 33.43* 

268 8067  Df(4)ED6366 102A1;102A6 SL 

269 7084  Df(4)O2 102C02;102D02 96.43 

270 759  Df(4)G 102E2-7;102E-F2 118.11** 

 

Total Crosses resulting in Lethality= 5 (1.82%) 

Total Crosses resulting in Semi-lethality= 9 (3.33%) 

Total Crosses in Low Category (less than 50%) = 23 (8.5%) 

Total Crosses in High Category (greater than 100%) = 52 (19.25%)  

 

 

Table A2-2. Breeding Crosses to Investigate Deficiency X ddc> α-Synuclein[A53T] Lethality.  

GENE 

LOCATION 

GENE 

NUMBER/ 

NAME 

CG 

NUMBER 

Vienna 

RNAi 

BL 

Stock  Lethal? 

Lethal cross: deficiency BL 5281. 5C3-10;6C3-12 

Identified lethal: kdn (BL 14436) 

5C2-5C3 CG15765 CG15765 

 

18597 

 5C3-5C3 CG11462 CG11462 

   5C3-5C3 CG12729 CG12729 

   5C5-5C5 CG15764 CG15764 

   5C5-5C5 CG3033 CG3033 7086 

  5C5-5C5 mof CG3025 

   5C5-5C6 CG3016 CG3016 7090 

  5C6-5C6 CG16721 CG16721 

   5C7-5C7 Act5C CG4027 7139 

  5C7-5C7 CG4020 CG4020 

 

17170 

 5C7-5C7 CG12236 CG12236 

   5C7-5C7 CG3011 CG3011 19208 

  5C7-5C10 CG3726 CG3726 

 

19187 

 5C10-5C10 CG12728 CG12728 

   5C10-5C10 CG32756 CG32756 

   

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4834
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5C10-5C10 CG6041 CG6041 

   5C10-5C10 CG32755 CG32755 

   5C10-5C10 CG6048 CG6048 

   5D1-5D1 CG6067 CG6067 

   5D1-5D1 fs(1)M3 CG4790 

   5D1-5D1 Grip CG14447 

 

11239 

 5D1-5D1 CG5966 CG5966 13164 

  5D1-5D2 CG4766 CG4766 

   5D2-5D2 mab-21 CG4746 

 

18541 

 5D2-5D2 rux CG4336 

 

17867 

 5D2-5D2 CG5941 CG5941 

   5D2-5D3 CG5937 CG5937 

   5D3-5D3 CG5921 CG5921 37875 

  5D3-5D3 CG5928 CG5928 

   5D3-5D3 Tsp5D CG4690 45740 10093 

 5D3-5D3 CG4666 CG4666 36293 12674 

 5D4-5D4 CG4660 CG4660 

   5D4-5D4 Mipp2 CG4317 14163 14247 

 5D4-5D4 raptor CG4320 13112 

  5D4-5D5 Nep1 CG5905 7108 15146 

 5D5-5D6 Ca-alpha1T CG15899 

 

19179 

 5D8-5D8 CG32750 CG32750 

   5D8-5D8 CG32751 CG32751 

   5E1-5E1 vanin-like CG32754 50591 

  5E1-5E1 CG3599 CG3599 16665 

  5E1-5E1 CG3774 CG3774 30238 

  5E1-5E1 sqh CG3595 7916 

  5E1-5E1 CG14446 CG14446 10274 

  5E1-5E1 CG14445 CG14445 

   5E1-5E3 CG3585 CG3585 

   5E3-5E3 Spx CG3595 

   5E3-5E4 Lag1 CG3576 

 

13138 

 5E3-5E3 CG3781 CG3781 7113 

  5E4-5E4 Spt6 CG3780 40471 

  5E4-5E4 CG3566 CG3566 

   5E4-5E4 Ubi-p5E CG32744 

 

