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                                       ABSTRACT !
Mutations in DJ-1 (PARK7), a conserved protein of 189 amino acids, cause autosomal 
recessive cases of Parkinson’s disease (PD). DJ-1 appears to play a central role in 
protecting cells from oxidative stress, which likely has relevance for its role in PD 
pathogenesis. Biochemical and crystallographic approaches indicate that DJ-1 
dimerizes, which is likely fundamental for its stability and normal function. A main 
focus of this thesis was identifying and characterizing DJ-1 dimerization modifiers 
through an unbiased screen of a kinase and phosphatase inhibitor library, taking 
advantage of bimolecular fluorescence complementation (BiFC) as a readout for DJ-1 
dimerisation in living cells. To address this aim, we generated HEK 293T cell clones 
stably over-expressing DJ-1 BiFC constructs and optimised high throughput Cell^R-
Scan^R screening. This approach identified two kinase inhibitors (Bosutinib and 
KW2449) which decrease DJ-1 dimerisation in an oxidative stress-dependent manner. 
Furthermore, to indicate whether or not the observed effects of the kinase inhibitors on 
DJ-1 dimerization were due to a direct alteration of DJ-1 phosphorylation status or were 
indirect effects, we studied DJ-1 phosphorylation at all potential sites on its 
dimerization and stability by generating phosphomimic and phosphoblocking mutants.  
This work indicates that phosphorylation of key residues of DJ-1 likely dramatically 
reduces its stablilty. Additionally, by using the BiFC approach we found a direct 
interaction in living cells of DJ-1 with microtubule-associated protein tau, which is 
known to be hyper phosphorylated and aggregated in neurodegenerative disorders like 
Alzheimer’s disease and Parkinson’s disease. These analyses suggest that alterations in 
DJ-1 dimerization, stability and phosphorylation status in normal conditions and in 
response to oxidative stress may shed more light on DJ-1 function and its role 
associated with PD pathogenesis.  !!!!!!!!!!
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Introduction

Chapter 1 
Introduction 
1-1 Parkinson’s disease (PD) 
            Parkinson’s disease (PD) is the second most common neurodegenerative disor-

der and affects 1-2 % of the population above 65 years of age (Dorsey et al., 2007). This 

devastating disorder is characterized by loss of dopaminergic neurons in the substantia 

nigra (SN) and appearance of intraneuronal inclusions known as Lewy bodies (LBs) 

(Figure 1.1.1) (Hirsch et al., 1989). Typical clinical manifestations of PD patients in-

clude motor symptoms such as bradykinesia, rigidity, tremor, and postural instability 

and non-motor symptoms including loss of olfaction, constipation, rapid eye movement 

(REM) and sleep disorder (Schapira and Jenner, 2011, Venderova and Park, 2012, 

Trempe and Fon, 2013). The etiology of PD is extremely complex, encompassing both 

genetic and environmental factors (Nuytemans et al., 2010). While most cases of PD 

(more than 90 %) are idiopathic, a small number are caused by mutations in single 

genes that follow Mendelian patterns of inheritance (Martin et al., 2011). Environmental 

factors can also contribute to disease: indeed, the accumulation of environmental toxins 

such as pesticides and metals is one of the major risk factors for developing late onset 

PD (Bjorkblom et al., 2013). Although PD was first described over two centuries ago 

the cellular and molecular mechanisms underlying this disease are poorly understood 

and there is no effective treatment to stop its progression. Studies on genes associated 

with familial forms of PD may help the understanding of cellular mechanisms underly-

ing the pathogenesis of both sporadic and familial forms of PD.  

          Over 500 distinct DNA alterations have been identified in the five major genes 

associated with familial forms of PD: α-synuclein (PARK1), Parkin (PARK2), PTEN-

induced putative kinase I (PINK1), DJ-1 (PARK7), and leucine-rich repeat kinase 2 

(LRRK2) (de Lau and Breteler, 2006, Nuytemans et al., 2010). UCH-L1 and HTRA2 

are two other genes that have been discovered to be related to PD pathogenesis (Nuyte-

mans et al., 2010). Although the pathophysiological mechanisms underlying how muta-

tions in these genes lead to the selective loss of dopaminergic neurons are still unclear, 

oxidative stress, mitochondria dysfunction and impaired autophagy are speculated to 

play critical roles in PD (Table 1.1.1) (Inden et al., 2011).  
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!!
Figure 1.1.1 The substantia nigra in the midbrain is the most susceptible region in the 

brain of PD patients. A) Dopaminergic neurons (pigmented neurons) that control motor 

function are lost in PD substantia nigra. B) Normal and PD substantia nigra at the same 

magnification, clearly showing pigmented neurons are lost in PD cases C) Lewy bodies 

(the red-brown melanin granules) are eosinophilic cytoplasmic inclusions that mainly 

consist of α-synuclein ((Agamanolis) 2011, Ch.9, Neurophatology. Available at: http://

neuropathology-web.org/chapter9/chapter9dPD.html (Accessed: 7 Dec 2014)).  
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Introduction

1-2 Oxidative stress, mitochondrial dysfunction and au-

tophagy play roles in PD pathogenesis 

          There is ample evidence that oxidative stress is a common mechanism underly-

ing cellular death and dysfunction in both idiopathic and familial forms of PD (Hwang, 

2013). Neurotransmitter dopamine (DA) metabolism, mitochondrial dysfunction, iron, 

neuroinflammation, calcium, and aging are the major sources and mechanisms of reac-

tive oxygen species (ROS) production (Dias et al., 2013, Hwang, 2013). Furthermore, 

cellular homeostatic processes such as the ubiquitin-proteasome system and mitophagy 

are affected by oxidative stress (Dias et al., 2013). Despite that DA is normally located 

in vesicles, excess cytosolic DA can be oxidized and generate DA quinone which plays 

a role in PD pathogenesis by modifying intercellular macromolecules that function in 

cell survival processes, as well as PD-related proteins including, α-synuclein (α-Syn), 

Parkin, DJ-1 and UCH-L1 (Conway et al., 2001, LaVoie et al., 2005, Martinez-Vicente 

et al., 2008, Van Laar and Berman, 2009, Hwang, 2013). Indeed, reactive DA (DA 

quinone) forms 5-cysteinyl-DA through covalent binding to the thiol group of target 

proteins (Graham et al., 1978, Ito et al., 1988, Hastings et al., 1996). Since many critical 

cellular and mitochondrial proteins contain cysteine residues which are vital for their 

normal structure and function, DA quinone modification could have detrimental effects 

on cells by altering the structures and functions of these proteins (Berman and Hastings, 

1999, LaVoie and Hastings, 1999, Premkumar and Simantov, 2002). Covalently modi-

fied monomers of α-Syn by DA quinone form cytotoxic protofibrils that not only are 

hardly degraded but also inhibit normal degradation of other proteins by blocking chap-

erone-mediated autophagy (Conway et al., 2001, Martinez-Vicente et al., 2008). DA 

quinone also covalently modifies Parkin leading to its insolubility and inactivation of its 

E3 ubiquitin ligase function (LaVoie et al., 2005). DA quinone modifications of DJ-1 

and UCH-L1 have been identified in mitochondria of rat’s brain and differentiated SH-

SY5Y cells that seem to disrupt their antioxidant and ubiquitin-proteasome system func-

tions respectively (Van Laar et al., 2009). DA quinone also triggers mitochondrial respi-

ratory chains by covalently modifying complex I (75 kDa and 30 kDa subunits), and 

complex III (ubiquinol-cytochrome c reductase core protein 1 and Rieske Fe-S protein), 

and subsequently increasing ROS production (Van Laar et al., 2009). Additionally, DA 
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oxidation also leads to mitochondrial dysfunction and swelling in the brain by altering 

mitochondrial respiration and inducing their permeability transition (Berman and Hast-

ings, 1999, Lee et al., 2002). 

Mitochondria are dynamic organelles involved in energy production, calcium 

homeostasis, stress response and cell death and their dysfunction is strongly implicated 

in neurodegeneration (Zhu and Chu, 2010). Indeed, mitochondrial dysfunction plays an 

important role in PD pathogenesis as its disruption increases ROS levels (Schapira, 

2004, Bueler, 2009, Van Laar and Berman, 2009, Winklhofer and Haass, 2010, Zhu and 

Chu, 2010, Larsen et al., 2011, Hwang, 2013). Evidence for the role of mitochondrial 

dysfunction in PD emerged in 1990 when a study discovered that complex I activity is 

reduced in the SN of PD patients (Schapira et al., 1990). Analysis of brain tissue from 

PD patients has shown deficiencies in mitochondrial respiratory complex I in the sub-

stantia nigra pars compacta and cerebral cortex (Schapira et al., 1990, Cooper et al., 

1992, Blin et al., 1994, Haas et al., 1995, Parker et al., 2008). The hypothesis that com-

plex I dysfunction may play a key role in pathogenesis is supported by studies showing 

that pharmacological inhibition of complex I by compounds including rotenone leads to 

experimental parkinsonisms (Larsen et al., 2011). Furthermore, direct molecular links 

between PD and mitochondrial dysfunction have been established by identifying three 

PD autosomal recessive causative mutations in Parkin, in PINK1 and DJ-1 that con-

tribute to mitochondria function (Kitada et al., 1998, Bonifati et al., 2003, Paisan-Ruiz 

et al., 2004, Knott and Bossy-Wetzel, 2008, Van Laar and Berman, 2009, Burbulla et al., 

2010). Furthermore, dopaminergic neurons are prone to oxidative stress since they pos-

sess iron which contributes to oxidative stress through catalysing the Fenton reaction, 

but they also express tyrosine hydroxylase and monoamine oxidase, both of which are 

ROS-generating enzymes (Halliwell, 1992, Hwang, 2013). 

Neuronal loss in PD is related as well to chronic neuroinflammation that is 

controlled by microglia, the main immune responsive cells in the central nervous system 

(CNS) (Hwang, 2013). Microglia can become activated in response to an injury or a 

toxic insult, releasing free radicals such as nitric oxidase and superoxidase that con-

tribute to oxidative stress (Hwang, 2013). 
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Much research in the neurodegenerative disease field has focused on protein 

degradation, turnover and related protein aggregation. Autophagy is one the major pro-

teolytic systems involved in protein degradation and is vital for the maintenance of pro-

tein homeostasis in cells (Lynch-Day et al., 2012). Extensive studies have shown that 

autophagy plays a critical role in PD pathogenesis since dysregulation of this pathway 

has been observed in PD patient brains and in animal PD models (Lynch-Day et al., 

2012). Mitophagy which is a selective autophagy for mitochondrial degradation is im-

plicated in PD pathogenesis through the PINK1-Parkin mediated pathway (Klionsky et 

al., 2007, Lynch-Day et al., 2012). Of note, a number of genes implicated in PD (α-

synuclein, LRRK2, PINK1 and Parkin) contribute to autophagy (Bandyopadhyay and 

Cuervo, 2007, Alegre-Abarrategui and Wade-Martins, 2009, Lynch-Day et al., 2012). 

Recent studies on DJ-1 function have also discovered a link between DJ-1 and au-

tophagy, since depletion of DJ-1 in both Drosophila and human neuroblastoma cells 

leads to mitochondrial dysfunction and subsequently autophagy impairment (Hao et al., 

2010, Thomas et al., 2011). 

!
1-3 PD associated genes 

1-3-1 α-Synuclein (SNCA) 
The first PD causative mutation was discovered in the gene encoding α-Synu-

clein (SNCA) in 1997, which was previously mapped to the chromosome 4 position 

q21-q22 (4q21-q22) (Chen et al., 1995, Shibasaki et al., 1995, Polymeropoulos et al., 

1997). Together with the observation of Spillantini et al. that α-Synuclein (α-Syn) is one 

of the major fibrillar components of LBs in familial and sporadic form of PD (Spillanti-

ni et al., 1997), this indicated α-Syn as a major player in the disease onset. Missense 

mutations associated with rare familial autosomal dominant forms of PD (A53T, A30P, 

E46K) promote α-Syn aggregation (Polymeropoulos et al., 1997, Conway et al., 1998, 

Greenbaum et al., 2005) and mutations associated with familial PD in which SNCA is 

duplicated or triplicated (Singleton et al., 2003, Chartier-Harlin et al., 2004) also in-

crease the propensity of the protein to aggregate (Minton, 2005). In idiopathic PD, 

polymorphisms in SNCA have been identified as risk factors for development of the 

disease (Satake et al., 2009, Simon-Sanchez et al., 2009).  
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Wild type α-Syn has been identified as an intrinsically unfolded protein associ-

ated with lipid membranes (Davidson et al., 1998). It is a small protein (14.5 kDa) of 

144 amino acids encoded by three alternative SNCA transcripts (Davidson et al., 1998), 

highly expressed in the brain and enriched in presynaptic nerve terminals. An amphi-

pathic domain at the N-terminus of the protein is able to specifically associate with 

membrane microdomains (Fortin et al., 2004). Studies on α-Syn function have shown its 

role in the regulation of dopamine (DA) transmission and synaptic vesicle dynamics. 

Indeed, α-Syn regulates the production of dopamine in cultured cells through its interac-

tion with tyrosine hydroxylase (TH), the enzyme which converts tyrosine to L-DOPA in 

the dopamine synthesis pathway (Venda et al., 2010). Over-expression of α-Syn in cells 

reduces the activity of the TH promoter, leading to reduced levels of TH, and thus to 

reduced L-DOPA (Venda et al., 2010). Consistent with a role for α-Syn in down-regulat-

ing dopamine biosynthesis in cell culture models, reduced TH activity has been ob-

served in several mouse models over-expressing wild type α-Syn (Venda et al., 2010). 

Larsen et al. in 2006 suggested α-Syn might modulate synaptic vesicle priming 

(Larsen et al., 2006). Since the level of α-Syn presumably influences synaptic function 

it could be speculated that levels of this protein might lead to early and pre-symptomatic 

changes in vulnerable neurons (Biskup et al., 2008). α-Syn, natively unfolded, is charac-

terized by a high conformational plasticity induced by the environment. Indeed, 

monomeric and oligomeric alpha-helix and beta-sheet conformations can be found as 

well as different protein aggregates, from amorphous ones to amyloid-like fibrils (Uver-

sky, 2003). Under certain conditions in fact, aggregation of 2 or more monomers leads 

to the formation of soluble oligomeric species, which have also been termed protofibrils 

because they are fibrillization intermediates (Walsh et al., 1997), and eventually fibrils 

and inclusion bodies. Studies using protein-fragment complementation demonstrated 

that α-Syn oligomers are associated with enhanced toxicity in cell culture models (Out-

eiro et al., 2008, Putcha et al., 2010, Danzer et al., 2011) and recently, α-Syn oligomers 

have been identified in plasma (El-Agnaf et al., 2006) and cerebrospinal fluid (CSF) 

(Tokuda et al., 2010) of PD patients. 

!
!
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1-3-2 Leucine-rich repeat kinase 2 (LRRK2) 
Mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene are the most 

common genetic cause of PD (Biskup et al., 2008), with a frequency of 5-7 % in pa-

tients with a family history. These patients show typical L-DOPA responsive parkinson-

ism with middle or late onset. LRRK2 gene spans a genomic region of 144 kb, with 51 

exons encoding a rather large (2,527 amino acids) peptide, also called dardarin, contain-

ing multiple, independent domains. Sequence analysis suggests that these domains in-

clude an armadillo and ankyrin repeat region, leucine-rich repeats (LRR), a Roc GTPase 

domain (followed by an associated C-terminal of Roc [COR] domain), a tyrosine ki-

nase-like (TKL) family kinase domain, and a WD40 repeat (Cookson, 2010). Studies of 

LRRK2 using various model organisms indicate this protein modulates survival of 

dopaminergic neurons, authophagy, and neuronal outgrowth (Smith et al., 2005, Liu et 

al., 2008b, Saha et al., 2009, Yao et al., 2010, Chan et al., 2011, Skibinski et al., 2014). 

Additionally, work has revealed LRRK2 also regulates MAP kinase signalling pathways 

(Carballo-Carbajal et al., 2010, Hsu et al., 2010). Meanwhile, LRRK2 interacts with 

various proteins, suggesting that important functions of this protein might be directly 

linked to its kinase function (Boon et al., 2014). Recent work by Skibinski et al. indicat-

ed that pharmacological inhibition of LRRK2 kinase activity modulates its stability and 

localization although its protein level is more important in predicting toxicity in neurons 

(Skibinski et al., 2014). LRRK2 is located in presynaptic terminals where it localizes to 

vesicles and endosomes (Biskup et al., 2008). It has also been shown that LRRK2 regu-

lates synaptic vesicle endocytosis by direct interaction with the early endosome marker 

protein Rab5 and EndoA (Shin et al., 2008, Matta et al., 2012). 

!
1-3-3 Parkin 

Mutations in the Parkin gene have been reported as the most common autoso-

mal recessive cause of PD (Kitada et al., 1998, Corti et al., 2011, Martin et al., 2011). 

This gene encodes a 465 amino acid E3 ubiquitin ligase protein which can mediate 

mono or polyubiqutination of proteins through different ubiquitin linkages (lysine 27, 

29, 48, and 63 of ubiquitin) (Scarffe et al., 2014). There is evidence that Parkin not only 

mediates ubiquitinylation through Lysine 48 (K48), which targets ubiquitinylated pro-
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teins to the proteosomal degradation system, but also via Lysine 63 (K63) that might 

function in intracellular signalling processes (Lim et al., 2005). Accumulation of poten-

tially toxic proteins might be detrimental for vulnerable neurons such as dopaminergic 

neurons. Parkin may be involved in the formation of LB inclusions associated with PD 

(Lim et al., 2005). Postmortem studies on PD brain and mouse models of PD indicated 

that Parkin is inactivated by post-translational modifications including oxidation, nitro-

sylation, addition of dopamine, and phosphorylation by c-Abl which is a fundamental 

stress-activated tyrosine kinase shown to be activated in the brains of sporadic forms of 

PD and animal models of PD (this kinase will be described in more detail in Chapter 3) 

(Walden and Martinez-Torres, 2012, Dawson and Dawson, 2014, Scarffe et al., 2014). 

Parkin exerts it effect in multiple cellular compartments such as cytosol, synaptic termi-

nals, mitochondria, and nucleus (Scarffe et al., 2014). It is recruited to mitochondria 

upon depolarization of the outer mitochondria membrane by PINK1 where it ubiquiti-

nates mitochondrial proteins targeting them for degradation (Narendra et al., 2008, 

Narendra et al., 2009). Furthermore, Parkin has been shown to play a role in mitochon-

drial morphogenesis and biogenesis in proliferating cells, possibly via transcription and 

replication of mitochondrial DNA (Kuroda et al., 2006).  

!
1-3-4 PINK1 

Loss of function of PINK1 is the second most common cause of early onset 

autosomal recessive PD (Valente et al., 2004, Corti et al., 2011, Scarffe et al., 2014). As 

PINK1 encodes a mitochondrial serine/threonine kinase involved in mitochondrial re-

sponse to cellular and oxidative stress, mutations in this gene link PD to mitochondrial 

dysfunction (Biskup et al., 2008). This response seems to be mediated by regulation of 

calcium efflux from the mitochondria, influencing processes such as mitochondrial traf-

ficking (Gandhi et al., 2009, Wang and Schwarz, 2009, Weihofen et al., 2009), ROS 

formation, mitochondrial respiration efficiency (Liu et al., 2009), and opening of the 

mitochondrial permeability transition pore (Gandhi et al., 2009). It has revealed that 

PINK1 response to oxidative stress involves interaction with cell death inhibitors and 

chaperones (Plun-Favreau et al., 2007, Pridgeon et al., 2007, Wang et al., 2007). Recent 

studies showed that PINK1 mainly localizes in the outer mitochondria membrane 
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(OMM) with its C-terminal end and its kinase domain located in the cytosol, suggesting 

that its PD related substrates might be in the cytosol and/or on the OMM (Zhou et al., 

2008). In addition it also has been demonstrated that PINK1 function is linked to fission 

and fusion machinery in fly and mammalian cell mitochondria (Poole et al., 2008, Yang 

et al., 2008). Interestingly, PINK1 and Parkin participate in the same pathway with 

PINK1 functions upstream of Parkin (Clark et al., 2006). Indeed, in Drosophila PINK1 

is required to recruit Parkin to dysfunctional mitochondria and promote their degrada-

tion and (known as mitophagy) PINK1 and Parkin mediate the ubiquitination of the pro-

fusion factor Mfn on the outer surface of mitochondria, indicating a role for PINK1/

Parkin in mitochondrial fission/fusion (Ziviani et al., 2010). The PINK1-Parkin role in 

regulating mitochondrial function suggests that mitochondrial dysfunction is one of the 

central mechanisms in PD pathogenesis. 

!
1-3-5 DJ-1 

DJ-1 is a PD and cancer-associated protein that plays a major role in the oxida-

tive stress response through different signaling pathways. Mutations in the DJ-1 gene 

(PARK7) are the third most common autosomal recessive genetic cause of PD. The DJ-1 

gene is located on the short arm of human chromosome 1 (P36.2-p36.3), a region which 

has been declared as a hot spot of chromosome abnormalities in various tumors (Na-

gakubo et al., 1997, Taira et al., 2001). It spans a 24kb genomic region and was identi-

fied by homozygosity mapping in an extended Dutch family (Taira et al., 2001, van 

Duijn et al., 2001, Abou-Sleiman et al., 2003, Bonifati et al., 2003). The DJ-1 gene con-

tains eight exons, the first two of which are noncoding and a number of splice variants 

have been identified (Taira et al., 2001, Abou-Sleiman et al., 2003). The gene encodes a 

small protein of 189 amino acids that is ubiquitously expressed in the brain and extra 

cerebral tissues, and is appears to be more abundant in the SN or ventral midbrain area, 

as compared to the hippocampus and cerebral cortex (Bonifati et al., 2003, Olzmann et 

al., 2004). DJ-1 is highly evolutionary conserved with orthologues being present in the 

majority of organisms from human to bacteria (Bonifati et al., 2003). Extensive studies 

have shown DJ-1 is localized in the cytoplasm, nucleus and the inner membrane space 
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and matrix of mitochondria (Bonifati et al., 2003, Canet-Aviles et al., 2004, Zhang et 

al., 2005, Shinbo et al., 2006). 
!

1-3-5-1 DJ-1 structure 
DJ-1 is a small protein containing 189 amino acids with a molecular mass of 

19.8 kDa (Hod et al., 1999). Structural studies of DJ-1 have shown that this protein 

forms homodimers and its monomer contains an α/β sandwich fold, comprised of 11 β-

strands and 8 α-helices in each monomer allowing for extensive interactions between 

the two DJ-1 monomers (Moore et al., 2003, Wilson et al., 2003). A seven stranded 

sheet (β1, β2, β5-β7 and β10,β11) forms a central β-sheet core in which six parallel 

strands are arranged in a manner similar to the Rossmann fold, a protein structural motif 

often found in proteins that bind to nucleotides with a differences occurring on the third 

strand (β5, with only two residues) which is extremely short (Tao and Tong, 2003). 

However, outside of this β-sheet core β3 and β4 strands assemble as a β hairpin confor-

mation involved in DJ-1 dimerization (Tao and Tong, 2003). Helices H1, H7 and H8 

flank one side of the central β-sheet core while helices 2 to 6 (H2-H6) are located on the 

other side of this core (Huai et al., 2003). In addition, the highly conserved residue His-

126 has been indicated as a putative active site for the DJ-1 protein that is formed by β-

α-β conformation through αF helix interactions with β8 and β9 strands (Figure 1.3.1) 

(Tao and Tong, 2003). The dimer interface encompasses β3, α1, α8 and α9 and notably 

an intermolecular β-sheet is established across the Val-51, Ile-52, and Cys-53 positioned 

in β3-strand (Honbou et al., 2003). Interaction between α-helices is mainly through hy-

drophobic bonds while there are distinct hydrogen and ionic interactions (Honbou et al., 

2003). A number of these hydrophobic interactions including Met-17, Ile-21, His-126, 

Pro-127, Pro-158 and Phe-162 are highly conserved across evolution, and Met-17 and 

Phe-162 are suggested to be fundamental for DJ-1 dimerization as these two residues 

are the core for hydrophobic interactions (Honbou et al., 2003).  

DJ-1 backbone conformational analysis demonstrated that most residues except 

Cys106 in this protein have energy-favored conformation (in which the total potential 

energy is globally minimized) (Huai et al., 2003). This unusual structure might be com-

pensated through two hydrogen bounds, one between the Cys106 backbone nitrogen 
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and the carboxyl oxygen of Ser155 and another across the carboxyl oxygen of Cys106 

and the His126 backbone nitrogen (Huai et al., 2003). Structural studies of DJ-1 suggest 

that the putative active site is located near the interface of the dimer (Tao and Tong, 

2003). Indeed, two DJ-1 monomers are arranged in a head to tail fashion, with both ac-

tive sites located on the opposite side of the dimer structure (Tao and Tong, 2003). In-

terestingly, the familial PD linked L166P DJ-1 mutation prevents dimer formation, since 

Leu 166 is located in the middle of α8 strand and mutation in this position breaks α-he-

lical structure and consequently disrupts the DJ-1 dimer interface (Honbou et al., 2003, 

Olzmann et al., 2004). This disease-causing effect of the L166P mutation indicates func-

tional importance of the DJ-1 C-terminal segment and more significantly highlights that 

DJ-1 may function only as dimer (Tao and Tong, 2003). In contrast, DJ-1 containing the 

E64D mutation is still able to form dimers and is structurally similar to the wild type 

protein (Hering et al., 2004).  

Structural analysis and comparison of DJ-1 with other proteins has shown that 

DJ-1 is most analogous to the monomeric unit of protease I, an intercellular cysteine 

protease from Pyrococcus horikoshii (Honbou et al., 2003). Structural studies of 

monomeric DJ-1 and its comparison with protease I (a member of the PfpI family), have 

shown that the connecting loop between β5 and α5 in monomer DJ-1 creates a nucle-

ophile elbow similar to protease I, and that the critical residue C106 in the oxidized 

form of DJ-1 is located into this loop (Honbou et al., 2003, Tao and Tong, 2003). Fur-

thermore, DJ-1 shows fundamental structural similarity with the C-terminal domain of 

the catalase hydroperoxidase II (HPII) (Bravo et al., 1999, Horvath and Grishin, 2001). 

Despite the structural homology between DJ-1/ThiJ/PfpI superfamily and type I gluta-

mine amidotransferase (GAT) domains, which possess a Cys-His-Glu/Asp catalytic tri-

ad, it has been reported there are considerable differences between these two proteins 

(Horvath and Grishin, 2001, Tao and Tong, 2003). Accordingly, the structural diversion 

of DJ-1 with GAT domains suggests it is unlikely that DJ-1 has a GAT function (Tao 

and Tong, 2003). Simultaneous mutation of S57R, E96G and H126Y in DJ-1 showed 

interruption in its interaction with PIASxα (protein inhibitor of activated STAT), which 

is a negative regulator of the androgen receptor (Takahashi et al., 2001). This study by 

Takahashi et al. has supported the hypothesis of the functional importance of His126 
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(Takahashi et al., 2001). Since all these three residues in DJ-1 are highly conserved, it 

could be speculated these residues bear significant structural roles, although their spatial 

position in the DJ-1 protein (~ 25Å from each other), suggested it is unlikely these 

residues are directly associated with PIASxα interaction (Tao and Tong, 2003). Al-

though aspects of DJ-1 function are still unclear, structural studies may shed more light 

on its functional properties. 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
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 Crystal structure of human DJ-1 

!

!!!
Figure 1.3.1 Crystal structure of the human DJ-1 monomer (A) and homodimer (B). A) 

schematic drawing of the DJ-1 structure in two different views that represents β-strands, 

α-helices and some the important functional residues. B) 3D structural study of human 

DJ-1 demonstrated that DJ-1 forms homodimer and these data were confirmed by bio-

logical approaches (adapted from (Tao and Tong, 2003, Canet-Aviles et al., 2004)). 

!
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1-3-5-2 DJ-1 function 

DJ-1 was first identified as a novel oncogene in association with activated ras 

(Nagakubo et al., 1997). High expression of DJ-1 is a causative risk factor for several 

cancers including prostate cancer, breast cancer, ovarian carcinoma and lung carcinoma 

(MacKeigan et al., 2003, Hod, 2004, Lev et al., 2006, Davidson et al., 2008). While ex-

cess DJ-1 leads to cancer, DJ-1 loss of function triggers early onset Parkinson’s disease 

(Ariga et al., 2013). 

DJ-1 plays a role in several cellular pathways and processes including cell sur-

vival, cellular transformation, response to oxidative stress, RNA binding, androgen re-

ceptor signalling, protection from glyoxals and spermatogenesis and fertilization (Hod 

et al., 1999, Mitsumoto and Nakagawa, 2001, Takahashi et al., 2001, Okada et al., 2002, 

Lev et al., 2006, Lee et al., 2012). Below I discuss some of the cellular functions that 

have associated with DJ-1. 

!
1-3-5-2-1 Mitochondrial function of DJ-1 

DJ-1 functions as a promoter for mitochondrial stabilizing anti-oxidant and 

anti-apoptosis mechanisms in non-astrocytic primary cells and cell lines (Canet-Aviles 

et al., 2004, Taira et al., 2004, Junn et al., 2005, Xu et al., 2005, Zhou and Freed, 2005, 

Clements et al., 2006, Aleyasin et al., 2007, Liu et al., 2008a, Blackinton et al., 2009). 

Larsen et al. showed that DJ-1 knocked-down in astrocytes caused a significant reduc-

tion in mitochondrial motility and a trend towards decreased mitochondria fission 

(Larsen et al., 2011). It has also been found that DJ-1 is over-expressed in reactive as-

trocytes in PD and in other neurodegenerative diseases but not in neurons (Rizzu et al., 

2004, Mullett et al., 2009). Although the role of DJ-1 in maintaining mitochondrial 

function has been established it is not clear how DJ-1 regulates this process, and how 

mitochondrial dysfunction is induced by DJ-1 deficiency. Mutations in DJ-1 result in 

mitochondrial fragmentation through impairment of the complex I assembly pathway, 

the same process that is heavily implicated in PD pathogenesis (Heo et al., 2012). Work 

by Heo et al. not only clarified that expression of complex I proteins is significantly re-

duced in DJ-1 null dopaminergic neuronal cells, but also showed that basal respiration 

was decreased by 23 % in those cells in comparison with cells treated with rotenone 
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(Heo et al., 2012). DJ-1 null cells also showed a decrease in mitochondrial membrane 

potential, which taken together with the other data suggested a disruption of ATP pro-

duction in the mitochondrial respiratory chain (Heo et al., 2012). It has also been deter-

mined that DJ-1 deficiency causes impairment in mitochondrial connectivity, fusion 

rates, membrane potential, respiratory capacity and ROS buffering in non-astrocytic cell 

in vitro (Ved et al., 2005, Blackinton et al., 2009, Hao et al., 2010, Irrcher et al., 2010, 

Krebiehl et al., 2010, Thomas et al., 2011). However, the mitochondrial function of DJ-

1 and how it could be relevant to PD pathogenesis needs to be further evaluated. 

!
1-3-5-2-2 DJ-1 and oxidative stress  

Several studies have demonstrated that a lack of DJ-1 increases the sensitivity 

of cells to ROS (Thomas et al., 2011). Although the precise role of DJ-1 in oxidative 

stress is unclear, the translocation of wild type DJ-1 to the outer mitochondrial mem-

brane in response to oxidative stress is believed to be neuroprotective (Canet-Aviles et 

al., 2004). Furthermore, accumulation of the acidic isoform of DJ-1 (pI 5.8) following 

oxidative stress, leads to speculation that DJ-1 is protective under oxidative stress  

(Canet-Aviles et al., 2004). Mitsumoto et al. have hypothesized that DJ-1 might be di-

rectly oxidized by free radicals (Mitsumoto and Nakagawa, 2001). This hypothesis was 

supported by Kinumi et al. who showed that the pI of DJ-1 shifts (from 6.2 to 5.8) after 

oxidation which is consistent with cysteine sulfinic acid formation (Kinumi et al., 

2004). Canet-Aviles et al. demonstrated that only the cysteine residue at position 106 

(C106) in DJ-1 is oxidized to form cysteine sulfinic acid, with C106A mutations pre-

venting the formation of the oxidized isoform formation of DJ-1 in cells (Canet-Aviles 

et al., 2004, Kinumi et al., 2004). Indeed, DJ-1 plays a role in response to oxidative 

stress by regulating signal transduction associated with oxidative stress response and 

cell death (Saito, 2014). However, recent studies also indicated that DJ-1 functions as an 

oxidative stress sensor to change expression level of genes associated with anti-oxida-

tive defense (Kahle et al., 2009, Wilson, 2011, Ariga et al., 2013). For instance, it has 

been reported DJ-1 is able to control oxidative stress insults by directly regulating ex-

pression of Cu/Zn superoxide desmutase (SOD1) which is a metalloenzyme that cat-

alyzes the disproportionation of superoxide via ErK1/2-ELK1 pathway (Wang et al., 
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2011). Taken together, DJ-1 exposes its anti-oxidative function through regulating vari-

ous signalling pathways that will be explained in more details in following sections of 

this chapter.  

!
1-3-5-2-3 DJ-1 and autophagy 

DJ-1 was initially shown to influence autophagy during hypoxia by regulating 

microtubule-associated protein light chain 3 (LC3-I) processing and Sequestosome 1 

(SQSTM1/p62) turnover (Vasseur et al., 2009). Silencing of DJ-1 in U2OS cells (human 

osteosarcoma) causes early stages of autophagy to occur spontaneously, and decreases 

the stability of both LC3-I and LC3-II upon exposure to hypoxia (Vasseur et al., 2009). 

However, the impact of these changes on autophagy as a whole is still unclear (Vasseur 

et al., 2009). Silencing of DJ-1 in U2OS cells also reduces the autophagy-associated 

clearance of p62 during hypoxia, while DJ-1 over-expression reduces p62 levels in neu-

ronal cell. As p62 is involved in the formation of cytoplasmic proteinaceous inclusions 

such as LBs in PD, it has been suggested that changes in its turnover due to altered DJ-1 

expression/activity may contribute to disease pathologenesis (Pursiheimo et al., 2009, 

Vasseur et al., 2009, Ichimura and Komatsu, 2010, Gao et al., 2012). In addition, DJ-1 

has been reported to be neuroprotective by enhancing autophagy resulting in a more ef-

ficient clearance of damaged mitochondria and decreasing apoptosis in dopaminergic 

neuron cells (MN9D) (Gao et al., 2012). DJ-1 impacts upon autophagy by triggering the 

ERK1/2 pathway and repressing mTOR (Gao et al., 2012). It also has been shown that 

DJ-1 over-expression in neuronal cells decreased phospho-mTOR, a negative autophagy 

regulator, up-regulated beclin 1 which is involved in autophagosomes formation, and 

augmented the ratio of LC3II, autophagic marker to the inactive precursor LC3I (Gao et 

al., 2012). Gao et al. have observed that over-expression of DJ-1 in SN of rats lead to 

long-term reduction in PD symptoms such as depressive-like behaviour (Gao et al., 

2012).  Indeed, recent work by Miller-Fleming et al. has found deletion of Hsp31 gene 

(a yeast DJ-1 homolog) impairs autophagy induction upon carbon starvation in yeast 

(Miller-Fleming et al., 2014). 

!
!
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1-3-5-2-4 DJ-1 as protease 

DJ-1 belongs to the DJ-1/ThiJ/Pfp superfamily and thus shows sequence ho-

mology to proteins that contain a ThiJ domain, including protein chaperones, catalyses, 

proteases and the ThiJ kinases (Halio et al., 1996, Mizote et al., 1999, Du et al., 2000, 

Horvath and Grishin, 2001). The structure of DJ-1 is similar to the monomeric subunit 

of protease I, a cysteine protease from Pyrococcus horikoshii, but possesses an addi-

tional α-helix at the C-terminal region that functions to suppress the DJ-1 catalytic do-

main (Honbou et al., 2003, Lee et al., 2003). Interestingly, it has been reported that the 

C-terminal region of DJ-1 is cleaved in response to oxidative stress in vitro and in cul-

tured cells (Ooe et al., 2006, Chen et al., 2010). The c-abl oncogene product 1 (ABL1), 

kinesin family member 1B (KIF1B) and Transthyretin, a causative protein in several 

amyloidoses, are three proteins that have been investigated as targets for the DJ-1 pro-

tease activity (Koide-Yoshida et al., 2007, Mitsugi et al., 2013). Work by Koide-Yoshida 

et al. has revealed that DJ-1 α-helix 9 and residue C106 are critical for this protease ac-

tivity (Koide-Yoshida et al., 2007).  

!
1-3-5-2-5 DJ-1 as a chaperone protein 

Several studies on DJ-1 biological function have investigated its redox-sensi-

tive chaperone activity (Olzmann et al., 2004, Deeg et al., 2010, Sajjad et al., 2014). 

Work by Shendelman et al. showed that DJ-1 effectively prevents α-Syn aggregation 

into protofibrils and neurofilament light subunit (NFL) with the PD causative mutation 

L166P in DJ-1 abolishing this activity (Shendelman et al., 2004). Additionally, a highly 

conserved and reactive cysteine residue at position 53 located at the dimer interface of 

DJ-1 plays a critical role in this reaction (Shendelman et al., 2004). Zondler et al. have 

revealed for the first time that DJ-1 can directly interact with monomeric α-Syn in vitro 

and living cells which supports the notion that interaction of these two proteins is an 

early event in the α-Syn aggregation process (Zondler et al., 2014). In this work they 

also demonstrated that DJ-1 decreases α-Syn dimerization, while familial PD mutations 

of DJ-1 abrogate this interaction and consequently fail to antagonise α-Syn dimerization 

(Zondler et al., 2014). Furthermore, DJ-1 chaperone activity is able to modulate mutant 

huntingtin aggregation in vitro and in vivo in various Huntington’s disease models (Saj-
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jad et al., 2014). Work by Yamashita et al. postulated that complex formation between 

mutant SOD1 and DJ-1 might imply oxidative stress induced chaperone activity of DJ-1 

to prevent SOD1 aggregation (Yamashita et al., 2010). The idea of copper chaperone 

activity of DJ-1 is supported by Girotto et al. that found DJ-1 is able to activate SOD1 

catalytic function through transferring copper ions from its C106 residue (Girotto et al., 

2014). They also suggested under critical conditions DJ-1 may act as a copper chaper-

one for SOD1 as a backup and in an independent pathway from copper chaperone for 

SOD1 (CCS) (Girotto et al., 2014). However, although extensive evidence indicate that 

chaperone-like activity of DJ-1 is dependent on its oxidation, work by Zondler has also 

suggested that DJ-1 SUMOylation may play a role on its chaperone function (Shendel-

man et al., 2004, Zhou et al., 2006, Zondler et al., 2014). 