11854 

 5E4-5E4 CR32745 CR32745 

   5E5-5E5 CR11700 CR11700 

   5E5-5E5 Top3beta CG3458 30627 17226 

 5E5-5E5 wuho CG15897 41618 

  5E5-5E5 Rpt4 CG3455 49574 12131 

 5E5-5E6 CG15896 CG15896 

   5E6-5E6 CG15892 CG15892 

   5E6-5E6 CG15891 CG15891 

   5E6-5E7 CG3815 CG3815 

   

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4999
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4450
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=5194
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5E7-5E7 CG12219 CG12219 

   5E7-5E8 CG3823 CG3823 

   5F1-5F1 CG15894 CG15894 

 

18304 

 5F2-5F2 CG3842 CG3842 7117 19166 

 5F2-5F2 CG3847 CG3847 

   5F2-5F2 CG3446 CG3446 42696 

  

5F2-5F4 kdn CG3861 

26301 (SL 

with elav, no 

effect on 

viability with 

ddc) 14436 lethal 

5F4-5F4 swa CR32747 

 

18431 

 5F4-5F4 Marf CG3429 

   5F4-5F4 PpV CG12217 31690 

  5F5-5F5 CG33664 CG33664 

   5F6-5F6 CG33669 CG33669 

   6A1-6A1 CG33668 CG33668 

   6A2-6A2 CG3367 CG3367 

 

18325 

 6A2-6A2 CG33667 CG33667 

   6A2-6A2 CG33666 CG33666 

   6A2-6A2 CG33665 CG33665 51606 

  6A3-6A3 CG12543 CG12543 

   

6B1-6B1 

tRNA:CR32748-

RA 

    6B1-6B1 tRNA:CR32748 

    6B1-6B1 CG3918 CG3918 

 

19185 

 6B1-6B1 CG3342 CG3342 

 

18549 

 6B1-6B1 Spat CG3926 

   6B1-6B1 RpL7A CG3314 43760 18043 

 

6B1-6B1 

snoRNA:Or-

CD10-RA 

    

6B1-6B1 

snoRNA:Or-

CD10 

    6B1-6B2 dx CG3929 7795 

  6B2-6B3 CG34417 CG34417 

 

13234 

 6C1-6C1 CG17717 CG17717 

   6C1-6C1 Pat1 CG10695 27307 18059 

 6C1-6C1 APC7 CG14444 17261 15885 

 6C1-6C3 CG3973 CG3973 34772 12446 

 6C2-6C2 CG14443 CG14443 

   6C3-6C3 CG3226 CG3226 47034 

  6C3-6C3 l(1)G0148 CG32742 

   6C3-6C4 CG3224 CG3224 29561 11243 

 6C4-6C4 Ctr1A CG3977 46757 11243 

 6C4-6C4 CG3198 CG3198 

 

15397 

 6C4-6C5 Mcm6 CG4039 13661 

  6C5-6C5 CG3192 CG3192 30413 

  

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4379
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6C5-6C5 l(1)G0255 CG4094 34797 

  6C5-6C5 CG4095 CG4095 47685 

  6C6-6C6 Pink1 CG4523 21860 

 

 

6C6-6C6 CG3184 CG3184 25880 

  6C6-6C7 CG14442 CG14442 

 

18974 

 6C7-6C7 CG32741 CG32741 

   6C7-6C7 CG14440 CG14440 44474 12468 

 6C9-6C9 CG14441 CG14441 

 

19335 

 6C9-6C10 CG3168 CG3168 48010 12731 

 6C10-6C10 RpL17 CG3203 41778 10994 

 

6C10-6C10 

snoRNA:Psi28S

-3436b 

    6C10-6C10 snoRNA:Psi28S-3436b-RA 

   6C10-6C10 snoRNA:Psi28S-3436a-RA 

   

6C10-6C10 

snoRNA:Psi28S

-3436a 

    6C10-6C10 snoRNA:Psi28S-1060-RA 

   

6C10-6C10 

snoRNA:Psi28S

-1060 

    

6C10-6C10 

snoRNA:Psi28S

-1232 

    6C10-6C10 snoRNA:Psi28S-1232-RA 

   6C10-6C10 tRNA:CR32740 

    

6C10-6C10 

tRNA:CR32740-

RA 

    6C11-6C12 CG14439 CG14439 

   6C12-6C13 CG14438 CG14438 

 

13068 

 122 genes 

     

      Lethal Cross: BL 4953. Df(1)BK10.  