!
1-3-5-2-6 DJ-1 and transcriptional regulation  

DJ-1 acts as a cofactor for a subset of transcription factors, repressing or stimu-

lating their target gene expression (Yamaguchi et al., 2012). DJ-1 influences diverse cell 

functions through regulating various transcription factors including androgen receptor, 

p53, polypyrimidine tract-binding protein associated splicing factor (PSF), Keap 1 and 

inhibitor for nuclear factor erythroid-2 related factor 2 (Nrf2) (Takahashi et al., 2001, 

Niki et al., 2003, Shinbo et al., 2005, Clements et al., 2006, Zhong et al., 2006, Fan et 

al., 2008b). Regulation of Nrf2, p53, PSF by DJ-1 is important in controlling dopamine 

synthesis and the response to oxidative stress (Ariga et al., 2013). Nrf2 is a master tran-

scription factor participating in the cells response to oxidative stress and detoxification 

(Clements et al., 2006). In oxidative stress conditions DJ-1 stimulates the expression of 

antioxidative stress genes by translocating Nfr2 from the cytoplasm to the nucleus 

(Clements et al., 2006).  

DJ-1 also elicits a neuroprotective role in oxidative stress by negatively regu-

lating p53 which is a tumour suppressor involved in apoptosis and mitochondrial ho-

meostasis (Shinbo et al., 2005, Fan et al., 2008b, Kato et al., 2013). Work by Giaime et 

al. indicated that DJ-1 physically interacts with p53, and this interaction is abrogated by 

pathogenic DJ-1 mutants (Giaime et al., 2010). Interestingly, DJ-1 protein levels are 
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post-transcriptionally negatively regulated by p53 while its dimerization is independent 

of p53 status (Vasseur et al., 2012).  

DJ-1 stimulates human tyrosine hydroxylase (TH), which is one of two critical 

enzymes required for dopamine synthesis, by sequestering the PSF transcription factor 

(a negative regulator of TH gene expression) away from the human TH gene promoter 

(Zhong et al., 2006). Furthermore, DJ-1 triggers the enzymatic activity of both enzymes 

involved in dopamine synthesis, TH and L-DOPA carboxylase (DDC), through direct 

interactions, dependent upon oxidative stress levels (Ishikawa et al., 2012). This process 

may be disease relevant as over-expression of DJ-1 in the rat SN attenuates the effect of 

the rotenone (mitochondria complex 1 inhibitor) treatment by increasing levels of the 

TH (Gao et al., 2012). DJ-1 also up-regulates vesicular monoamine transporter 2 

(VMAT2) gene expression, which packs dopamine into synaptic vesicles, and stimulates 

its activity via protein-protein interactions (Ishikawa et al., 2012). As VMAT2 can pro-

tect neurons from oxidized dopamine-induced damage by re-uptaking excess dopamine 

into synaptic vesicles, DJ-1 could exert its neuroprotective feature by contributing to 

this reaction (Ariga et al., 2013). Recent work by Yamagushi et al. has established that 

low-density lipoprotein receptor (LDLR) gene is another target for DJ-1 as a transcrip-

tional regulator (Yamaguchi et al., 2012). This was the first time DJ-1 was reported to 

be involved in fatty acid synthesis metabolism.  

!
1-3-5-2-7 DJ-1 and survival pathways 

In 2005 DJ-1 was reported to play a role in the phosphatidylinositol-3 kinase 

(PI3K) survival pathway (Kim et al., 2005a). Activation of PI3K by epidermal growth 

factor (EGF) triggers phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP2) 

to form phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which recruits PIP3-depen-

dent kinase (PDK) (Burgering and Coffer, 1995, Fruman et al., 1998). PDK consequent-

ly phosphorylates and activates the survival kinase, protein kinase B (PKB/Akt) (Alessi 

et al., 1997, Stokoe et al., 1997). The tumor suppressor PTEN negatively regulates PI3K 

pathway by dephosphorylating PIP3 (.Maehama and Dixon, 1998, Myers et al., 1998, 

Stambolic et al., 1998, Sun et al., 1999). Gain-of-function screens for PTEN modifiers 

in Drosophila melanogaster found that DJ-1 promotes the Akt pathway by suppressing 
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PTEN function (Kim et al., 2005a). DJ-1 has been shown to play a central role in Akt 

phosphorylation and to modulate Akt translocation to membranous fractions following 

oxidative stress (Aleyasin et al., 2010) (Figure 1.3.2). 

DJ-1 has also been shown to implement its cytoprotective role in oxidative 

stress by sequestering Daxx and ASK1 (apoptosis signal-regulating kinase 1) and con-

sequently inhibiting the Daxx/ASK1 cell-death signalling pathway (Junn et al., 2005). 

Activated ASK1 triggers c-Jun NH2-terminal kinase (JNK) and p38, consequently lead-

ing to cell apoptosis through mitochondria-dependent caspase activation (Ichijo et al., 

1997, Saitoh et al., 1998, Hatai et al., 2000, Tobiume et al., 2001). ASK1 is activated in 

response to different cytotoxic stresses including TNF, Fas and ROS and leads to JNK 

activation which causes proteasome dysfunction and ER-stress-induced cell death, ulti-

mately contributing to neurodegenerative diseases (Tobiume et al., 2001, Nishitoh et al., 

2002). 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
!

!
Figure 1.3.2 Model for the influence of DJ-1 on PI3K and PKB (also known as AKT) 

through the tumor suppressor PTEN. DJ-1 plays a direct role in cell survival and apop-

tosis through phosphorylation of PKB, indirectly effecting PI3K function (adapted from  

(Cully et al., 2006)).  

!
!
!
!
!
!
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1-3-5-2-8 DJ-1 and inflammation 

The anti-inflammatory function of DJ-1 might be another prominent neuropro-

tective facet of this protein that is associated with PD since brain inflammation through 

astrocytes and microglia has been reported to be a PD risk factor (Drouin-Ouellet and 

Cicchetti, 2012, Kim et al., 2013). Interestingly, several studies revealed DJ-1 is strong-

ly up-regulated in reactive astrocytes in PD brain that suggests a role in glia (Ban-

dopadhyay et al., 2004, Neumann et al., 2004). Moreover, astroglial DJ-1 up-regulation 

has been observed in chronic neurodegenerative diseases and in an α-Synuclein mouse 

model of PD (Neumann et al., 2004). Work has also shown that DJ-1 regulates astrocyte 

neuroinflammatory response in a ROS and p38 MAPK dependent manner (Waak et al., 

2009). Kim et al. demonstrated that DJ-1 plays a role as a scaffold protein and by pro-

moting SHP-1 (Src-homology 2 [SH2] domain-containing protein tyrosine phosphatase-

1) interaction with phosphorylated and unphosphorylated STAT1 (signal-transducer and 

activator of transcription) restricts excessive and prolonged STAT1 phosphorylated sta-

tus and consequently attenuates IFN-γ (interferon-gamma)-induced inflammation (Kim 

et al., 2013). Thus, DJ-1 can act as neuroprotectant by repressing excessive brain in-

flammation in injured brain (Kim et al., 2013).  

!
1-3-5-2-9 DJ-1 and caspases  

Sequence analysis of the human DJ-1 protein has shown it harbours two puta-

tive caspase-6 recognition sites at positions Asp149 (D149) and Asp60 (D60) (Giaime et 

al., 2010). Caspase 6, which plays an important role in the cleavage of the huntingtin 

protein in Huntington’s disease (HD), cleaves DJ-1 in TSM1 neurons (Telencephalon 

Specific Mouse 1) and a neuroblastoma cell line undergoing staurosporin (STS) (a pro-

tein kinase inhibitor) or 6-hydroxydopamine-mediated apoptosis ( Graham et al., 2006, 

Robert et al., 2012). Although D149A mutations in DJ-1 completely abolish its proteol-

ysis by caspase-6, L166P DJ-1 mutations increase its susceptibility to the caspase-6 

cleavage (Giaime et al., 2010). It has been found that cleaved DJ-1, but not the full-

length DJ-1, accumulates in the nucleus in various cell lines and this seems to be critical 

for its pro-apoptotic function (Robert et al., 2012). Furthermore, data using ROS dye 

dichloro-dihydrofluorescein diacetate (DCFDA) followed by cytometry has clarified the 
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protective role of WT DJ-1 in reduction of ROS in cells over-expressing WT DJ-1 treat-

ed with 1-methyl-4-phenylpyridinium (MPP+), in contrast with cells over-expressing 

cleaved DJ-1 (DJ-1 Nt) in the identical condition (Robert et al., 2012). Surprisingly, the 

percentage of oxidised DJ-1 versus total DJ-1 in cells stably over-expressing DJ-1 Nt is 

approximately 3 times higher than cells over-expressing WT DJ-1 in MPP+ treatment 

conditions (Robert et al., 2012). In contrast, cells over-expressing DJ-1 Ct not only sig-

nificantly decreased caspase-3 activation in non-stimulated and stimulated cells by STS 

and natural toxin 6OHDA which is frequently utilised to mimic PD pathology but also 

reduced p53 transcriptional activity (Giaime et al., 2010). As DJ-1 levels are increased 

by inhibiting its cleavage utilising a caspase inhibitor (zVAD-fmk), it is speculated that 

DJ-1 exhibits a constitutive turnover depending on caspase activation (Robert et al., 

2012). Furthermore, analysis of sporadic PD patients and control group brains has found 

an inverse correlation between DJ-1 and caspase-6 levels in normal and affected brains 

(Giaime et al., 2010).  

!
1-3-5-2-10 DJ-1 and metal cytotoxicity 

A recent study by Bjorkblom and et al. has explored new human DJ-1 cytopro-

tective features against metal induced toxicity (Bjorkblom et al., 2013). There is ample 

evidence that various metals such as zinc, copper and mercury may play a role in PD 

pathogenesis (Bjorkblom et al., 2013). It has been reported that levels of zinc, copper 

and iron in the basal ganglia and SN of PD patients are altered compared to controls 

(Dexter et al., 1991). Since iron is involved in oxidative stress and accumulates in the 

SN of PD patients, it could be hypothesized that iron plays role in PD (Dexter et al., 

1987, Dexter et al., 1991). Moreover, increased levels of mercury in the blood and urine 

are a risk factor for developing PD (Ngim and Devathasan, 1989). Bjorkblom and et al. 

have shown that human DJ-1 binds to both copper and mercury and consequently pro-

tects cells from copper and mercury induced cytotoxicity, while some PD-linked muta-

tions of DJ-1 (A104T and D149A) lose this ability (Bjorkblom et al., 2013). In addition 

to binding copper, DJ-1 promotes SOD1 activity by supplying its copper cofactor (Xu et 

al., 2010, Puno et al., 2013). Moreover, biochemical studies of the DJ-1 structure 

demonstrated that the stable homodimer is critical for its function as a copper carrier 
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(Puno et al., 2013). Accordingly, these findings validate the assumption that genetic fac-

tors may increase susceptibility of the individuals to environmental toxin induced cell 

death, and the ensuing development of PD. 

!
1-3-5-3 PD familial and functional mutations of DJ-1 

PD-linked mutations in the DJ-1 gene alter the sequence of the intact protein 

and consequently change the physicochemical properties which are fundamental to its 

functions (Malgieri and Eliezer, 2008). Approximately 28 mutants of DJ-1 have been 

discovered but only some of them have a clear pathogenetic nature (Bonifati et al., 

2003). Thirteen mutations in DJ-1 gene have been identified in PD patients (Bonifati et 

al., 2003, Annesi et al., 2005). L166P, (Bonifati et al., 2003), M26I and D149A (Abou-

Sleiman et al., 2003), A104T (Hague et al., 2003), and E64D (Hering et al., 2004), are 

DJ-1 point mutations suggested to be associated with familial forms of PD. In addition, 

Bonifati et al. in 2003 identified a large genomic deletion encompassing exons 1-5 of 

the DJ-1 gene in a Dutch kindred. Interestingly, some of these mutations, such as 

L166P, significantly decrease DJ-1 stability through the ubiquitin-proteasome pathway, 

while E64D which is a highly conserved DJ-1 mutation on the surface of the protein is 

highly stable (Miller et al., 2003, Hering et al., 2004). In vitro studies on L166P demon-

strated that this point mutation severely perturbed DJ-1 secondary structure, as L166P 

DJ-1 only exists as a monomer in solution, and causes loss of protease and chaperone 

activity of DJ-1 (Tao and Tong, 2003, Olzmann et al., 2004, Shendelman et al., 2004). 

Moreover, the L166P DJ-1 mutant also is not able to protect cells from oxidative stress 

induced cell death (Gorner et al., 2004, Martinat et al., 2004, Taira et al., 2004, Kim et 

al., 2005b).  

In contrast, the E64D DJ-1 mutant is the only DJ-1 mutation in which the crys-

tal structure of the protein is identical to the wild type, although its turnover rate seems 

to be slightly higher than wild type protein (Gorner et al., 2004, Hering et al., 2004). 

Indeed, it has been reported that this mutation is located in a side chain at the exposed 

surface of the protein and does not alter the CD spectrum or melting curve of DJ-1 

(Malgieri and Eliezer, 2008). A recent study by Repici et al. has shown that E64D DJ-1 

mutant dimerization in living cells is comparable to the WT DJ-1 although this mutant 

"25



Introduction

behaves differently from WT protein in response to oxidative stress conditions (Repici 

et al., 2013). E64D, M26I, D149A and A104T mutants bear the capacity to form ho-

modimers and to heterodimerise with wild type DJ-1 (Blackinton et al., 2005). Even 

though some studies have reported M26I is able to dimerize, recent work by Repici et 

al. has revealed that the M26I mutant behaves similarly to L166P DJ-1 mutant in living 

cells (Repici et al., 2013). In this study they also showed that the decrease in M26I 

dimerization is due to a very low level of the M26I protein (Repici et al., 2013).  

Causative DJ-1 mutations have been conjectured to abrogate DJ-1 function 

through two possible pathways: first, by disrupting or decreasing stability of DJ-1 

dimerization such as L166P and M26I mutants (Hulleman et al., 2007, Malgieri and 

Eliezer, 2008, Repici et al., 2013), and secondly, like the D149A and A104T mutants, by 

interrupting the protein geometry around Cys106 which is fundamental for DJ-1 activi-

ties as a chaperone and anti-oxidant (Malgieri and Eliezer, 2008). However, the molecu-

lar basis of how these point mutations in DJ-1 change its function still requires investi-

gation. 
!
1-3-5-4 Post-translational modifications of DJ-1 

DJ-1 is post-translationally modified by sumoylation, S-nitrosylation, and 

phosphorylation (Ito et al., 2006, Shinbo et al., 2006, Rahman-Roblick et al., 2008). 

Sumoylation is a fundamental post-translational modification involved in the pathogen-

esis of several neurodegenerative diseases such as Alzheimer’s disease (AD) (Li et al., 

2003, Fei et al., 2006, Fan et al., 2008a). Work by Takahashi et al. in 2001 showed DJ-1 

is conjugated with SUMO-1, a small ubiquitin-like modifier, at Lys130 by PIASxα and 

PIASy and this modification is essential for DJ-1 functions in cell transformation and 

growth (Takahashi et al., 2001). Moreover, DJ-1 sumoylation also alters DJ-1 localiza-

tion as non-sumoylated DJ-1 mutant (K130R) is mostly localized in the cytoplasm 

while WT DJ-1 distributes both in nucleus and cytoplasm (Fan et al., 2008a). Studies on 

DJ-1 sumoylation and its anti-oxidant activity showed that SUMO-1 conjugation occurs 

in an ROS level dependent manner, and sumoylated DJ-1 is active as a ROS scavenger 

(Shinbo et al., 2006). Interestingly, work has also indicated that L166P DJ-1 and 

K130RX DJ-1 (an artificial mutant in which three other amino acid residues, S57R, 
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E96G and H126Y were changed), are improperly sumoylated. These mutants result in 

DJ-1 misfolding and abnormal aggregation (Takahashi et al., 2001, Shinbo et al., 2006). 

In addition, the K130R mutation in DJ-1 abrogates its regulatory function on p53 tran-

scriptional activity and its protective role against cell death (Fan et al., 2008a).  

S-nitrosylation is a reversible post-translational protein modification obtained 

by the covalent attachment of a nitrogen monoxide group to the thiol group in Cys 

residues in proteins, thus modulating the function of a wide variety of proteins such as 

metalloprotease-9 and GAPDH (Stamler et al., 1992, Gu et al., 2002, Hara et al., 2005, 

Ito et al., 2006). Interestingly, protein S-nitrosylation is expedited under oxidative stress 

conditions (Chung et al., 2004, Yao et al., 2004). S-nitrosylation has been shown to be 

involved in PD by modulating Parkin ubiquitin ligase activities (Chung et al., 2004, Yao 

et al., 2004). Human DJ-1 harbours three Cys residues  (Cys 46, Cys 53, Cys 106) that 

play a central role in DJ-1 structure and function (Ito et al., 2006).  Work by Ito et al. 

indicated only the Cys 46 and Cys 53 residues in DJ-1 are susceptible to S-nitrosylation 

and the effects of this modification on DJ-1 structure and function require further inves-

tigation (Ito et al., 2006). Since Cys 46 contributes to preserving DJ-1 structure at the 

dimer interface, it is tempting to consider that S-nitrosylation plays a critical role in DJ-

1 dimerization and subsequently in its function (Ito et al., 2006).  

DJ-1 has recently been shown to be modified with 4-hydroxy-2-nonenal (4-

HNE) at Lys-32 (isoforms 4 and 6) and Lys-62 (isoform 6) that is unique to PD diagno-

sis and severity and could be applied as a PD biomarker (Lin et al., 2012). 4-hydroxy-2-

nonenal (HNE) is an α,β unsaturated aldehyde which is one of the main products of 

membrane peroxidation and is able to react with proteins to create stable adducts 

(Colton and Gilbert, 1987). An increase in concentration of HNE in the plasma, cere-

brospinal fluid (CSF) and in nigral neurons in PD patients suggests HNE may be in-

volved in the pathogenesis of PD (Yoritaka et al., 1996, Selley, 1998).  

Even though the actual function of the 4-HNE modification in DJ-1 remains to 

be characterized it has been speculated that HNE-modified DJ-1 (indicative of damaged 

protein) is targeted for degradation by the proteasome or lysosome systems more readily 

(Ishimura et al., 2008, Lin et al., 2012). In 1997 Morikawa et al. revealed that HNE-

modified proteins were localized in mitochondrial fractions of preeclamptic placenta 
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which were components of complex I (Morikawa et al., 1997). Furthermore, it has been 

demonstrated that activity of the complex I is decreased by HNE in a dose-dependent 

manner (Yoshino et al., 1997). Since DJ-1 is required for mitochondrial complex I as-

sembly (Heo et al., 2012), HNE modified DJ-1 may have an effect on mitochondrial 

function. 