      15F2-15F2 CG8918 CG8918 28994 

  15F3-15F3 CG5070 CG5070 6150 

  15F3-15F3 CG32564 CG32564 

   15F3-15F3 CG32563 CG32563 

   15F3-15F3 CG12995 CG12995 

   15F3-15F4 CG18258 CG18258 20621 

  15F4-15F4 CG5162 CG5162 

   15F4-15F4 CG12998 CG12998 

   15F4-15F4 CG5172 CG5172 

   15F4-15F4 CG12997 CG12997 

   15F4-15F4 CG34327 CG34327 

   15F4-15F4 CG10598 CG10598 

   15F4-15F4 CG10597 CG10597 6157 

  15F4-15F4 CG8915 CG8915 28857 

  15F4-15F4 CG8675 CG8675 26997 

  15F4-15F4 CG12996 CG12996 

   

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4816
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4183
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4185
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4218
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4166
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4221
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15F4-15F7 f f 33200 

  15F7-15F7 CG8664 CG8664 47568 

  15F7-15F7 CG8661 CG8661 

   15F8-16A1 Fim Fim 47514 19171 

 16A1-16A1 CG5445 CG5445 

 

14274 

 16A1-16A1 B-H2 B-H2 

 

11437 

 16A4-16A5 B-H1 B-H1 

   16A5-16A5 CG8611 CG8611 28936 

  16A5-16A5 CG12994 CG12994 11864 

  16A5-16A5 CG5613 CG5613 24694 18602 

 16A5-16A5 CG12993 CG12993 20304 

  16A5-16A5 CG8568 CG8568 

   16A5-16B1 CG8557 CG8557 28927 18715 

 16B3-16B3 CG12432 CG12432 

   16B4-16B4 ppk23 CG8527 39580 

  16B5-16B6 l(1)G0222 

 

24107 

  16B6-16B7 CG12991 CG12991 

 

10234 

 16B6-16B6 CG12992 CG12992 

   16B7-16B7 X11L CG5675 27479 18147 

 16B9-16B9 CG8408 CG8408 23760 

  16B9-16B10 CG8326 CG8326 23760 

  16B10-

16B10 CG8316 CG8316 

 

19865 

 16B10-

16B10 CG5703 CG5703 10140 

  16B10-

16B10 CG8289 CG8289 24279 19336 

 16B10-

16B10 CG5800 CG5800 27519 

  16B10-

16B10 RhoGAPp190 CG32555 

 

20177 

 16B10-

16B10 CG8211 CG8211 24329 12545 

 16B10-

16B12 beta-Spec CG5870 42083 13310 

 16B12-

16B12 CG12990 CG12990 6160 

  16B12-16C1 CG32556 CG32556 

 

11439 

 16C1-16C1 CG8188 CG8188 

 

11439 

 16C1-16C1 par-6 CG5884 19730 

  16C1-16C1 CG8173 CG8173 35845 

  16C1-16C8 CG32560 CG32560 20983 12700 

 16C5-16C5 CG32559 0 

   16C5-16C6 CG15816 CG15816 

 

12700 

 16C10-16D1 unc-4 CG6269 10825 

  

      

51 seq. genes 

36 genes with 

available stocks 

and bred = 36 

(69%) 

    

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4349
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4388
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4181
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4225
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4380
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4199
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4474
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4370
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=3686
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4184
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No identified gene responsible 

for lethality. 
    

      Lethal cross BL 7497.  Df(2L)Exel6011 

      

      25C7-25C10 Msp-300 CG33715 

 

13707 

 

25C9-25C9 

snoRNA:Psi28S

-2263 

    25C9-25C9 snoRNA:Psi28S-2263-RA 

   25C9-25C9 snmRNA:765 

    

25C9-25C9 

snmRNA:765-

RA 

    25C10-

25C10 snmRNA:128 

    25C10-

25C10 

snmRNA:128-

RA 

    25C10-

25C10 snoRNA:Psi18S-525k-RA 

   25C10-

25C10 

snoRNA:Psi18S

-525k 

    25C10-

25C10 snmRNA:158 

    25C10-

25C10 

snmRNA:158-

RA 

    25C10-

25C10 Cyp28d2 CG6081 7868 

  25C10-

25C10 Cyp28d1 CG10833 7870 

  25C10-25D1 CG7742 CG7742 25535 

  25D1-25D1 CG14034 CG14034 25536 

  25D1-25D1 TpnC25D CG6514 27649 

  25D1-25D2 tkv CG14026 3059 

  25D2-25D2 tRNA:CR31971 

    

25D2-25D2 

tRNA:CR31971-

RA 

    25D2-25D2 tRNA:CR31914 

    

25D2-25D2 

tRNA:CR31914-

RA 

    25D2-25D2 CG14033 CG14033 

 

14403 

 25D2-25D2 Cyp4ac1 CG14032 

   25D2-25D2 Cyp4ac2 CG17970 16987 

  25D2-25D2 Cyp4ac3 CG14031 48920 

  25D2-25D3 Bsg25D CG14025 13398 

  25D3-25D3 Bub1 CG14030 24833 

  25D4-25D5 vri CG14029 5650 

  25D5-25D5 CG14024 CG14024 13402 

  
25D5-25D6 CG14023 CG14023 36480 

  

     31 seq. genes. 15 genes with 

available stocks and bred=48% 

    

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4193
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4175
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=2599
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4191
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No identified gene responsible 

for lethality. 
    

      Deficiency cross BL 3024 lethal. Df(3L)h-i22 

      66D10-

66D10 CG6486 CG6486 43804 

  66D10-

66D10 h CG6494 

 

11730 

 66D11-

66D11 SrpRbeta CG33162 5150 12072 

 66D11-

66D11 CG32022 CG32022 10105 

  66D11-

66D12 CG6511 CG6511 

   66D12-

66D12 Cp18 CG6517 39622 

  66D12-

66D12 Cp15 CG6519 13860 

  66D12-

66D12 Cp19 CG6524 33286 

  66D12-

66D12 Cp16 CG6533 19870 

  66D12-

66D12 Prm CG5939 

 

11752 

 66D12-

66D12 CG13306 CG13306 44960 

  66D12-

66D12 CG6576 CG6576 26695 

  66D12-

66D15 Fhos CG32030 

 

16022 

 

66D14-

66D14 

From CG5804 in 

overlap def BL 

8702-not lethal CG5804 23587 

  66D15-

66D15 CG13310 CG13310 43960 

  66D15-

66D15 CG13311 CG13311 51574 

  66D15-

66D15 CG34426 CG34426 

   66D15-

66D15 CG32023 CG32023 

   66D15-

66D15 CG34427 CG34427 

   66D15-

66D15 CG13312 CG13312 

   66D15-

66D15 CG32024 CG32024 

   66D15-

66D15 CG13308 CG13308 

   66D15-

66D15 CG13309 CG13309 

   66E1-66E3 dally CG4974 

   
66E1-66E1 CG32026 CG32026 

   13 seq. genes.  12 genes with 

available stocks and bred= 92% 

    No identified gene responsible 

    

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4498
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4364


APPENDIX RESULTS  
 

138 
 

for lethality. 