Phosphorylation is one the most common protein modifications that modulates 

protein function (Rahman-Roblick et al., 2008). DJ-1 has been reported to be phospho-

rylated at 4 residues (T19, Y67, Y139, and Y141) (see PhosphoSite Plus database, http://

www.phosphosite.org/proteinAction.do?id=4095), although the consequences of these mod-

ifications on DJ-1 functions, stability and localization are still unknown. Work by  

Rahman-Roblick et al. in 2008 showed DJ-1 is phosphorylated upon activation of p53, 

suggesting p53 negatively modulates DJ-1 activities by phosphorylation and subse-

quently facilitates apoptosis (Rahman-Roblick et al., 2008). Marcondes et al. have also 

indicated that DJ-1 phosphorylation is associated with p53 and apoptosis (Marcondes et 

al., 2010). In this study DJ-1 localization and its interaction with p53 have been consid-

ered in absence and presence of stroma, which revealed DJ-1 localization shifted from 

nucleus to the cytoplasm in presence of stroma and subsequently enhanced apoptosis 

sensitivity by increasing p53 activation (Marcondes et al., 2010). Indeed, in the absence 

of stroma in KG1a cells, proteins involved in cell survival, such as DJ-1, are highly 

phosphorylated which correlates with decreased mRNA and protein levels of p53 (Mar-

condes et al., 2010). Therefore, it could be speculated DJ-1 phosphorylation plays a role 

in apoptosis.  

Studies on phosphorylation dynamics in human embryonic stem cell (hESC) 

differentiation revealed DJ-1 is phosphorylated at Thr-19 (Rigbolt et al., 2011). Interest-

ingly, in 2012 Lin et al. reported DJ-1 phosphorylation at T19 and Y67 play a role in PD 

pathogenesis and could be used as a PD biomarker (Lin et al., 2012). Moreover, the 

Y139 and Y141 residues of DJ-1 have been identified by mass spectrometry (MS) stud-

ies aimed at identifying phosphotyrosine peptides, even though none of these phospho-

rylation sites have so far been studied in associated with DJ-1 function and localization 

(see PhosphoSite Plus database, http://www.phosphosite.org/proteinAction.do?id=4095). 
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DJ-1 has two other putative phosphorylation sites (T140 and S142) (see PhosphoSite 

Plus database, http://www.phosphosite.org/proteinAction.do?id=4095).  

Lin et al. reported that in whole blood there are 7 isoforms of DJ-1 with vari-

ous post-transcriptional modifications such as phosphorylation, oxidation and 4-HNE 

modifications, which alter the intrinsic protein charge (Lin et al., 2012). Interestingly, 

the expression level of each DJ-1 isoform vs. total DJ-1 is altered in AD and PD cases 

in comparison to controls, despite there being no clear correlation between level of any 

of these isoforms and PD severity (Lin et al., 2012). However, determining the physio-

logical effects of post-translational modifications of DJ-1 on its function and as well as 

its role in PD pathogenesis, may shed light into the mechanisms underlying PD and also 

indicate novel therapeutic strategies for this devastating disorder.  

!
1-4 Studying protein-protein interaction in living cells using 

Bimolecular fluorescence complementation (BiFC)  
Several neurodegenerative diseases are characterised by protein misfolding and 

aggregation, ultimately leading to neurotoxicity. Despite the toxic nature of protein ag-

gregates in these diseases being controversial, accumulation of misfolded proteins in 

those disorders are unavoidable. Studying protein-protein interaction in living cells is 

fundamental to elucidate protein dynamics, modulation by physiological changes, local-

ization and function (Shin et al., 2009, Goncalves et al., 2010). The work in my thesis 

relies heavily on the bimolecular fluorescence complementation (BiFC) method in order 

to study protein-protein interactions. The development and use of BiFC, employing op-

tical microscopy and live-cell imaging, has provided valuable insights into protein-pro-

tein interactions, and recently provided a mechanism by which to explore proteins asso-

ciated with neurodegenerative disease. BiFC provides spatial and temporal resolution 

and can also be applied in a physiological relevant environment which is valuable in the 

context of neurodegenerative diseases by facilitating visualisation of dimeric and oli-

gomeric species that are speculated to be toxic to neuronal cells in the brain (Goncalves 

et al., 2010).  
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 The structure of fluorescent proteins like green fluorescent protein (GFP) 

comprises 11 antiparallel β-strands that creates a β-barrel, an α-helix which is located 

inside of this structure and harbours chromophore and several short helical structures 

(Figure 1.4.1) (Yang et al., 1996). It has been demonstrated by several studies that 

fluorescent proteins can be split at a loop or within a β-strand to generate non-fluores-

cent fragments that can be fused to proteins of interest (Kodama and Hu, 2012). The 

BiFC assay is based on the fusion of two non-fluorescent fragments of a fluorescent 

protein (reporters) to the proteins of interest (putative interaction partners). As the pro-

teins of interest interact, the reporter fragments are brought together, fold into a quasi-

native structure and re-establish the activity of the fluorescent protein (Chen et al., 

2006, Kerppola, 2006). GFP (green), CFP (cyan), YFP (yellow) and RFP (red) are 

among the diverse reporter proteins which have been successfully employed in BiFC 

studies (Chu et al., 2009). 

Circular permutation of proteins is an approach to change the order of amino 

acids in a protein sequence in which the original N-terminus and C-terminus of a pro-

tein are ligated and a new N-terminus and C-terminus are generated via splitting the cir-

cularized protein in internal structural regions (Yu and Lutz, 2011). One of the applica-

tions of this technique is to assess insertion position in the proteins without perturbing 

the overall structure of the protein (Yu and Lutz, 2011, Kodama and Hu, 2012).  

Circular permutation studies on GFP showed that this protein could be split at 

positions in the loop between the 6th and 7th β-strands, in the 7th β-strand, in the loop 

between the 7th and 8th β-strands, in the 8th β-strand, and in the loop between the 8th and 

9th β-strands (Baird et al., 1999). These positions were successfully employed to split 

several fluorescent proteins for the development of BiFC. In this project I used DJ-1 

BiFC constructs: each construct consists of full length WT or mutant DJ-1, a short 

linker (4Gly-ser)2 and N-terminal GFP fragment (amino acids 1-173, split in the loop 

between the 8th and 9th β-strands) or C terminal CFP fragment (amino acids 155-238, 

split in the loop between the 7th and 8th β-strands.  

BiFC was first introduced in 2002 when it was used to characterize protein-

protein interactions between basic Leucine zipper and Rel family transcription factors 
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(Hu et al., 2002). BiFC has been exploited to study multiple protein-protein interactions, 

which provides a unique opportunity to investigate subcellular protein complex forma-

tion, dynamic changes in multiple protein complexes and the regulation of association 

between interacting proteins (Hu and Kerppola, 2003, Vidi et al., 2008, Gehl et al., 

2009).  

BiFC overcomes some of the disadvantages of several techniques that were 

previously utilized in protein-protein interaction studies such as the size of the protein 

complexes, and the optical resolution of microscopes. In the neurodegeneration field, 

the study of the protein interactions involved in the formation of inclusion bodies is vi-

tal for understanding the molecular pathways involved in neurodegenerative disorders 

including AD, PD and HD. Indeed, expansion and development of a novel tool such as 

BiFC paves the way for clarifying the molecular pathways involved in neurodegenerat-

ive diseases. Furthermore, BiFC is an extremely powerful tool in the discovery of inter-

action partners but also in the field of sub-cellular localization studies (Chen et al., 

2006). Lastly, since BiFC can be used in a wide variety of model organisms, from bac-

teria to mammalian cell lines, it is a useful tool for high throughput genetic or chemical 

screens (Bracha-Drori et al., 2004, Chen et al., 2007, Gehl et al., 2009). Although the 

BiFC assay is a powerful tool to study protein-protein interactions in physiological con-

dition, it has some limitations that deserve to be mentioned here. It has been shown that 

the formation of a BiFC complex occurs in a multistep pathway in vitro, initiated by the 

contact of the proteins fused to the non-fluorescent fragments. This is a reversible phe-

nomenon and can be influenced and competed by alternative interaction partners. Once 

the complex is stabilized by the association of the fluorescent fragments, it becomes res-

istant to competition by alternative interaction partners. Although this characteristic of 

BiFC provides a detection of weak and transient complexes without interference of non-

specific interaction, this irreversibility limits the application of the BiFC assay for 

studying dynamic interactions (Hu et al., 2002). However, some studies showed that the 

BiFC complex is reversible as they detected rapid changes in BiFC signal (Schmidt et 

al., 2003, Guo et al., 2005). Another limitation of this assay is that fluorescent fragments 

have an intrinsic ability to associate with each other independently from the interaction 

of the proteins fused to the same fragments, which could cause background signal 
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(Zhang et al., 2004, Cabantous et al., 2005). Finally, in this assay the time required for 

fluorophore maturation (chemical reactions required for fluorophore formation) pre-

vents real-time detection of rapid changes in interactions (Kerppola et al., 2006).   

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!

"32



Introduction

!
 

!
!
Figure 1.4.1 A) A folding topology diagram of the GFP protein. The numbered green 

arrows and blue boxes represent β-strands and α-helices respectively. The star symbol 

indicates a fluorophore. The two canonical split sites for generating our BiFC constructs 

are indicated by the scissors symbol. B) Schematic principle of BiFC to study DJ-1 

dimerization. The left structure indicates DJ-1 NGFP (DJ-1 BiFC construct), middle 

structure represents DJ-1 CCFP (DJ-1 BiFC construct) and right structure shows DJ-1 

dimerisation and the reconstituted GFP protein (adapted from (Kodama and Hu, 2012)).  

!
!
!
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switching experiments (34). Since Dronpa 
was successfully used for visualization of 
nucleocytoplasmic shuttling proteins 
(35), and many transcriptional regulatory 
proteins function as dimers and shuttle 
between the cytoplasm and nucleus, 
Dronpa-based BiFC analysis should help 
uncover how transcriptional regulatory 
proteins shuttle between the cytoplasm 
and nucleus. Likewise, Dronpa-based BiFC 
could also facilitate the study of protein 
complex translocation between various 
cellular compartments.

Given the strong evidence that most, if 
not all, fluorescent proteins are BiFC-com-
petent, it is plausible to predict that other 
photoactivatable and photoconvertible 
f luorescent proteins, such as PA-GFP, 
EosFP, and Kaede, could be good candi-
dates for BiFC analysis (36–38). If true, 
such f luorescent protein-based BiFC 

systems could enable new applications, 
including multicolor photoregulatable 
BiFC as well as super resolution imaging 
of BiFC.

Split sites
Circular permutation of proteins is a 
technique to change the order of amino 
acids in a protein sequence (39). The original 
N terminus of a protein is ligated with its 
original C terminus, and new N and C 
termini are generated by splitting the circu-
larized protein in other structural regions. 
One of the applications of circular permu-
tation is to determine the position where 
an insertion can be introduced without 
affecting the overall structure and protein 
folding. Several studies provided evidence 
that circularly permutated GFP could 
be split at positions in the loop between 
the 6th and 7th β-strands, in the 7th 

β-strand, in the loop between the 7th and 
8th β-strands, in the 8th β-strand, and in 
the loop between the 8th and 9th β-strands 
(40). These positions were later employed to 
split EYFP for the development of BiFC (8). 
The identified split sites have been success-
fully used for BiFC analysis with several 
fluorescent proteins. For example, there 
are YN173/YC173 from EYFP, CN173/
CC173 from ECFP, and RN169/RC169 
from mRFP (Q66T), which are all split at a 
position between the 8th and 9th β-strands. 
Another split site is the loop between 7th 
and 8th β-strands. Examples are YN155/
YC155 from EYFP and CN155/CC155 
from ECFP (Figure 1, A and B). This split 
site is likely available for the GFP variants 
from jellyfish Aequorea victoria, but not 
for RFP variants from Discosoma sp. (31) 
(Figure 1, A and B). Although the above 
two split sites are widely used as canonical 
split sites of BiFC assay, other split sites have 
been reported for BiFC assays. For example, 
superfolder GFP can be split at the loop 
between the 10th and 11th β-strands (23) 
(Figure 1B). Because of high background 
fluorescence resulting from fluorescence 
complementation using this split site, 
several point mutations were introduced 
into these fragments. More recently, an 
extensive screen was performed by splitting 
Venus at 13 different sites in the hopes of 
developing a Venus-based BiFC assay with 
low background fluorescence (41). Interest-
ingly, this screen identified the same loop 
between the 10th and 11th β-strands as 
the best split site for BiFC analysis (41). 
Contrary to the sfGFP-based BiFC, the 
Venus-based BiFC assay had the lowest 
background fluorescence among all combi-
nations tested (41). Given the overall struc-
tural homology between sfGFP and Venus, 
it remains to be determined whether the 
differential effect of the same split site on 
these two proteins might be related to the 
proteins of interest used or the design of 
their BiFC plasmids (23, 41). Nevertheless, 
the fact that the C-terminal fragment from 
the 11th β-strand, which consists of 15 
or 29 amino acids (sfGFP: a.a. 215–229, 
Venus: a.a. 210–238) (23, 41) (Figure 1B), 
should have less effect on the structure and 
folding of target proteins, and should be 
useful for BiFC analysis of proteins that are 
more sensitive to structural alterations.

Improvement of signal-to-noise ratio
The assembly of two complementary 
non-fluorescent protein fragments when 
each is fused to one of a pair of interacting 
proteins is essential for the BiFC assay. 
However, self-assembly of the non-fluo-
rescent protein fragments independent 
of the interacting proteins can contribute 

Figure 1. Principle of BiFC. (A) Three-dimensional structure of a fluorescent protein. The structure 
of the Venus yellow fluorescent protein (PDB ID: 1MYW from RCSB Protein Data Bank), with the 
β-strands and α-helices visualized in rainbow colors using PyMOL software (http://pymol.sourceforge.
net/). Two canonical split sites (between 7th and 8th β-strands, and between 8th and 9th β-strands) 
used for the BiFC assay are shown in white (and also indicated by scissors). (B) Folding topology 
of a fluorescent protein. The numbered green arrows and the orange boxes indicate β-strands and 
α-helices, respectively. The two closed circles indicate the positions of the canonical split sites, and 
the arrowhead indicates the split site between the 10th and 11th β-strands. The star symbol indicates 
the fluorophore. (C) Principle of BiFC. The left structure represents the N-terminal BiFC fragment 
(VN155) fused to interacting protein X, with yellow indicating the fluorophore. The center structure 
represents the C-terminal BiFC fragment (VC155) fused to interacting protein Y. The α-helices of 
the bZIP domains of Jun (bJun) and Fos (bFos) are used as examples for the X and Y proteins, 
respectively. The right structure shows the reconstituted fluorescent protein (FP) and the X/Y protein 
complex (as a bJun/bFos dimer).
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switching experiments (34). Since Dronpa 
was successfully used for visualization of 
nucleocytoplasmic shuttling proteins 
(35), and many transcriptional regulatory 
proteins function as dimers and shuttle 
between the cytoplasm and nucleus, 
Dronpa-based BiFC analysis should help 
uncover how transcriptional regulatory 
proteins shuttle between the cytoplasm 
and nucleus. Likewise, Dronpa-based BiFC 
could also facilitate the study of protein 
complex translocation between various 
cellular compartments.

Given the strong evidence that most, if 
not all, fluorescent proteins are BiFC-com-
petent, it is plausible to predict that other 
photoactivatable and photoconvertible 
f luorescent proteins, such as PA-GFP, 
EosFP, and Kaede, could be good candi-
dates for BiFC analysis (36–38). If true, 
such f luorescent protein-based BiFC 

systems could enable new applications, 
including multicolor photoregulatable 
BiFC as well as super resolution imaging 
of BiFC.

Split sites
Circular permutation of proteins is a 
technique to change the order of amino 
acids in a protein sequence (39). The original 
N terminus of a protein is ligated with its 
original C terminus, and new N and C 
termini are generated by splitting the circu-
larized protein in other structural regions. 
One of the applications of circular permu-
tation is to determine the position where 
an insertion can be introduced without 
affecting the overall structure and protein 
folding. Several studies provided evidence 
that circularly permutated GFP could 
be split at positions in the loop between 
the 6th and 7th β-strands, in the 7th 

β-strand, in the loop between the 7th and 
8th β-strands, in the 8th β-strand, and in 
the loop between the 8th and 9th β-strands 
(40). These positions were later employed to 
split EYFP for the development of BiFC (8). 
The identified split sites have been success-
fully used for BiFC analysis with several 
fluorescent proteins. For example, there 
are YN173/YC173 from EYFP, CN173/
CC173 from ECFP, and RN169/RC169 
from mRFP (Q66T), which are all split at a 
position between the 8th and 9th β-strands. 
Another split site is the loop between 7th 
and 8th β-strands. Examples are YN155/
YC155 from EYFP and CN155/CC155 
from ECFP (Figure 1, A and B). This split 
site is likely available for the GFP variants 
from jellyfish Aequorea victoria, but not 
for RFP variants from Discosoma sp. (31) 
(Figure 1, A and B). Although the above 
two split sites are widely used as canonical 
split sites of BiFC assay, other split sites have 
been reported for BiFC assays. For example, 
superfolder GFP can be split at the loop 
between the 10th and 11th β-strands (23) 
(Figure 1B). Because of high background 
fluorescence resulting from fluorescence 
complementation using this split site, 
several point mutations were introduced 
into these fragments. More recently, an 
extensive screen was performed by splitting 
Venus at 13 different sites in the hopes of 
developing a Venus-based BiFC assay with 
low background fluorescence (41). Interest-
ingly, this screen identified the same loop 
between the 10th and 11th β-strands as 
the best split site for BiFC analysis (41). 
Contrary to the sfGFP-based BiFC, the 
Venus-based BiFC assay had the lowest 
background fluorescence among all combi-
nations tested (41). Given the overall struc-
tural homology between sfGFP and Venus, 
it remains to be determined whether the 
differential effect of the same split site on 
these two proteins might be related to the 
proteins of interest used or the design of 
their BiFC plasmids (23, 41). Nevertheless, 
the fact that the C-terminal fragment from 
the 11th β-strand, which consists of 15 
or 29 amino acids (sfGFP: a.a. 215–229, 
Venus: a.a. 210–238) (23, 41) (Figure 1B), 
should have less effect on the structure and 
folding of target proteins, and should be 
useful for BiFC analysis of proteins that are 
more sensitive to structural alterations.