      Deficiency Cross BL 3340 lethal. Df(3R)e-R1 

      93B5-93B7 Dhc93AB CG3723  41947 

  93B7-93B7 CG12278 CG12278 29484 

  93B7-93B7 CG31189 CG31189 22962 

  93B7-93B7 CG31207 CG31207 

   93B7-93B7 CG7079 CG7079 

   93B7-93B7 CG17279 CG17279 

   93B7-93B8 Mvl CG3671 44000 19886 

 93B8-93B9 Cortactin CG3637 

 

22381 

 93B9-93B10 AnnIX CG5730 27493 

  93B10-

93B10 r-l CG3593 21688 17982 

 93B10-

93B10 dmrt93B CG5737 41048 

  93B10-

93B10 CG7056 CG7056 

 

17943 

 93B10-

93B11 RhoGAP93B CG3421 41934 19720 

 93B11-

93B12 CG7044 CG7044 27811 12413 

 93B12-

93B12 CG5745 CG5745 35034 

  93B12-

93B12 sec15 CG7034 

   93B12-

93B12 rtet CG5760 44002 11714 

 93B12-

93B13 Rab11 CG5771 22198 12418 

 93B13-

93B13 ppan CG5786 39001 11557 

 93B13-

93B13 CG17282 CG17282 

   93B13-93C1 slmb CG3412 

 

11493 

 93C1-93C1 CG5793 CG5793 47883 16067 

 93C1-93C1 Obp93a CG17284 2558 

  93C1-93C1 CG10825 CG10825 31360 

  93C1-93C1 CG7009 CG7009 27790 18008 

 93C1-93C1 CG5798 CG5798 8931 

  93C1-93C1 CG5802 CG5802 6801 13460 

 93C1-93C5 SNF4Agamma CG17299 

 

13088 

 93C2-93C2 CG10824 CG10824 16588 

  93C2-93C2 CG5810 CG5810 44988 

  93C2-93C2 CG7000 CG7000 42496 

  93C6-93C6 CG5862 CG5862 45155 

  93C6-93C6 CG3353 CG3353 41920 7353 

 93C6-93C7 CG5871 CG5871 41822 13618 

 93C7-93C7 CG3337 CG3337 29170 

  

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4233
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4190
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4358
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4223
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4419
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4192
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4365
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=3479
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93C7-93C7 NELF-A CG5874 43211 15189 

 93C7-93D1 e CG3331 45689 

  93D1-93D1 CG5892 CG5892 6807 18496 

 93D1-93D2 ETHR CG5911 42716 

  93D2-93D2 Rab1 CG3320 

 

17936 

 93D2-93D2 AP-2sigma CG6056 34148 13478 

 93D2-93D2 CG5919 CG5919 28402 

  93D2-93D2 CG3308 CG3308 43756 

  93D2-93D2 CG3301 CG3301 43255 18137 

 93D2-93D4 SIFR CG10823 1783 16202 

 93D3-

93D3  CG17298 CG17298 

    93D4-

93D4  Hsromega-RB 

     93D4-

93D4  Hsromega 

     93D4-

93D4  Hsromega-RA 

    93D4-

93D4  Hsromega-RC 

    51 seq. genes. 39 stocks 

available and bred=76% 

 

  

  No identified gene responsible 

for lethality. 
    

       

 

 

http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=1931
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=3499
http://www.flylab.uni-goettingen.de/rnaiscreen/rnaiview.php?nr=4308
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Table A2-3. Preliminary data from secondary screen: Genes screened for effect on DA, longevity and oxidative stress sensitivity when in combination with ddc>α-

Synuclein[A53T]. In some cases, flies also tested with elav>A53T/+ (if tested, data also shown). Control in this case was comparison to either ddc>A53T/+ or elav>A53T/+. 

Low DA HPLC results for ddc>A53T are mean values. Nt=not tested. A minimum of 20 flies were used for oxidative stress and longevity tests. Information on genes based on 

listed functions from Flybase and gene categorization from Osprey Network Visualization software (1.2.0, made by Samuel Lunenfeld Research Institute, Toronto, Canada). 

http://flybase.org/  http://biodata.mshri.on.ca/osprey/servlet/Index 
Gene Protein Name Function Gene  

Category 

Human 

Homologue 
Stocks Used DA Content Sensitivity to H202 

(median survival 

for lines showing 

differences) 

Ddc>[A53T]/+=6d 

Elav>[A53T]/+=5d 

 

 

Sensitivity to 

Paraquat 

(median survival 

for lines showing 

differences) 

Ddc>[A53T]/+=40 

hr 

Elav>[A53T]/+=40 

hr 

 

Alteration in 

Longevity (median 

survival in days for 

lines showing 

differences) 

Ddc>[A53T]/+=56d 

In ID Def 

and Chen et 

al: 

         

CG1906 alphabet/PP2c 
 

protein 
serine/threonine 

phosphatise; negative 

regulator Ras and 
MAPK signal 

transduction 

 

Signal 
transduction; 

Metabolism; 

protein amino acid 
dephosphorylation 

PPM1B-protein phosphatase, 
Mg2+/Mn2+ dependent, 1B 

BL 23341 Ddc:ns  
Elav: ns 

Ddc: ns Elav:ns Ddc: ns Elav:ns ns 

VD32476 Ddc:69.86 

Elav:16.15 

Ddc: ns Elav: ns Ddc: ns Elav:ns ns 

CG2038 

 

CSN7 

 

protein stability and 

proteolysis 

Unknown COPS7A-COP9 constitutive 

photomorphogenic homolog 

subunit 7A 

BL 23376 ns    

CG2713 
 

Tiny tim 50 Mt translocator Metabolism TIMM50-translocase of inner 
mitochondrial membrane 50 

homolog 

VD5587 41.0  increased 

sensitivity (3d) 

ns Reduced (54d; 
reduced early 

survival) 

CG3572 
 

vimar signalling, small 
GTPase mediated 

signalling 

 

Signal 
Transduction 

RAP1GDS1-RAP1, GTP-
GDP dissociation stimulator 

1 

BL11199 132.0 nt nt nt 

CG3612 
 

bellweather 
 

mitochondrial proton 
transporting ATP 

synthase complex, 

catalytic core F(1)-

ATP biosynthetic 

process 

 

Cell organization; 
metabolism; 

transport 

ATP5A1- ATP synthase, H+ 
transporting, mitochondrial 

F1 complex, alpha subunit 1 

BL 19869 46.9  ns  Ddc: ns 

Elav: increased 

sensitivity (22h) 

ns 

CG4119  Nuclear mRNA 

splicing via 

spliceosome 

RNA processing RBM25 - RNA binding motif 

protein 25 

VD 26395 ns nt nt nt 
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CG4494 
 

Smt3 protein stability and 
proteolysis, 

sumolation 

 

Protein transport; 
metabolism; cell 

organization and 

biogenesis 

SUMO4- SMT3 suppressor 
of mif two 3 homolog 4 

BL10419 ns ns ns ns 

VD34113 Semi lethal 
with ddc and 

elav 

   

CG7269 

 

RNA helicase 

 

ATP-dependent 

helicase binding; 
RNA helicase 

activity; nuclear 

mRNA splicing via 
spliceosome 

 

Transport; RNA 

processing 

BAT1- Spliceosome RNA 

helicase BAT1 

Limited 

offspring 
with ddc. 

Also with 

actin-GAL 
driver (not 

A53T 

specific).  