Improvement of signal-to-noise ratio
The assembly of two complementary 
non-fluorescent protein fragments when 
each is fused to one of a pair of interacting 
proteins is essential for the BiFC assay. 
However, self-assembly of the non-fluo-
rescent protein fragments independent 
of the interacting proteins can contribute 

Figure 1. Principle of BiFC. (A) Three-dimensional structure of a fluorescent protein. The structure 
of the Venus yellow fluorescent protein (PDB ID: 1MYW from RCSB Protein Data Bank), with the 
β-strands and α-helices visualized in rainbow colors using PyMOL software (http://pymol.sourceforge.
net/). Two canonical split sites (between 7th and 8th β-strands, and between 8th and 9th β-strands) 
used for the BiFC assay are shown in white (and also indicated by scissors). (B) Folding topology 
of a fluorescent protein. The numbered green arrows and the orange boxes indicate β-strands and 
α-helices, respectively. The two closed circles indicate the positions of the canonical split sites, and 
the arrowhead indicates the split site between the 10th and 11th β-strands. The star symbol indicates 
the fluorophore. (C) Principle of BiFC. The left structure represents the N-terminal BiFC fragment 
(VN155) fused to interacting protein X, with yellow indicating the fluorophore. The center structure 
represents the C-terminal BiFC fragment (VC155) fused to interacting protein Y. The α-helices of 
the bZIP domains of Jun (bJun) and Fos (bFos) are used as examples for the X and Y proteins, 
respectively. The right structure shows the reconstituted fluorescent protein (FP) and the X/Y protein 
complex (as a bJun/bFos dimer).
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switching experiments (34). Since Dronpa 
was successfully used for visualization of 
nucleocytoplasmic shuttling proteins 
(35), and many transcriptional regulatory 
proteins function as dimers and shuttle 
between the cytoplasm and nucleus, 
Dronpa-based BiFC analysis should help 
uncover how transcriptional regulatory 
proteins shuttle between the cytoplasm 
and nucleus. Likewise, Dronpa-based BiFC 
could also facilitate the study of protein 
complex translocation between various 
cellular compartments.

Given the strong evidence that most, if 
not all, fluorescent proteins are BiFC-com-
petent, it is plausible to predict that other 
photoactivatable and photoconvertible 
f luorescent proteins, such as PA-GFP, 
EosFP, and Kaede, could be good candi-
dates for BiFC analysis (36–38). If true, 
such f luorescent protein-based BiFC 

systems could enable new applications, 
including multicolor photoregulatable 
BiFC as well as super resolution imaging 
of BiFC.

Split sites
Circular permutation of proteins is a 
technique to change the order of amino 
acids in a protein sequence (39). The original 
N terminus of a protein is ligated with its 
original C terminus, and new N and C 
termini are generated by splitting the circu-
larized protein in other structural regions. 
One of the applications of circular permu-
tation is to determine the position where 
an insertion can be introduced without 
affecting the overall structure and protein 
folding. Several studies provided evidence 
that circularly permutated GFP could 
be split at positions in the loop between 
the 6th and 7th β-strands, in the 7th 

β-strand, in the loop between the 7th and 
8th β-strands, in the 8th β-strand, and in 
the loop between the 8th and 9th β-strands 
(40). These positions were later employed to 
split EYFP for the development of BiFC (8). 
The identified split sites have been success-
fully used for BiFC analysis with several 
fluorescent proteins. For example, there 
are YN173/YC173 from EYFP, CN173/
CC173 from ECFP, and RN169/RC169 
from mRFP (Q66T), which are all split at a 
position between the 8th and 9th β-strands. 
Another split site is the loop between 7th 
and 8th β-strands. Examples are YN155/
YC155 from EYFP and CN155/CC155 
from ECFP (Figure 1, A and B). This split 
site is likely available for the GFP variants 
from jellyfish Aequorea victoria, but not 
for RFP variants from Discosoma sp. (31) 
(Figure 1, A and B). Although the above 
two split sites are widely used as canonical 
split sites of BiFC assay, other split sites have 
been reported for BiFC assays. For example, 
superfolder GFP can be split at the loop 
between the 10th and 11th β-strands (23) 
(Figure 1B). Because of high background 
fluorescence resulting from fluorescence 
complementation using this split site, 
several point mutations were introduced 
into these fragments. More recently, an 
extensive screen was performed by splitting 
Venus at 13 different sites in the hopes of 
developing a Venus-based BiFC assay with 
low background fluorescence (41). Interest-
ingly, this screen identified the same loop 
between the 10th and 11th β-strands as 
the best split site for BiFC analysis (41). 
Contrary to the sfGFP-based BiFC, the 
Venus-based BiFC assay had the lowest 
background fluorescence among all combi-
nations tested (41). Given the overall struc-
tural homology between sfGFP and Venus, 
it remains to be determined whether the 
differential effect of the same split site on 
these two proteins might be related to the 
proteins of interest used or the design of 
their BiFC plasmids (23, 41). Nevertheless, 
the fact that the C-terminal fragment from 
the 11th β-strand, which consists of 15 
or 29 amino acids (sfGFP: a.a. 215–229, 
Venus: a.a. 210–238) (23, 41) (Figure 1B), 
should have less effect on the structure and 
folding of target proteins, and should be 
useful for BiFC analysis of proteins that are 
more sensitive to structural alterations.

Improvement of signal-to-noise ratio
The assembly of two complementary 
non-fluorescent protein fragments when 
each is fused to one of a pair of interacting 
proteins is essential for the BiFC assay. 
However, self-assembly of the non-fluo-
rescent protein fragments independent 
of the interacting proteins can contribute 

Figure 1. Principle of BiFC. (A) Three-dimensional structure of a fluorescent protein. The structure 
of the Venus yellow fluorescent protein (PDB ID: 1MYW from RCSB Protein Data Bank), with the 
β-strands and α-helices visualized in rainbow colors using PyMOL software (http://pymol.sourceforge.
net/). Two canonical split sites (between 7th and 8th β-strands, and between 8th and 9th β-strands) 
used for the BiFC assay are shown in white (and also indicated by scissors). (B) Folding topology 
of a fluorescent protein. The numbered green arrows and the orange boxes indicate β-strands and 
α-helices, respectively. The two closed circles indicate the positions of the canonical split sites, and 
the arrowhead indicates the split site between the 10th and 11th β-strands. The star symbol indicates 
the fluorophore. (C) Principle of BiFC. The left structure represents the N-terminal BiFC fragment 
(VN155) fused to interacting protein X, with yellow indicating the fluorophore. The center structure 
represents the C-terminal BiFC fragment (VC155) fused to interacting protein Y. The α-helices of 
the bZIP domains of Jun (bJun) and Fos (bFos) are used as examples for the X and Y proteins, 
respectively. The right structure shows the reconstituted fluorescent protein (FP) and the X/Y protein 
complex (as a bJun/bFos dimer).
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Introduction

1-5 Specific aims 
As discussed earlier DJ-1 is a multifunctional protein involved in wide range of 

cellular pathways and linked to PD. To date, the precise role of DJ-1 dimerization and 

function in neurodegeneration is not clearly understood, and the role of protein interac-

tions and protein modifications in dimerization and function has not been explored. As 

the function of DJ-1 is intimately linked to its dimerization, the identification of dimer-

ization modifiers may represent a significant advance for the elucidation of novel thera-

peutic strategies for PD. To approach this aim, the main focus of this project was: 

!
1)    Screen for chemical modifiers of DJ-1 dimerization (Chapter 3) 

In this first objective I initially established and optimised a BiFC based screen for 

chemical modifiers of DJ-1 dimerization (Chapter 3). A high throughput screen in 96 

well plate format using BiFC and Cell^R Scan^R screen station was then performed.  

Kinase inhibitors and phosphatase inhibitors (134 kinase inhibitors, 34 phosphatase in-

hibitors) were tested in their ability to modify DJ-1 dimerization in living cells. 

      

2)       Investigate the role of DJ-1 phosphorylation in its dimerization and stability 

(Chapter 4) 

The effects of DJ-1 phosphorylation at each potential residue upon its dimerization and 

stability were characterised by generating phosphomimetic DJ-1 mutants and analysing 

using BiFC and immunoblotting. 

!
3)        Investigate and characterise interactions between DJ-1 and tau (Chapter 5)  

BiFC was used to identify direct interaction between DJ-1 and microtubule-associated 

protein tau in living cells. A panel of DJ-1 mutants were characterized in this context in 

normal and oxidative stress conditions.  

!
!
!
!
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Chapter 2 

Materials and Methods 
2-1 Materials  

2-1-1 Plasmids and mammalian cell lines 
pCDNA 3.1+ vectors (Invitrogen) containing Neomycin or Zeocin resistance 

genes were used in this study to generate DJ-1 BiFC constructs (Figure 2.1.1). All the 

mammalian cell lines, HEK 293T, HeLa, have been obtained from Dr. L. Miguel Mar-

tins (University of Leicester, MRC Toxicology Unit) 

!
2-1-2 Chemical compounds 

A kinase inhibitor library (http://www.selleckchem.com/screening/kinase-in-

hibitor-library.html) and a phosphatase inhibitor library (http://www.enzolifesciences.-

com/BML-2834/screen-well-phosphatase-inhibitor-library/) were obtained from Prof. 

Dr. Tiago Fleming Outeiro (University of Göttingen) (Appendix 1 and Appendix 2). 

Hydrogen peroxide 30% (W/W) was obtained from SIGMA. 
!
2-1-3 Bacterial media and growth conditions 

E.coli were grown in Luria agar broth (1 % Bacto-trytone, 0.5 % Bacto yeast 

extract, 0.5 % sodium chloride, pH 7.2). Solid media was made by supplementation 

with 2 % agar. To select for the presence of constructs media was supplemented with 

ampicillin (100 µg/ml; SIGMA). E.coli on plates were grown at 37℃ while liquid cul-

tures were grown at 37℃ with continuous agitation at 220 rpm overnight. All the plas-

mid constructs were maintained in E.coli DH5-α (F– Φ80lacZΔM15 Δ(lacZYA-argF) 

U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1). 

!
2-1-4 Primers 

Primers were designed to have a melting temperature  > 60 ℃ with a CG con-

tent of > 50 %. All the primers were ordered from SIGMA and DJ-1 siRNA, was ob-

tained from Ambion (136368). Sequences are listed in Table 2.1.1. 

!
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Materials & Methods

2-2-5 Antibodies  
For immunoblotting experiments: anti-DJ-1 (C-16) goat polyclonal (1:1000 

dilution, SANTA CRUZ Biotechnology, INC: sc-27006), anti-DJ-1 (D4) mouse mono-

clonal (1:1000 dilution, SANTA CRUZ Biotechnology, INC: sc-55572), anti-4E-BP1 

rabbit polyclonal (1:1000, Cell Signaling), anti-GFP rabbit polyclonal (1:5000 to 

1:20000 dilution, abcam), anti-α tubulin (TU-02) mouse monoclonal (1:1000 dilution, 

SANTA CRUZ), were utilised as a primary antibodies. Horseradish peroxidase-conju-

gated secondary antibodies were used for developing blots, which included horse anti-

goat (1:10000 dilution, Vector Laboratories), horse anti mouse (1:10000 dilution, Vector 

Laboratories) and goat anti-rabbit (1:10000 dilution, Vector Laboratories).  

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
 

!
!
Figure 2.1.1 A) Schematic representation of the pCDNA 3.1+ vector that was used in 

this study. Expression of the DJ-1 BiFC constructs is under control of the CMV promot-

er that is located upstream of the XbaI/NheI restriction sites. B) A typical representation 

of two DJ-1 BiFC constructs used to co-transfect into the Hela/293T HEK cells. 

!
!
!
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Comments for pcDNA3.1 (+)
       5428 nucleotides

CMV promoter: bases 232-819
T7 promoter/priming site: bases 863-882
Multiple cloning site: bases 895-1010
pcDNA3.1/BGH reverse priming site: bases 1022-1039
BGH polyadenylation sequence: bases 1028-1252
f1 origin: bases 1298-1726
SV40 early promoter and origin: bases 1731-2074
Neomycin resistance gene (ORF): bases 2136-2930
SV40 early polyadenylation signal: bases 3104-3234
pUC origin: bases 3617-4287 (complementary strand)
Ampicillin resistance gene (bla): bases 4432-5428 (complementary strand)
  ORF:  bases 4432-5292 (complementary strand)
  Ribosome binding site: bases 5300-5304 (complementary strand)
  bla promoter (P3): bases 5327-5333 (complementary strand)
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2-2 Methods  

2-2-1 BiFC construct cloning 
The pCDNA 3.1+ vector Neomycin/Zeocin (Invitrogen) used in this study, was 

supplied as a linearized construct with the XbaI /NheI sticky ends allowing ligation of 

BiFC constructs (Figure 2.1.1). Expression of BiFC constructs in pCDNA 3.1+ vector is 

under the control of the CMV promoter that is located upstream of the XbaI/NheI re-

striction site. This vector  also contains Neomycin or Zeocin resistance genes for selec-

tion of stably transfected clones.  
!
2-2-2 Generation of DJ-1 mutants constructs 
2-2-2-1 QuikChange Lightning Multi Site-Directed Mutagenesis 

All DJ-1 double mutants BiFC constructs were generated by PCR using a 

QuikChange Lightning Multi Site-Directed Mutagenesis Kit. Both WT DJ1-GN173 and 

wild type DJ1-CC155 BiFC constructs as templates (Repici et al., 2013). A typical 25 µl 

QuikChange Lightning Multi Site-Directed Mutagenesis reaction contained 100 ng of 

template DNA, 1 µl QuikChange Lightning Multi enzyme blend, 2.5 µl of 10X 

QuikChange Lightning Multi reaction buffer, 1 µl of dNTP mix (from QuikChange 

Lightning Multi Site-Directed Mutagenesis Kit), 100 ng of each primers, and 0.75 µl of 

QuikSolution. PCR was performed using a G-STORM PCR machine as follows: initial 

denaturation step for 2 minutes at 95℃, 30 cycles of denaturation at 95℃ for 20 sec-

onds, 30 seconds of annealing at 55℃ (primer-depended temperature), followed by ex-

tension at 65℃ for 30 seconds/kb (5 minutes) and a final extension step at 72℃ for 5 

minutes. PCR products were digested with 1 µl of the methylation specific restriction 

enzyme Dpn-1 (QuikChange Lightning Multi Site-Directed Mutagenesis Kit) and incu-

bated at 37℃ for 2 hours to selectively digest the parental, methylated strand.   

!
2-2-2-2 Site-Directed mutagenesis 

All DJ-1 BiFC constructs containing single mutations were generated using 

PCR based site-directed mutagenesis (Thermo) utilising both WT DJ1-GN173 and WT 

DJ1-CC155 as templates. A typical 50 µl site-directed mutagenesis reaction consisted of 

200 ng template DNA, 1U of Phusion High-Fidelity DNA polymerase, 0.5 µM of each 

"39



Materials & Methods

primer, 10 µl of 5X Phusion HF Buffer, 1 µl of 10 mM dNTPs mix. Typical cycling 

conditions included an initial denaturation step at 98℃, 25 cycles of denaturation at 

98℃ for 10 seconds, 30 seconds of annealing at 60℃, followed by extension at 72℃ 

for time equaling 1 minute/kb (3.5 minutes) and a final extension step at 72℃ for 10 

minutes. PCR products were digested with 10 U of Dpn-1 (New England Biolabs) and 

incubated for 2 hours at 37℃ to selectively digest the parental, methylated DNA.  

!
2-2-3 Transformation of XL10-Gold Ultracompetent cells 

To transform XL10-Gold Ultracompetent cells, 2 µl of the β-ME mix provided 

with the QuikChange Lightning Multi Site-Directed Mutagenesis Kit was added to 50 

µl of ultracompetent cells in prechilled 14-ml BD Falcon polypropylene round-bottom 

tubes. Cells were incubated on ice for 10 minutes with gently swirling every 2 minutes. 

1.5 µl of Dpn-1 treated DNA from each mutagenesis reaction was added into separate 

aliquots of ultracompetent cells and incubated on ice for 30 minutes. Cells were then 

heat shocked at 42℃ for 30 seconds, and then immediately incubated on ice for 2 min-

utes. 500 µl of  preheated (42℃) NZY+ broth was then added into each tube and sam-

ples incubated at 37℃ for 1 hour with shaking at 225-250 rpm. Cells were harvested at 

13000 rpm for 1 minute using an Eppendorf 5424 centrifuge. The supernatant was de-

canted and the pellet suspended in the remaining liquid, and 1 µl, 10 µl and 100 µl of 

cells spread onto LB-Ampicillin (LUA-Amp) plates and incubated at 37℃ overnight. 6 

single colonies were picked and streaked onto fresh LUA-Amp plates and incubated as 

before. Samples were also transferred into 5 ml LUB-Amp for DNA extraction. 

!
2-2-4 Transformation of competent E.coli 

Plasmids were transformed into DH5-α cells (Bioline) as follows: 10 µl of lig-

ated plasmid was added to 100 µl of competent cells and incubated on ice for 30 min-

utes. Cells were heat shocked at 42℃ for 2 minutes followed by 2 minutes on ice. 1 ml 

LB was added and samples incubated for 60-90 minutes at 37℃ before cells were har-

vested at 13000 rpm for 1 minute using a desktop Eppendrof 5424 centrifuge. The su-

pernatant was decanted and the pellet suspended in the remaining liquid. Cells were 
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spread onto LB-Ampicillin (LUA-Amp) plates with glass beads and incubated at 37℃ 

overnight. 6 single colonies were picked and streaked onto fresh LUA-Amp plates and 

incubated as before. Samples were also transferred into 5 ml LUB-Amp for DNA ex-

traction.     
      

2-2-5 Minipreps 

Minipreps were performed utilising an Omega bio-tech E.Z.N.A plasmid mini 

kit I following manufacturer guidelines. 
!
2-2-6 Agarose gel electrophoresis  

Agarose gel electrophoresis was performed using gels made with Seakem LE 

agarose from Lonza dissolved in 1X TBE (90 mM Tris base, 90 mM boric acid, 2 mM 

EDTA, PH 8.0). Gels were supplemented with ethidium bromide (0.5 µg/ml) prior to 

casting and the percentage of the gels was specified by the DNA fragment to be separat-

ed. DNA samples were mixed with loading dye (10 % (W/V) Ficoll type 400, (W/V) 

0.25 % bromophenol blue, 0.5 % (W/V) SDS), loaded into agarose gels, and separated 

by passing an electric field through 1X TBE buffer. Appropriate DNA markers (section 

2.2.4) were used to determine the size of the DNA fragments. Gels were visualised us-

ing a Kodak 200L gel documentation system and processed using Kodak 1D Image 

analysis software. 
!
2-2-7 Sequencing 

Sequencing reactions included: 2µl of plasmid DNA (~500 ng), 2 pmol T7 or 

BGH sequencing primer, 1 µl BigDye Terminator 3.1, 1X sequencing buffer (Applied 

BioScience), and were made up to a final volume of 10 µl with distilled water. Sequenc-

ing was performed using G-STORM PCR machine as follows: 96℃ for 1 minute, fol-

lowed by 25 cycles of 30 seconds at 96℃, 5 seconds at 50℃, and 4 minutes at 60℃. 