    

CG7873 

 

Src42a ATP binding, protein 

tyrosine kinase;  

signalling, RTK 
pathway, JNK 

pathway and EGFR 

pathway 

Cell organization 

and biogenesis; 

signal 
transduction; 

protein amino acid 

phosphorylation 

FRK- fyn-related kinase VD26019 21.4 Ddc: increased 

sensitivity (5d) 

Elav: increased 

sensitivity (3d) 

ns ns 

 

VD40838  Ddc: increased 

sensitivity (5d) 

  

CG8211  other Unknown INTS2- integrator complex 

subunit 2 

VD 24237 ns    

CG8258 

 

CCT theta 

 

Chaperone 

containing T 

complex; ATP 

binding; protein 
stability and 

proteolysis 

 

Metabolism CCT8-chaperonin containing 

TCP1, subunit 8 (theta) 

VD 45789 Ddc: ns 

Elav:40.2 

Ddc: ns Elav: 

increased 

sensitivity (3d) 

Ddc: ns Elav: ns ns 

CG9911  Protein disulfide 
oxidoreductase 

activity; electron 

transporter activity; 
protein modification 

process; ER 

Metabolism ERP44-ER protein 44 VD46585 Ddc:130.0 nt nt nt 

CG9932  Proteolysis, 
metallopeptidase 

activity; zinc ion 

binding; nucleus 

Protein 
Degradation 

No homologue No stock 
available at 

time 

screening 

    

CG10230 

 

Rpn9 

 

Proteolysis; 

endopeptidase 

activity; cytosol 
 

Protein 

Degradation 

PSMD13-proteasome 

(prosome, macropain) 26S 

subunit, non-ATPase, 13 

BL15642 ns nt Nt nt 

CG10539 

 

p70 s6k 

 

ATP binding; Protein 

serine/threonine 

Autophagy; Cell 

organization and 

RPS6KB1 BL6913 

(UAS-S6k) 
40.5 increased 

sensitivity (4d) 

decreased sensitivity 

(ns)  

Ns  
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kinase; signalling, 
mTOR, PI3K signal 

pathway; ribosome 

 

biogenesis; Cell 
Cycle; Signal 

Transduction; 

protein amino acid 
phosphorylation 

ribosomal protein S6 kinase, 
70kDa, polypeptide 1 

VD18126 202.0 decreased 

sensitivity (9d) 

increased sensitivity 
(ns) 

Ns  

CG10640 

 

Uev1A 

 

Ubiquitin-protein 

ligase activity; 
ubiquitin conjugating 

activity 

 

Metabolism; 

protein 
degradation 

UBE2V2-ubiquitin-

conjugating enzyme E2 
variant 2 

BL12771 43.5  ns ns ns 

CG10938 
 

ProsMA5 
 

20S proteasome 
alpha subunit; 

ubiquitin –dependent 

protein catabolic 
process; threonine 

endopeptidase 

activity 
 

Protein 
degradation 

PSMA5-proteasome 
(prosome, macropain) 

subunit, alpha type, 5 

VD22556 Lethal ddc 
and elav. Also 

lethal with 

driver alone. 

   

CG12284 

 

thread Drosophila inhibitor 

of apoptosis (DIAP); 
Ubiquitin ligase 

activity 

Cell Organization, 

Biogenesis; 
Metabolism 

No homologue BL19865 26.7 ns ns Reduced (44d) 

CG13133 

 

 unknown Unknown No homologue BL 17746 48.0  ns  ns  ns 

CG18176 

 

deflated 

 

unknown Unknown INTS7- integrator complex 

subunit 7 

VD 20604 35.0 increased 

sensitivity(5d) 

ns  extended (65d) 

CG18802 
 

alpha-Man-II 
 

Golgi membrane/ER; 
carbohydrate 

metabolism; protein 
amino acid N-linked 

glycosylation  

Metabolism; 
carbohydrate 

metabolism 

MAN2A1-mannosidase, 
alpha, class 2A, member 1 

No stock 
available at 

time 
screening 

    

CG5165 

 