Samples were purified using Edge purification columns following the manufacture’s 

guidelines and provided to the Protein Nucleic Acid Chemistry Laboratory (PNACL), 

facility, University of Leicester. 
!
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2-2-8 Endofree minipreps and sample purification 
Constructs were prepared for transfection by culturing cells overnight in 100 

ml LB-Amp at 37℃ with shaking. An Omega bio-tech E.Z.N.A endo free® plasmid 

mini kit II was used to prepare endotoxin free plasmid DNA following the manufactur-

er’s guidelines. Samples were eluted in a final volume of 20 µl and purified further by 

phenol:chloroform extraction. A volume of phenol:chloroform:Isomyl alcohol (25:24:1) 

equal to the samples was added, gently mixed and centrifuged at 1200 rpm for 30 sec-

onds using an Heraeus Sepatech Biofuge 13 centrifuge. The upper aqueous phase was 

transferred to a fresh tube and an equal volume of chloroform added and centrifuged as 

before. The upper aqueous phase was transferred to a new tube and twice the volume of 

100 % ethanol and 1/10th the volume of 3 M sodium acetate added before the samples 

were incubated at -20℃ for 30 minutes. Samples were then centrifuged at 13000 rpm 

for 10 minutes and the pellet suspended in 200 µl 70 % ethanol, vortexed and re-cen-

trifuged. The supernatant was removed and the pellet air dried and suspended in 20 µl of 

endo-free elution buffer. The DNA concentration was determined by measuring the ab-

sorbance at 260 nm in a nanodrop using the following constant for double-stranded 

DNA: 1 OD260 unit correlates to a DNA concentration of 50 ng/µl . Samples were dilut-

ed to a final concentration of 0.5 µg/µl using endo-free elution buffer. 
!
2-2-9 Mammalian cell culture 

HeLa cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM) 

(PAA) supplemented with 10 % fetal bovine serum (PAA), 2 mM L-glutamine (PAA) 

and 1 % Penicillin/Streptomycin (Sigma) at 37℃ and 5 % CO2. Cells were passaged 1 

in 10 every 3-4 days and all experiments used sub-confluent cultures. Neomycin (G418) 

or Zeocin were used to select for stable transformants. In order to determine the effec-

tive concentration of the selection reagents for HeLa cell we determined the minimum 

inhibitory concentration. Cells were counted and seeded at a concentration of 1x105 in 6 

wells plates and incubated at 37℃ in 5 % CO2 for 24 hours. Cells were then treated 

with varying concentration of neomycin (100, 300, 500, 600, 700, 800, 1000, 2000 and 

3000 µg/ml) or zeocin (50, 100, 150, 250, 350, 550, 650 and 800 µg/ml) with media be-

"42



Materials & Methods

ing changed twice a week. The percentage of cell death in each well was considered 

every day by microscopy observation and recorded.  

HEK 293T cells were cultured in Dulbecco’s Modified Eagles Medium 

(DMEM (1X)+GlutaMAXTM-1), high glucose, supplemented with 10 % fetal bovine 

serum (PAA) and 1 % Penicillin/Streptomycin (Sigma) at 37 ℃ and 5 % CO2. Cells 

were passaged 1 in 10 twice a week and all experiments used sub-confluent cultures. In 

this study we used Zeocin to select for stable transformants. The effective concentration 

of Zeocin for HEK 293T cells was determined as previously described. 
!
2-2-10 Lipofectamine LTX transfection 

For transfection of HeLa cells with BiFC constructs cells were counted and 

2x105 cells seeded into 6 well plates containing 3 ml complete medium and incubated at 

37℃ in 5 % CO2 for 24 hours. For each transfection reaction 1.25 µg of DNA was di-

luted in 500 µl of serum free medium and mixed completely. 1.25 µl PLUS reagent (In-

vitrogen) was added to the diluted DNA and incubated for 15 minutes at room tempera-

ture. 4.5 µl of LTX reagent (Invitrogen) was then added to the diluted DNA and PLUS 

reagent mixture and incubated for 25 minutes at room temperature. The medium was 

changed with fresh complete medium and the mixture of diluted DNA and transfection 

reagent was added to each well and incubated at 37℃ in 5 % CO2 for 24 hours . After 

24 hours medium was changed, and twice a week over several weeks new medium was 

added with the addition of Neomycin selection at a final concentration of 800 µg/µl to 

select for stable transformants. Single colonies were picked into new plates and expand-

ed for further analysis.  

For transfection of HEK 293T cells with BiFC constructs cells were counted 

and seeded at a concentration of 6.25 x 105  cells/well in 6 well plates, precoated with 

0.01 % poly-L-lysine solution, containing 2 ml complete medium and incubated at 37℃ 

in 5 % CO2 for 24 hours. For each transfection reaction 2.5 µg of DNA was diluted in 

500 µl of serum free medium and mixed completely. 2.5 µl PLUS reagent (Invitrogen) 

was added to the diluted DNA and incubated for 5 minutes at room temperature. Then 

6.25 µl LTX reagent (Invitrogen) was added to the diluted DNA and PLUS reagent mix-

ture and incubated for 30 minutes at room temperature. The medium was changed with 
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fresh complete medium and the mixture of diluted DNA and transfection reagent was 

added to each well and incubated at 37℃ in 5 % CO2. After 24 hours medium was 

changed and twice a week over several weeks it was replaced with new medium con-

taining Zeocin at a final concentration of 400 µg/ml to select for stable transformants. 

Single colonies were picked into new plates and expanded for further analysis.  

HEK 293T cells were transfected with BiFC constructs using Lipofectamine 

LTX in 96 well plate format during screening. Cells were counted and seeded at a con-

centration of 2.5 x 104 cell/well in 96 well ibiTreat plate (Ibidi), precoated with 0.01 % 

poly-L-lysine solution, containing 200 µl complete medium and incubated at 37℃  in 5 

% CO2 for 24 hours. For each transfection reaction 100 ng of DNA was diluted in 200 

µl of serum free medium and mixed completely. 0.1 µl PLUS reagent (Invitrogen) was 

added to the diluted DNA and incubated for 15 minutes at room temperature. Then 0.25 

µl LTX reagent (Invitrogen) was added into the diluted DNA and PLUS reagent mixture 

and incubated for 30 minutes at room temperature. The medium was changed with fresh 

complete medium and the mixture of diluted DNA and transfection reagent was added 

to each well and incubated at 37℃  in 5 % CO2. After 24 hours medium was changed 

with fresh medium. Cells were treated with drug compounds for 4 h and changes in flu-

orescent signal were analyzed using an Olympus Cell^R Scan^R screening station.  
!
2-2-11 Lipofectamine 2000 transfection 

For transfection of HEK 293T cells with BiFC constructs and anti DJ-1 siRNA, 

cells were counted and seeded at a concentration of 4 x 105  cells/well in 12 well plates, 

precoated with 0.01 % poly-L-lysine solution, containing 1 ml complete medium and 

incubated at 37℃ in 5 % CO2 for 24 hours. For each transfection reaction 0.3 µg of 

DNA and 12 pmol siRNA (Ambion 136368) (Table 2.1.1) were diluted in 100 µl of 

serum free medium and mixed completely. 3 µl Lipofectamine 2000 reagent (Invitro-

gen) were diluted in serum free medium, mixed completely and incubated for 5 minutes 

at room temperature. Then diluted DNA and siRNA mixture and Lipofectamine reagent 

mixture were combined, mixed gently and completely incubated for 20 minutes at room 

temperature. The medium was changed with fresh complete medium and the mixture of 
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diluted DNA, siRNA and transfection reagent was added to each well and incubated at 

37℃ in 5 % CO2. After 24 hours medium was changed.   

HEK 293T cells were transfected with BiFC constructs and anti DJ-1 siRNA 

using Lipofectamine 2000 in 96 well plates for screening. Cells were counted and seed-

ed at a concentration of 1.5 x 104 cells/well in 96 well ibiTreat plate (Ibidi), precoated  

with 0.01 % poly-L-lysine solution, containing 200 µl complete medium and incubated 

at 37℃  in 5 % CO2 for 24 hours. For each transfection reaction 0.5 µg of DNA and 0.5 

pmol of siRNA were diluted in 25 µl of serum free medium and mixed completely. 0.35 

µl Lipofectamine 2000 reagent (Invitrogen) was diluted into the of serum free medium, 

mixed completely and incubated for 5 minutes at room temperature. Diluted DNA/siR-

NA and the Lipofectamine reagent mixture were combined, mixed gently and incubated 

for 20 minutes at room temperature. The medium was changed with fresh complete 

medium and the mixture of diluted DNA, siRNA and transfection reagent was added to 

each well and incubated at 37℃ in 5 % CO2. After 24 hours medium was changed with 

fresh medium. Changes in fluorescent signal were analysed using an Olympus Cell^R 

Scan^R screening station. 
!
2-2-12 Protein extraction 

Proteins were extracted from cells transiently transfected with desired plas-

mids. All the equipment and solutions were maintained on ice (4℃ ) to avoid protein 

degradation. To extract total proteins from cells in 6 well plate, 100 µl of lysis buffer 

(20 mM Trizma Acetate, 0.27 M Sucrose, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 5 

mM Na pyrophosphate decahydrate, 1 mM Na Orthovanadate (Na3-VO4), 10 mM β-

glycerophosphate disodium, 1 mM DTT, 1X Triton, 1X Cocktail Roche) was added to 

each well for 10 minutes, and cells transferred to prechilled 1.5 ml tubes and cen-

trifuged at 13000 rpm for 10 minutes. Supernatant were transferred to fresh prechilled 

1.5 ml tubes and 6 µl of the cleared protein lysates used to determine the protein con-

centration, and the rest of the protein lysates were kept at -80℃ for future use.  

Proteins concentration was determined using Bradford assays, which are based 

on the binding of protein to a dye that leads to a shift in the dye’s absorbance. Bovine 

serum albumin was used as a protein standard to construct a standard curve (stock solu-
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tion was diluted in distilled water to 0.125, 0.25, 0.50, 0.75, 1, 1.5, and 2 mg/ml). Each 

protein sample was diluted with distilled water to give a final volume of 15 µl 5 µl of 

each sample and protein standard were added to wells of a transparent 96 well plate (in 

duplicate) and 250 µl of Bradford reagent (1 X, BIO RAD) was added to the samples. 

Samples were incubated in the dark at room temperature for 5 minutes and mixed at 900 

rpm using a Heidolph TITRAMAX 1000 shaker. The absorbance at 595 nm was then 

measured in BMG labtech FLUOstar Omega  plate reader.  

!
2-2-13 Immunoblotting 

Samples for immunoblotting were prepared as described in section 2-1-12. Ap-

proximately 10-20 µg of protein was loaded per lane along with Precision Plus Pro-

teinTM Standards (BIO RAD) as a marker. Standard 10 % running gel (5 ml buffer SPA 

(1.5 M Tris.HCl (PH 8.8), 0.2 % (W/V) SDS), 6.7 ml 30 % (W/V) Acrylamide/meth-

ylene bisacrylamide solution (ProtoGel), 7.9 ml H2O, 150 µl APS (10 %), 15 µl 

TEMED) and stacking gel (2 ml stacking buffer (0.5 M Tris.HCl (PH 6.8), 1360 µl 30 

% (W/V) Acrylamide/methylene bisacrylamide solution (ProtoGel), 80 µl APS (10 %), 

8 µl TEMED) were used for all the immunoblotting experiments. Electrophoresis was 

performed at a constant 40 mA in running buffer (250 mM Tric.HCl, 1.9 M Glycine, 0.5 

% (W/V) SDS) until sufficient separation of protein fragments were achieved (~90 min-

utes). Gels were then transferred to blotting apparatus layered with a PVDF membrane 

(Millipore) treated with 100 % methanol and blotted for 2 hours at 100 V in blotting 

buffer (0.02 M Tric, 0.15 M Glycine, 12 % (V/V) methanol). Following blotting PVDF 

membranes were incubated in blocking solution (5 %  (W/V) milk solution in 1 X TBS-

T (20 mM Tris, 150 mM NaCl, 0.1 % Tween 20)) for 1 hour. Membranes were then in-

cubated in primary antibody diluted in blocking solution and incubated overnight on a 

rocker at 4℃. Membranes were then washed three times for 15 minutes with 1 X TBS-

T before being incubated with HRP conjugated secondary antibody diluted in blocking 

solution (1 % (W/V) milk solution in 1X TBS-T) for 1 hour at room temperature. After 

three washes with 1 X TBS-T for 15 minutes, proteins were visualised with ECL 

reagent (SuperSignal West Dura, Thermo Scientific Pierce) and X-ray film (Fujifilm).  

!

"46



Materials & Methods

2-2-14 Gel densitometry  
Following immunoblot experiments changes in protein expression were quanti-

fied using Image J software. The intensity of individual protein bands from scanned X-

ray film were evaluated, and the expression of the proteins of interest were normalized 

using α-tubulin as a loading control.   

!
2-2-15 Immunocytochemistry (ICC)  

To observe cells with confocal or Cell^R Scan^R microscopy cells were grown 

on coverslips (precoated with 0.01 % poly-L-lysine solution), and transfected with the 

desired plasmids. 24 or 48 hours after transfection cells were fixed with 4 % 

paraformaldehyde solution for 20 minutes at 37℃ . Cells were washed three times with 

1 X phosphate buffered saline (PBS) before being incubated in blocking solution (1 % 

bovine serum albumin (BSA), 0.2 % Triton X-100) for 30 minutes at room temperature. 

Primary antibodies were diluted in blocking solution incubated with the fixed cells 

overnight on a rocker at 4℃. Cells were then washed thrice with 1 X PBS for 5 min-

utes, then incubated for 2 minutes in diluted (1:2000) Hoechst 33342 trihyrochloride, 

trihydrate 10 mg/ml (Invitrogen) in 1 X PBS. Cells were washed three times with 1 X 

PBS for 5 minutes, before being incubating with secondary antibodies diluted in block-

ing solution for 1 hour at room temperature in the dark. Finally, cells were washed three 

times with 1 X PBS for 5 minutes before mounted. Fixed cells on coverslips were 

mounted with Mowiol (4.3 mM Mowiol 4-88 reagent (CALBIOCHEM), 3.62 M glyc-

erol, 2 M Tris (PH 8.5), Sodium Azide (NaN3) 0.02 %). One drop of room temperature 

Mowiol was added to each coverslip and slides were incubated in the dark at room tem-

perature for 2 hours to allow the Mowiol set. All slides were stored at 4℃  until use.  

!
2-2-16 DJ-1 phosphorylation assay 

To check DJ-1 phosphorylation status in control and oxidative stress conditions 

HEK 293T cells were transfected with DJ-1 BiFC constructs as described in section 

2-2-10 in 6 well plates. 48 hours after transfection cells were exposed to 1 mM hydro-

gen peroxide (H2O2) for 2 hours. Then, cells were washed 3 times with 1 X KREBS 
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buffer without phosphate (118.4 mM NaCl, 4.69 mM KCl, 4.17 mM NaHCO3, 1.18 mM 

MgSO4 -7H2O, 11.7 mM Glucose, 9.99 mM HEPES, 1.29 mM CaCl2 -2H2O) before 

being incubated in 1 X KREBS buffer containing 100 µCi per/ml [P32]orthophosphate at 

37℃  in 5 % CO2 for 90 minutes. Cells were then lysed in lysis buffer as described in 

section 2-2-12, and the DJ-1 BiFC constructs co-immunoprecipitated using anti-GFP 

conjugated agarose beads following manufacturer’s instructions (Chromotek GFP-

Trap_A). 10 µl of conjugated beads were added to each sample and then incubated on a 

rocker at 4℃ for 2 hours. Immunoprecipitated proteins were resolved by 10 % SDS-

PAGE and visualised by autoradiography.     

!
2-2-17 Scan^R microscopy 

Fluorescence signals were acquired and analysed using the Olympus IX81 

Scan^R screening station. Cells were grown in a 96 well ibiTreated plate (Ibidi) (2 x 104  

cell/well), precoated with 0.01 % poly-L-lysine solution. 24 hours after transfection 

cells were treated with kinase inhibitors, phosphatase inhibitors or aggregation modify-

ing compounds at a final concentration of 1, 5, 10, and 20 µM for 4 hours, and for ox-

idative stress treatment cells were exposed to 1 mM H2O2 for 2 hours. Cells were im-

aged (16 pictures/well) using an Olympus 20 X LUCPlanFLN/NA = 0.45 objective 

equipped with a Hamamatsu ORCA-AG CCD camera and Olympus MT20 light source. 

The following setting were applied for screening: BiFC signals excitation 459-481 nm, 

emission 510-560 nm, and RFP excitation 546-566 nm, emission 585-650 nm. For each 

position a DIC image was acquired to check cell viability. Cells with RFP were gated 

based on their size (area and perimeter) and checked for overexposure in the RFP and 

BiFC channels. BiFC efficiency was calculated as the ratio between the green BiFC 

signal and the red signal obtained from a full length RFP construct that was always 

transfected together with the BiFC constructs.  

!
2-2-18 Confocal laser scanning microscopy  

To observe and image cells with a confocal laser scanning microscope 

(CLSM), 4x105 cells were seeded in 60 µ-dish ibiTreat (Ibidi) dishes and transfected 

with the appropriate BiFC constructs. Cells were imaged using an Olympus FV1000 
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CLSM in sequential mode using an Olympus UPlanSAPO 60X/NA=1.35 objective, 

dwell time of 4 µs/Pixel, Kalman filter of 3, and a zoom of 3. For BiFC excitation the 

488 nm laser was used and of the emitted fluorescence detected between 500-550 nm, 

and for RFP excitation the 559 nm laser was used and the fluorescent-emission was de-

tected between 570-670 nm. The 488 nm laser was also utilised to collect differential 

interference contrast (DIC) images. 
         !
2-2-19 Lactate dehydrogenease (LDH) assay 

The LDH assay was carried out in transparent 96 well plates. 50 µl of medium 

was removed from each sample of cultured cells and transferred into 96 well plates. 50 

µl of reconstituted Substrate Mix (using procedures supplied by manufacturer 

(Promega)) was added to each well and incubated in the dark at room temperature for 

30 minutes. 50 µl of stop solution (Promega) was added to each well, mixed, and the 

absorbance at 490-492 nm measured using a BMG labtech FLUOstar Omega plateread-

er.  

!
2-2-20 Statistical analysis 

For quantifying the BiFC data, we normalised the GFP emissions by the emis-

sions of RFP: the ratio between the BiFC signal and the RFP emission was quantified 

for every cell expressing RFP after subtraction of the background signal 24 or 48 hours 

post-transfection using Cell^R Scan^R screening station (Repici et al., 2013). The re-

sults obtained per each single well were then analysed with Prism 5 (GraphPad), apply-

ing Kruskal-Wallis tests followed by post hoc analysis and a Dunn test, with statistical 

significance set at p < 0.05 (as performed in Repici et al., 2013). All the data are ex-

pressed as means ± SEM. 
!!
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Chapter 3 

Screening for chemical modifiers of DJ-1 dimerization 

in living cells 
3-1 Introduction 

As discussed in Chapter 1, DJ-1 has been shown to be post-translationally 

modified by sumoylation, S-nitrosylation and phosphorylation. Although the effects of 

DJ-1 sumoylation and S-nitrosylation on its function and localization have been studied 

by several research groups, to our knowledge nobody has directly studied the effect of 

DJ-1 phosphorylation on its function and localization. However, recent work by Lin and 

colleagues has shown that DJ-1 phosphorylation (T19 and Y67) not only may play an 

important role in PD pathogenesis but also could be used as a biomarker for PD diagno-

sis and severity (Lin et al., 2012) (see Chapter 4). In order to characterize and clarify 

this point we decided to identify kinases and phosphatases that regulate DJ-1 phospho-

rylation status in living cells. Thus, we optimised the Olympus Scan^R screening station 

to perform screening using kinases and phosphatases chemical inhibitors for identifica-

tion of novel DJ-1 dimerization modifiers. As the function of DJ-1 is intimately linked 

to its dimerization, the identification of kinases and phosphatases that modulate DJ-1 

dimerization may represent a significant advance for the elucidation of DJ-1 phosphory-

lation role(s) in cellular pathways and in contribution with its role in PD pathogenesis.  