PGM phosphoglycerate 

mutase activity; 
monosaccharide 

metabolic process 

Metabolism; 

carbohydrate 
metabolism 

 

 

PGM1-phosphoglucomutase 

1 

VD34953 Ddc:32 Elav: 

45 

Ddc:ns Elav:ns Ddc: increased 

sensitivity (36hr)  

Elav: increased 

sensitivity(35hr) 

ns 

Further 

genes of 

interest in 

Chen et al: 
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CG6593 
 

PP1alpha 
 

Protein serine/ 
threonine phosphatise 

type I complex; 

Manganese ion 
binding 

Protein amino acid 
dephosphorylation 

PPP1CC/PP1G- protein 
phosphatase 1, catalytic 

subunit, gamma isozyme 

BL23698 55 ns ns Reduced (48d) 

CG8068 

 

Suvar Negative regulator 

JAK-STAT cascade; 

regulation of 
transcription; 

regulation protein 

catabolism; SUMO 

regulator, nucleus, 

cytoplasm 

Cell organization 

and biogenesis; 

metabolism 

PIAS1-protein inhibitor of 

activated STAT, 1 

VD30709 ns increased 

sensitivity (4.5d) 

ns Ns 

CG10726 

 

Barren 

(screened in 
error)(not in low 

def) 

cell cycle regulation, 

mitotic chromosome 
condensation; PNS 

nervous development 

; chromosome 
condensation  

 

Cell Cycle; Cell 

organization and 
biogenesis 

NCAPH- non-SMC 

condensin I complex, subunit 
H 

BL4402 Ddc:43  Ddc: increased 

sensitivity (3d) 

Elav: increased 

sensitivity (3d) 

Ddc:ns  Ns  

Additional 

Genes 

Tested: 

         

CG12276 
 

Aos1 SUMO activating 
enzyme complex; 

ubiquitin and SUMO 

activating enzyme 
activity; nucleus 

Metabolism; 
protein transport; 

protein 

degradation 

SAE1-SUMO1 activating 
enzyme subunit 1 

VD47257 ns increased 

sensitivity (5d) 

nt Ns 

VD18528 ns ns nt extended (67d) 

CG3018 

 

lwr Ubiquitin-protein 

ligase activity; 

SUMO conjugating 
enzyme activity; 

nucleus 

Metabolism; 

protein transport 

 

UBE21-ubiquitin-conjugating 

enzyme E2I 

VD33684 ns ns nt Nt 

CG12359 
 

Μlp1 Ubiquitin-protein 
ligase activity; 

SUMO conjugating 

enzyme activity; 
nucleus 

Metabolism; 
protein transport 

 

No homologue VD31744 ns nt nt nt 

CG2151 Trxr-1 

 

thioredoxin reductase 

2 isoform 3 

 

Metabolism TXNRD2-thioredoxin 

reductase 2 

VD47307 47.0 ns Ddc:ns  

Elav: increased 

sensitivity (36hr)  

ns 

CG10523 Parkin Ubiquitin E3 ligase; 
negative regulator 

JNK cascade 

Cell organization 
and biogenesis; 

metabolism; 

protein 
degradation; DNA 

metabolism 

PARK BL10006 Ddc: 36.26 nt nt Nt 
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CG4523 PINK1 ATP binding; protein 
serine/threonine 

kinase; response to 

oxidative stress 

Cell organization 
and biogenesis; 

metabolism; 

protein amino acid 
phosphorylation 

PINK1 VD21860 ns nt nt Nt 

CG8464 HTRA2 Serine-type 

endopeptidase 
activity 

Protein 

degradation 

HTRA2 VD24104 Ddc: 44.0 nt nt Nt 

 

Fig. A2-1. α-Synuclein[A53T] fly longevity with TRAP1 over expression or TRAP1 expression reduction (ddc driver). No significant differences between curves were 

observed. Results using the elav-GAL4 similar (ns) to ddc-GAL4 results. n>100. 
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