To identify kinases or phosphates that modulate DJ-1 dimerization, we used a 

kinase inhibitor library (http://www.selleckchem.com/screening/kinase-inhibitor-li-

brary.html) and a phosphatase inhibitor library (http://www.enzolifesciences.com/BML-

2834/screen-well-phosphatase-inhibitor-library/) extensively used by different research 

groups (Patel et al., 2012, Acquaviva et al., 2014b, Acquaviva et al., 2014a, Ketley et 

al., 2014).  

!
!
!
!
!
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3-2 Optimization of screening conditions 

3-2-1 Generation of DJ-1 BiFC constructs 
Since DJ-1 dimerization has primarily been studied biochemically, monitoring 

what happens in living cells could provide a great opportunity to clarify its dimerization 

and perhaps function, localization and potential modifying factors in living cells. To 

study DJ-1 dimerization modifiers I took advantage of BiFC. This method is based on 

the reconstruction of two halves of a fluorescence protein through interaction between 

two partners fused to the fluorescent fragments. In my project, the interaction between 

two proteins of interest (DJ-1 monomers), respectively fused with the N-terminal half of 

GFP and with the C-terminal half of CFP, was monitored in living cells transfected with 

both BiFC constructs using either confocal or fluorescence microscopy.  

The dynamics of DJ-1 dimerization in living cells utilizing BiFC was exten-

sively investigated by Dr. Repici in our laboratory (Repici et al., 2013). For identifying 

DJ-1 dimerization modifiers it was critical to generate cell lines (HEK 293T) that stably 

over-express DJ-1 BiFC constructs, as this would decrease variation in BiFC signal un-

der screening conditions. We thus used two wild type DJ-1 BiFC constructs (DJ-1/

NGFP 1-173 (DJ-1/GN173) and DJ-1/CCFP 155-238 (DJ-1/CC155)), available in our 

laboratory. As both  constructs contained a Neomycin selection marker we cloned the 

DJ-1/CCFP (155-238) BiFC sequence into pcDNA 3.1+ carrying a Zeocin selectable 

marker, allowing us to generate clones stably expressing both constructs as described in 

Chapter 2. To determine whether the pcDNA 3.1+ cloning product contains the DJ-1 

BiFC construct, isolated plasmids were digested with SpeI, which recognises new sites 

generated by insertion of DJ-1 into the vector (Figure 3.2.1). 

To confirm the digestion data and verify if our DJ-1 BiFC construct was insert-

ed in the correct orientation, we sequenced the constructs with the predicted DJ-1 inser-

tion. Following the confirmation of clone 15 by sequencing (data not shown), we gener-

ated stable clones expressing both WT DJ-1 BiFC constructs with the two different se-

lection markers (see below). 

!
!
!
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!
!
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!
!

!
!
!
!
!
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!
!

!
!
!
Figure 3.2.1 Restriction digestion of isolated pcDNA 3.1+ plasmids by SpeI. This plas-

mid contains two restriction sites for SpeI. SpeI digests the empty pCDNA 3.1+ into the 

two fragments 4340 and 686 bp, whereas it digests pCDNA 3.1+ encoding the DJ-1 

BiFC construct into 4340 and 1555 bp fragments. Plasmids containing the DJ-1 BiFC 

construct can thus easily be detected from plasmids without the DJ-1 BiFC construct. 

!
!
!
!
!
!
!
!
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3-2-2 Testing the sensitivity of HeLa and HEK 293T cells to 

neomycin and zeocin 
To obtain stable clones over-expressing both DJ-1 BiFC constructs, we select-

ed HeLa and HEK 293T cell lines as cellular models since they are easy to transfect, 

and used Neomycin and Zeocin as selection markers. We first monitored the sensitivity 

of HeLa cells to these two antibiotics by performing kill curve experiments to identify 

the effective concentration of antibiotics to be used to isolate stable clones, and we also 

repeated the same experiments after a high number of cell passages (32), to check 

whether HeLa cells sensitivity alters with time. I observed that 800 µg/ml of Neomycin 

and 150 µg/ml Zeocin are the concentrations needed for generating stable clones using 

HeLa cells (Figure 3.2.2 and 3.2.3).  

We also examined HEK 293T sensitivity to only Zeocin since this cell line is 

Neomycin resistant. Kill curve experiments were carried out to verify the effective con-

centration of antibiotic to apply for generating stable clones. This test was performed 

thrice to investigate if HEK 293T cells sensitivity to Zeocin changes with time. Results 

of the HEK 293T cells kill curve experiment is shown in Figure 3.2.4. Our data showed 

that 500 µg/ml is the effective concentration of Zeocin to obtain HEK 293T stable 

clones.  

  
!
!
!
!
!
!
!
!
!
!
!
!
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!
!
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!
!

!
!
!
Figure 3.2.2 Neomycin kill curve to detect sensitivity of HeLa cells to this antibiotic. 

The final concentration to select stable clones in our experimental context was 800 µg/

ml. Percentage of cell death was monitored. Cell medium was changed thrice a week 

over two weeks with medium containing appropriate concentrations of Neomycin selec-

tion to obtain the ideal concentration required to kill HeLa cells within approximately 

168 hours (7 days).  

!
!
!
!
!
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Figure 3.2.3 Zeocin kill curve for HeLa cells. The effective concentration of Zeocin for 

selecting stable clones is 150 µg/ml. Percentage of cell death was monitored. Cell medi-

um was changed thrice a week over two weeks with medium containing appropriate 

concentrations of Zeocin to obtain the ideal concentration to kill HeLa cells within ap-

proximately 168 hours (7 days). 
!
!
!
!
!
!
!
!
!
!
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!
Figure 3.2.4 Zeocin kill curve for HEK 293T cells. The effective concentration of 

Zeocin for selecting stable clones is 500 µg/ml. Percentage of cell death was monitored. 

Cell medium was changed thrice a week over two weeks with medium containing ap-

propriate concentrations of Zeocin selection to obtain the ideal concentration required to 

kill HEK 293T cells within approximately 168 hours (7 days). 
!!!!!!!!!!
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3-2-3 Optimization of mammalian cell transfection conditions 
To generate stable clones over-expressing both DJ-1 BiFC constructs, it was 

important to select a transfection reagent with high transfection efficiency and low level 

of toxicity to the cells. We therefore estimated the efficiency of a number of transfection 

reagents such as Lipofectamine-LTX (Invitrogen), Trans-IT (Mirus) and Effectene (QI-

AGEN). Cells were transfected with plasmids encoding DJ-1 BiFC constructs and RFP 

encoding plasmid as internal control, and transfection efficiency determined by select-

ing cells in the bright field and checking for RFP expression using a Scan^R micro-

scope. We found that the Lipofectamine-LTX reagent was not toxic to both cell lines 

(HeLa and HEK 293T) and also that its transfection efficiency was approximately 90 %, 

thus making this a good reagent for our purposes. In contrast, the two other transfection 

reagents produced low transfection efficiencies. 

!
3-2-4 Generating stable clonal cell lines over-expressing DJ-1 

BiFC constructs 

3-2-4-1 HeLa cell line clones 
After testing HeLa cell sensitivity for both Neomycin and Zeocin, we turned 

our focus to making stable cell line clones over-expressing both DJ-1 BiFC constructs. 

HeLa cells were transfected using the lipofectamine-LTX method with the DJ-1/GN173 

DJ-1/CC155 constructs using Neomycin and Zeocin as selection markers. This ap-

proach would therefore require the presence of both GFP-encoding fragments for the 

production of green fluorescence. We observed that even though our isolated clones 

were derived from individual green cells, not all the cells obtained from that clone pre-

sented a fluorescence signal. Indeed, in the majority of our isolated clones the green 

fluorescence signal was completely lost after 2-3 weeks. The reasons for this observa-

tion are unclear, I can however speculate that the expression level of one of the DJ-1 

BiFC constructs in our stable clones was highly decreased over time or that our cells 

lost one of the DJ-1 BiFC constructs (Figure 3.2.5). 

!
!
!
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!
!
!

"  

!
!
Figure 3.2.5 Picture of single clones obtained from HeLa cells stably co-transfected 

with both DJ-1 BiFC constructs. Images clearly show that although all cells came from 

one single cell, only a few cells within the clonal population present a green fluores-

cence signal. 
!!
!
!

"58



Chemical modifiers of DJ-1 dimerization

3-2-4-2 HEK 293T cell line clones 
The HEK 293T cell line was the other candidate I implemented for generating 

stable clones over-expressing DJ-1 BiFC constructs. After determining the effective 

concentration of Zeocin to be used for producing stable clones, HEK 293T cells were 

transfected using the lipofectamine-LTX method with the DJ-1/GN173 construct (with 

the Neomycin resistance marker) and the DJ-1/CC155 construct (containing the Zeocin 

selection marker). I isolated three single clones, and pooled other clones that survived 

after applying medium containing Zeocin for over several weeks. During this time I 

monitored the fluorescence signal by Cell^R microscopy twice a week (Figure 3.2.6). 

For performing any experiments using stable clones over-expressing DJ-1 

BiFC constructs, it is essential to detect constant GFP fluorescent signal from these cells 

through confocal or fluorescence microscopy. For this to occur, the constructs should be 

stably integrated in the genome and expressed at similar levels. We thus assayed protein 

levels of the DJ-1 BiFC constructs by immunoblotting using anti DJ-1 antibody (Figure 

3.2.7). I found that in the three stable clones analyzed the expression levels of the two 

DJ-1 constructs was extremely variable. Only in the case of the pooled clones were 

equivalent levels of DJ-1 BiFC construct expression observed as a result of the average 

between low and high expression of BiFC constructs.  

In addition, the morphology of these cells did not change in comparison with 

not-transfected HEK 293T cells (Figure 3.2.6). I thus selected the HEK 293T pooled 

clones stably over-expressing DJ-1 BiFC constructs for performing the screens de-

scribed below using kinase inhibitors and phosphatase inhibitors.  

!
!
!
!
!
!
!
!
!
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Figure 3.2.7 Expression levels of both DJ-1 BiFC constructs in the obtained stable 

clones. Anti DJ-1 immunoblots shows expression levels of both DJ-1 BiFC constructs, 

compared to a positive control (+Control) which was transiently transfected with DJ-1 

BiFC constructs. In each lane the upper band corresponds to DJ-1/GN173 and the lower 

band corresponds to DJ-1/CC155. Our results clearly show that only in the pool of 

clones (PC) the expression levels of both DJ-1 BiFC constructs are equal and similar to 

the control. 

!
!
!
!
!
!
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3-2-5 Optimization of Olympus Scan^R screening station for 

96 well plate format 
In parallel with generating stable cells over-expressing DJ-1 BiFC constructs, I 

also focused on optimizing the Olympus Scan^R screening station for experiments us-

ing a 96 well plate format, which would permit more rapid screening than the standard 

BiFC approach used in the laboratory. The Scan^R system can be adjusted to take any 

number of images per well in order to maximize the number of cells being analyzed, 

though increasing the number of images takes additional time to run the screen (Figure 

3.2.8). Various number of images per well were thus tested to determine the minimum 

possible amount of time needed to obtain a consistent signal from cells in each well, as 

the screen was to be conducted in living cells. I initially tested two different numbers of 

images per well (1 and 25 images per well) through pilot screening experiments in 

HeLa cells transiently transfected with both DJ-1 BiFC constructs and RFP. RFP was 

used as an internal control for selecting transfected cells and also for normalizing sig-

nals recorded from each well. I noted that even though the screening time when taking 

one image per well was short (∼ 1.5 hours per plate), the fluorescent signal recorded 

showed high fluctuation (Figure 3.2.9 and Figure 3.2.10). On the other hand, I observed 

that despite obtaining a consistent fluorescent signal when taking 25 images per well, 

the screening time increased dramatically to approximately 7 hours per plate (Figure 

3.2.9 and Figure 3.2.11).  

For these reasons, when I obtained the stable HEK 293T clones over-express-

ing the DJ-1 BiFC constructs, I tested an intermediate number of images per well (16 

images per well) in both these stable clones and HeLa/HEK 293T cell lines transiently 

transfected with WT DJ-1 BiFC constructs and RFP (Figure 3.2.9, Figure 3.2.12 and 

3.2.15). As fluorescent signals recorded were constant with approximately 10-20 % 

variation between the highest and the lowest signal, and also the time of the screening 

was approximately 2.5 hours per plate, I used this condition for the screening discussed 

below.  

!
!
!
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!
Figure 3.2.8 Schematic model showing selected areas from each well for imaging in 16 

images per well format. Arrows indicate imaging direction in each well. Software was 

set up to find the auto fine, Coarse and Hardware focus in the first area of imaging as 

well as auto fine focus for the other areas of imaging in each individual well.  

!
!
!
!
!
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!
 

!
!
Figure 3.2.9 Sample of images taken during pilot screening experiments. a) images 

from the first pilot screen (HeLa cells transiently transfected with DJ-1 BiFC constructs 

and RFP), in which 1 image was taken per well (Figure 3.2.10). b) images taken in the 

second pilot screen (HeLa cells transiently transfected with DJ-1 BiFC constructs and 

RFP) in which 25 images were taken per well (Figure 3.2.11). c) images taken using 

HEK 293T transiently transfected with DJ-1 BiFC constructs and RFP (16 images per 

well) (Figure 3.2.12). Scale bar = 100 µm 

!
!
!
!
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!

!
Figure 3.2.10 WT DJ-1 BiFC constructs fluorescence complementation (green graph) 

and RFP signals (red graph) were recorded taking one picture per well in 96 well plates 

48 hours post-transfection. The blue graph shows the average ratio intensity (green/red). 

Emission intensities were corrected for background fluorescence. HeLa cells were used 

as a cellular model, and cotransfected with plasmids encoding WT DJ-1 BiFC con-

structs (20 ng of each construct) and a plasmid encoding RFP (10 ng). High fluctuation 

of signal was observed from well to well. 

!
!
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!

!
Figure 3.2.11 WT DJ-1 BiFC constructs fluorescence complementation and RFP sig-

nals were recorded by taking 25 images per well in a 96 well plate 48 hours post-trans-

fection. The blue graph shows the average ratio intensity (green/red) per picture for 

each well. Emission intensities were corrected for background fluorescence. Hela cells 

and the same transfection conditions as in the previous experiment were used. Even 

though signal fluctuation in each well decreased and constant signals were recorded, 

time of screening highly increased. 

!
!
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!
Figure 3.2.12 Further optimization of BiFC screening conditions for 96 well plate for-

mat. HEK 293T cells were transiently transfected with plasmids encoding both DJ-1 

BiFC constructs and RFP as a reporter. Fluorescence complementation signals was 

recorded taking 16 images per well 48 hours post-transfection. The blue graph shows 

the average ratio intensity (green/red) for each well. Emission intensities were corrected 

for background fluorescence. 
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To verify the robustness of our model I next tested if the DJ-1 BiFC signal 

could be modulated by knocking down the DJ-1 gene using an anti DJ-1 siRNA, and 

also whether or not this possible change could be recorded through the Cell^R Scan^R 

screen station. In order to address this aim, HEK 293T cells were transiently co-trans-

fected with plasmids for both DJ-1 BiFC constructs, RFP and anti DJ-1 siRNA in a 12 

well plate, and cells were imaged 72 hours after transfection. Two different amounts of 

anti DJ-1 siRNA (12 pmol and 14 pmol) were tested to obtain optimal DJ-1 knock down 

following Lipofectamine 2000 transfection. Results from this experiment clearly 

showed that DJ-1 BiFC was significantly decreased (∼ 50 %) compared to the control 

(cells transiently transfected with WT DJ-1 BiFC constructs and RFP) (Figure 3.2.13). 

!
!
!
!
!
!
!
!
!
!
!
!
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Figure 3.2.13 DJ-1 BiFC signal can be modulated by knocking down DJ-1 gene using 

anti DJ-1 siRNA. To test if any changes in DJ-1 BiFC signal could be recorded through 

the Cell^R Scan^R screen station, signals recorded from HEK 293T cells transiently 

transfected with WT DJ-1 BiFC constructs, RFP and anti DJ-1 siRNA (two wells per 

condition) were compared to signal from HEK cells transiently transfected with WT DJ-

1 BiFC constructs and RFP as a control (each bar represents single well), 72 hours after 

transfection. DJ-1 BiFC signal was significantly decreased (∼ 50-60 %) with RNAi 

knockdown of the PARK7 gene. **** P < 0.001. 

!
!
!
!
!
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To check if the observed decrease in BiFC signals in cells transfected with anti 

DJ-1 siRNA was due to a decrease in DJ-1 protein levels, we performed DJ-1 im-

munoblotting from the same cell lysates and we found that the decreased DJ-1 BiFC 

signal indeed corresponded to decreased DJ-1 protein levels in those cells (Figure 

3.2.14). 

To confirm if the optimized conditions for screening in transiently transfected 

cells could be applied to HEK 293T stable clones, we performed pilot experiments as 

described before (taking 16 images per well in 96 well plate format) using HEK 293T 

stable pooled clones over-expressing WT DJ-1 BiFC constructs. Since detecting consis-

tent BiFC signal is critical for screening, we were interested in 1) determining whether 

or not the BiFC signal of this stable clone was constant and 2) understanding if BiFC 

changes in this cell line could be recorded without normalizing BiFC signal with RFP. 

We thus seeded the HEK 293T stable clone (PC) in a 96 well plate, and 24 hours later 6 

wells (H6-H12) were transfected with anti DJ-1 siRNA, and the BiFC signal analysed 

48 hours after transfection. Our results show that BiFC signal is observed at consistent 

levels in these cells and alteration in DJ-1 BiFC signal after DJ-1 siRNA could be de-

tected by the Cell^R Scan^R screen station (Figure 3.2.13). Indeed, our screening data 

in this experiment indicate that although a decrease in DJ-1 levels due to siRNA treat-

ment can be detected by our Cell^R Scan^R screen station, this reduction is not consis-

tent with our previous results (~ 30 % versus ~ 50%). We speculated that our observa-

tion might be due to the anti DJ-1 siRNA behaving differently in transiently transfected 

cells compared with stable clones, or it could be a consequence of the lack of an internal 

normalisation signal (RFP) in the stable cell lines.  

In parallel with the pilot screen for stable clones, and in order to verify whether 

or not our results from anti DJ-1 siRNA experiment using PC (Figure 3.2.15) corre-

spond to decrease in DJ-1 protein levels, we selected the stable clone 1 cell line as its 

morphology was more similar to the HEK 293T control to verify reduction in DJ-1 pro-

tein level through knocking down its gene by anti DJ-1 siRNA for 48 hours. We carried 

out an immunoblotting experiment using anti DJ-1 antibody that detects both DJ-1 

BiFC constructs, and found that RNAi knockdown of DJ-1 decreases protein levels by ∼ 

50 %, similar to what was obtained with transiently transfected cells. Results from the 
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pilot screen and immunoblot experiments suggested that for accurate detection of DJ-1 

BiFC alterations, BiFC signal must be normalized with RFP (Figure 3.2.15 and Figure 

3.2.16). 
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!
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!
Figure 3.2.14  A) Immunoblots of the lysates obtained from the transfected cell popula-

tions used in pilot screen for verifying whether or not the DJ-1 siRNA modulates BiFC 

signals (Figure 3.2.13). Anti DJ-1 antibody was used in this experiment to detect DJ-1 

BiFC constructs. In each lane, the upper band corresponds to DJ-1 GN173 and the in-

termediate band represents DJ-1 CC155. B) Gel densitometry to quantify DJ-1 protein 

levels. 
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Figure 3.2.15 Optimizing conditions for 96 well plate format BiFC screen. HEK 293T 

stable clone cells over-expressing DJ-1 BiFC constructs were transfected with a RFP 

encoding plasmid and imaged 24 hours post-transfection. The last 6 wells (H6-H12) 

were transfected as well with anti DJ-1 siRNA for 48 hours. Fluorescence complemen-

tation between WT DJ-1 BiFC constructs was recorded taking 16 images per well in a 

96 well plate. DJ-1 BiFC signal is consistent between wells in this cell line, but for ac-

curate detection the BiFC signal must be normalized to RFP signal. **** P < 0.001. 
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Figure 3.2.16 A) Immunoblots of the lysates obtained from the HEK 293T stable clone  

cells transfected with anti DJ-1 siRNA for 48 hours. DJ-1 was detected using anti DJ-1 

antibody. In each lane, the upper band corresponds to DJ-1 GN173 and the intermediat-

ed band represents DJ-1 CC155. B) Gel densitometry quantification of DJ-1 protein 

levels. 
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3-3 Cell-based screen for modulators of DJ-1 dimerization 

3-3-1 Screening protocol 
After having optimized conditions to perform high throughput screening on a 

96 well plate, we chose to perform a pharmacological screen for identifying kinases and 

phosphatases able to modify DJ-1 dimerization. We focused on identifying the best 

conditions for the screening procedure such as concentration of the compounds, interval 

time between transfection and compound treatment, and treatment length.  

The screening steps are summarized in Figure 3.3.1. The HEK 293T stable DJ-

1 BiFC clone was transiently transfected with the control construct encoding RFP, and 

24 hours post-transfection the cell medium was changed and cells treated with test com-

pounds. Screening was performed 4 hours after treatment, and fluorescence was ana-

lyzed via the Cell^R Scan^R screen station. To analyze fluorescence signals, cells were 

selected in the red channel, and gated for overexposed RFP and GFP. GFP emissions 

were normalized by the emissions of RFP. In each experimental plate we set up three 

different control conditions: 1) cells transfected with RFP and treated with the same 

concentration of dimethyl sulfoxide (DMSO) used to dissolve the screening com-

pounds, 2) cells transfected with RFP but not treated with DMSO and 3) cells not trans-

fected with RFP. Since we observed a DMSO effect on DJ-1 BiFC signal, cells trans-

fected with RFP and treated with the same required concentration of DMSO were used 

as controls in each experiment.  

A total of 194 kinase inhibitors and 33 phosphatase inhibitors were screened. 

During the primary screen cells were treated with kinase inhibitors at 5 µM or phos-

phatase inhibitors at 1 and 5 µM, with a single biological replicate for each compound. 

After 4 hours DJ-1 dimerization was measured, and cellular toxicity determined based 

on cellular morphology (Appendix 3 and Appendix 4). Analysis of the images showed 

that test compounds did not cause significant levels of cellular toxicity at the concentra-

tions used. Compounds which decreased DJ-1 BiFC signal less than the lowest DMSO 

control signal or increased DJ-1 BiFC signal more than the highest DMSO control sig-

nal were selected as initial candidates for further study. Using this approach we identi-

fied 42 kinase inhibitors and 13 phosphatase inhibitors that altered DJ-1 dimerisation.   
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To validate the candidates identified in the primary screen compounds were 

retested in quadruplicate. All the images were again analysed for morphological 

changes that could indicate cellular toxicity. Compounds that decreased the BiFC signal 

in three out of four replicates compared with the lowest control signal were selected for 

further analyses. We used the same selection approach to validate compounds that in-

creased DJ-1 dimerization. This secondary screen revealed that 15 of the candidate ki-

nase inhibitors and 10 of the phosphatase inhibitors were able to consistently modify 

DJ-1 dimerization (Appendix 5). However, as the compounds induced relatively small 

changes in DJ-1 BiFC signal we repeated the validation process.  

We found that out of the 13 phosphatase inhibitors identified in the primary 

screen none was validated in the next screen. Moreover the percentages of change in 

DJ-1 BiFC signals obtained with these compounds were too low (less that 10 %) to be 

considered as relevant. Thus, we did not continue further studies on these compounds. 

All the images taken during this screen were monitored for morphological study of the 

cells to check the possible toxic effect of these compounds, and none was observed.  

The 15 kinase inhibitors identified in the primary and secondary screens were 

also re-tested at concentrations of 5 µM in quadruplicate to verify whether or not results 

from the primary and secondary screens were valid (Figure 3.3.2). Out of 15 kinase in-

hibitors that decreased DJ-1 dimerization in the primary and secondary screens, 10 ki-

nase inhibitors significantly alter DJ-1 dimerisation in the tertiary screen. Identification 

of these potential DJ-1 modifiers was followed by their functional classification (Table 

3.3.1). Interestingly, almost all of the kinases whose inhibition affected DJ-1 dimeriza-

tion have been reported to be implicated in neurodegenerative disorders (i.e. c-Abl, Akt 

and GSK3β). 

!
!
!
!
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Figure 3.3.1 Overview of the high throughput screen for DJ-1 dimerization modifying 

compounds. In the first step, HEK 293T stable clone cells were transiently transfected 

with RFP as an internal control, and 24 hours post-transfection cells were treated with 

compounds or DMSO as control for 4 hours. The Cell^R Scan^R screening station was 

used to analyze fluorescence signal and quantify BiFC efficiency. Compounds which 

showed statistically significant decreases or increases in DJ-1 BiFC signal were re-

screened in HEK 293T cells transiently transfected with WT DJ-1 BiFC constructs and 

RFP. 

!
!
!
!
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Figure 3.3.2 Kinase inhibitors identified in the secondary screen were validated in a 

tertiary screen. Cells were treated with kinase inhibitors at 5 µM concentration in qua-

druplicate for 4 hours and DJ-1 BiFC signal was analyzed, and quantified through the 

Cell^R Scan^R screening station. Graph shows average ratio intensity (GFP/RFP) per 

condition and error bars represent SEM. ****P<0.0001. 

!
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Table 3.3.1 Kinase inhibitor compounds that modulate DJ-1 dimerization and their tar-

gets kinases. 

!
!
!
!
!
!
!
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Compound Name Kinase inhibited

AT7867 Akt 1, Akt2 and Akt3

A-674563 Akt1

CCT128930 Akt2

BIX 02189 MEK5, ERK5

TAK-733 MEK1

Crenolanib PDGFRα, PDGFRβ

Telatinib VEGFR2, VEGFR3,PDGFRα, and c-Kit

OSI-420 EGFR

Bosutinib Src, Abl

KW2449 FLT3, Abl, Aurora A, JAK2, FGFR1

Cyt387 JAK1, JAK2, JAK3

ZM336372 c-Raf

BI6727 PIK1

Indirubin CDK1,CDK2, CDK5 , GSK3β, Src

JNJ-7706621 CDK1/Cyclin B, CDK2/Cyclin A,CDK2/Cyclin E, 
Aurora-A, Aurora-B !
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To confirm our data from the primary, secondary and tertiary screens, and also 

to check whether or not the effect of the compounds is dose dependent, we re-tested 

again all these 10 hits at three different concentrations (100 nM, 1 and 5 µM) in quadru-

plicate in two independent experiments. We decided to verify what was the effect of a 

much lower concentration (100 nM), as the IC50s of these compounds are low (between 

2-50 nM) in comparison with the concentrations we used in primary, secondary and ter-

tiary screens. We observed that only 5 out of the 10 kinase inhibitors significantly mod-

ulated DJ-1 dimerization in this experiment and as shown in Figure 3.3.3 none of these 

hits could modulate DJ-1 dimerization at the lowest concentration (100 nM). Surpris-

ingly, in the new screens the kinase inhibitors Telatinib and TAK-733 showed a different 

result from the first three screens, as they increased DJ-1 dimerization at both 1 and 5 

µM concentrations. More importantly, we were able to confirm that Bosutinib, 

KW2449, and Crenolanib decreased DJ-1 dimerization, validating our previous results. 

Interestingly, Bosutinib and KW2449 not only caused a constant decrease in DJ-1 

dimerization (∼ 13-18 %) in all the screens, but also they target the same tyrosine ki-

nase, c-Abl (Figure 3.3.3 and Table 3.3.1). c-Abl has been reported to be implicated in 

neurodegenerative disorders such as AD and PD. Even though there is no evidence to 

indicate a direct effect of c-Abl on DJ-1, these results suggest that c-Abl directly or in-

directly modulates DJ-1 dimerization.  

We decided to further explore the potential role of c-Abl in DJ-1 dimerization 

and the screen was re-performed using only Bosutinib and KW2449 kinase inhibitors 

with a wide range of concentrations (1-50 µM), to check whether or not this reduction 

in DJ-1 dimerization is a dose dependent phenomenon. To this end, we used HEK 293T 

cells transiently transfected with WT DJ-1 BiFC constructs and RFP, and 24 hours post-

transfection cells were treated with kinase inhibitors in quadruplicate. The screen was 

carried out 4 hours after treatment and all the images from the screen were monitored 

for the cellular morphology to check any toxic effects of these compounds. The 50 µM 

concentration of both compounds was toxic to the cells (data not shown), and we also 

observed 20 µM is a threshold concentration for cell toxicity effect of both compounds, 

as DJ-1 dimerization increases at this concentration due to cell death (data not shown). 
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Our results from this experiment show Bosutinib and KW2449 decrease DJ-1 dimeriza-

tion in a dose dependent manner at 1, 5 and 10 µM treatments (Figure 3.3.4). 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
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!
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Figure 3.3.3 The kinase inhibitors Telatinib and TAK-733 increased DJ-1 dimerization 

at 1 and 5 µM, while Bosutinib, KW2449 and Crenolanib decreased dimerization. Each 

condition was tested in quadruplicate. The histogram shows the average ratio intensity 

(green/red) per well ±SEM. ****P<0.0001. 

!
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Figure 3.3.4 Bosutinib and KW2449 dose-dependently decrease DJ-1 dimerization in 

living cells. Conditions were tested in quadruplicate. The histogram shows the average 

ratio intensity (green/red) per well ±SEM. ***P<0.0001. 
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3-3-2 The effect of Bosutinib and KW2449 treatment on DJ-1 

dimerization in oxidative stress conditions  
Since one of the main cellular roles of DJ-1 is protection from oxidative stress 

and our laboratory previously showed that WT DJ-1 dimerization increases in response 

to oxidative stress (Repici et al., 2013), we next used the same screening procedure to 

check if treatment with these hits could influence DJ-1 dimerization under oxidative 

stress conditions. To approach this aim, we used HEK 293T cells transiently transfected 

with WT DJ-1 BiFC constructs and RFP, treated with compounds 24 hours after trans-

fection for 4 hours, and subjected to oxidative stress by exposure to 1 mM H2O2 treat-

ment for 2 hours. The screen was carried out using the same procedure as described ear-

lier in Section 3.3.1 with a 96 well plate format, each condition was tested in 4 different 

wells (quadruplicate). 

I found that treatment with Bosutinib and KW2449 dose dependently decreases 

DJ-1 dimerization in both normal and oxidative stress conditions (Figure 3.3.5 and 

3.3.6). Interestingly, I observed that Bosutinib decreases the effect of H2O2 treatment on 

DJ-1 dimerization in a dose dependent manner, and at 10 µM it completely prevented 

the increase of WT DJ-1 dimerization due to oxidative stress (blue vs pink) (Figure 

3.3.5). In contrast KW2449 did not influence the effect of H2O2 treatment on DJ-1 

dimerization (green vs orange) (Figure 3.3.6). 

!
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Figure 3.3.5 The effects of Bosutinib on DJ-1 dimerization in normal and oxidative 

stress conditions. Despite oxidative stress stabilizing WT DJ-1 dimerization, Bosutinib 

dose dependently decreases this increase in DJ-1 dimerization and at 10 µM completely 

prevents it (blue vs pink). Conditions were tested in quadruplicate. The histogram 

shows the average ratio intensity (green/red) per well ±SEM. ****P<0.0001. 
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Figure 3.3.6 KW2449 decreases DJ-1 dimerization in normal and oxidative stress con-

ditions. KW2449 does not influence the effect of H2O2 treatment on DJ-1 dimerisation 

(green vs orange). Each condition was tested in quadruplicate. The graph displays the 

average ratio intensity (green/red) per well ±SEM. ****P<0.0001. 

!
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3-3-3 Bosutinib and KW2449 treatment modulate E64D DJ-1 

dimerization 
To further elucidate the role of our hits in DJ-1 dimerization and function, we 

extended our work and tested the effect of these kinase inhibitors on the dimerization of 

E64D DJ-1. Indeed, biochemical approaches have shown that the E64D mutant form of 

DJ-1 is able to dimerize as WT, and these results were recently validated in living cells 

by Dr. Repici in our laboratory (Gorner et al., 2004, Hulleman et al., 2007, Malgieri and 

Eliezer, 2008, Repici et al., 2013). However, despite oxidative stress conditions stabiliz-

ing WT DJ-1 dimerization, it does not have any effect on E64D DJ-1 dimerization, 

which may have implications for its role in PD pathogenesis (Repici et al., 2013). To 

explore this aim, we transiently transfected cells with E64D BiFC constructs and our 

RFP control construct. 24 hours post-transfection cells were treated with compounds for 

4 hours, and then with 1 mM H2O2 for 2 hours in quadruplicate and screened as above 

(Figure 3.3.7 and Figure 3.3.8). 

Data from this screen demonstrated that Bosutinib decreases E64D DJ-1 

dimerization both in normal and oxidative stress conditions. The effect of the Bosutinib 

treatment on E64D DJ-1 dimerization disappeared at 10 µM in normal conditions (gray 

vs blue). This treatment also dose dependently decreases the oxidative stress effect on 

E64D DJ-1 dimerization similar to the manner which occurs with WT DJ-1 (blue vs 

pink) (Figure 3.3.7). I also noticed treatment with KW2449 decreased E64D DJ-1 

dimerization in normal conditions, but this reduction disappears by increasing com-

pound concentration (gray vs green). In contrast, we observed KW2449 treatment stabi-

lizes E64D dimerization in oxidative stress conditions (green vs orange). Interestingly, 

we also observed that DMSO effects E64D dimerization in oxidative stress. Although 

recent work by Repici et al. has shown that the E64D dimer does not react to oxidative 

stress (Repici et al., 2013), I observed that E64D dimerization decreases in presence of 

DMSO (Figure 3.3.7 and Figure 3.3.8). 

!
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Figure 3.3.7 Bosutinib modulates E64D dimerization in normal and oxidative stress 

conditions. In control conditions Bosutinib decreases E64D DJ-1 dimerization similarly 

to WT DJ-1 at low concentration but this reduction disappears with increasing concen-

trations (gray vs blue). Although treatment with Bosutinb stabilizes E64D DJ-1 dimer-

ization in oxidative stress at the lower concentration, this effect completely disappeared 

at 10 µM (blue vs pink). Conditions were tested in quadruplicate. The histogram shows 

the average ratio intensity (green/red) per well ±SEM. ****P<0.0001. 
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Figure 3.3.8 KW2449 modulates E64D dimerization in normal and oxidative stress 

conditions. KW2449 decreases E64D DJ-1 dimerization similar to WT DJ-1 at low con-

centrations, but this reduction diminishes with increasing concentration (gray vs green). 

Treatment with KW2449 stabilizes E64D DJ-1 dimerization in oxidative stress. Each 

condition was tested in quadruplicate. The histogram shows the average ratio intensity 

(green/red) per well ±SEM. ****P<0.0001. 
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3-3-4 The effects of Bosutinib and KW2449 treatment on 

DJ-1 protein levels 
As it was possible that the reductions observed in DJ-1 dimerization after 

treatment with Bosutinib and KW2449 were due to changes in DJ-1 protein expression 

or stability, we used immunoblotting to check DJ-1 protein levels after treatment with 

these compounds. Thus, we transiently transfected cells with WT and E64D DJ-1 BiFC 

constructs, and 24 hours post-transfection cells were treated with compounds for 4 

hours and exposed to 1 mM H2O2 for 2 hours. Immunoblotting analysis revealed that 

there was no difference in DJ-1 levels in cells treated with Bosutinib and KW2449 

compared to cells treated with DMSO as a control (Figure 3.3.9, 3.3.10, 3.3.11, 3.3.12). 

These results indicate that the changes observed above are most likely due to alterations 

in DJ-1 dimerization, though the sensitivity of immunoblotting may mean that small 

changes in protein levels are not detected.  
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Figure 3.3.9 Bosutinib treatment did not affect protein DJ-1 levels in normal and oxida-

tive stress conditions. 24 hours after transfection cells were treated with 10 µM Bosu-

tinib for 4 hours (with or without 1mM H2O2 for 2 hours). DJ-1 protein was detected by 

immunoblotting using antibodies against DJ-1. Immunoblot results show that DJ-1 lev-

els are not altered upon treatment with Bosutinib in normal and oxidative stress. Tubulin 

was used as a loading control. In each lane, the upper band corresponds to DJ-1-GN173 

and the lower band corresponds to DJ-1-CC155. Gel densitometry was performed using 

the average of three replicates (3 wells per condition) for each condition. 
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Figure 3.3.10  KW2449 treatment does not affect DJ-1 levels in normal and oxidative 

stress conditions. 24 hours after transfection cells were treated with 10 µM KW2449 for 

4 hours, with or without 1mM H2O2 for 2 hours. DJ-1 was detected by immunoblotting 

using antibodies against DJ-1. Immunoblot data showed that DJ-1 levels are not altered 

upon treatment with KW2449 in normal and oxidative stress conditions. Tubulin was 

used as a loading control. In each lane, the upper band corresponds to DJ-1-GN173 and 

the lower band corresponds to DJ-1-CC155. Gel densitometry was performed using av-

erage of three technical repeats (3 wells) for each condition. 
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Figure 3.3.11  Bosutinib treatment does not affect E64D DJ-1 levels in normal and ox-

idative stress conditions. 24 hours after transfection cells were treated with 10 µM Bo-

sutinib for 4 hours, with or without 1 mM H2O2 for 2 hours. Immunoblot results show 

DJ-1 levels are not altered upon treatment with Bosutinib in normal and oxidative stress 

conditions. Tubulin was used as a loading control. In each lane, the upper band corre-

sponds to DJ-1-GN173 and the lower band corresponds to DJ-1-CC155. Gel densitome-

try was performed using average of three technical repeats (3 wells) for each condition. 
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Figure 3.3.12 KW2449 treatment does not influence E64D DJ-1 protein levels in nor-

mal and oxidative stress conditions. 24 hours after transfection cells were treated with 

10 µM KW2449 for 4 hours and with or without 1mM H2O2 for 2 hours. Immunoblot 

data showed DJ-1 protein levels are not altered upon treatment with KW2449 in normal 

and oxidative stress conditions. Tubulin was used as a loading control. In each lane, the 

upper band corresponds to DJ-1-GN173 and the lower band corresponds to DJ-1-

CC155. Gel densitometry was performed using average of three technical repeats (3 

wells) for each condition. 
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3-3-5 Treatment with Bosutinib and KW2449 does not 

have toxic effects on cells 
Another imperative criterion that should be considered to validate our results is 

cell viability. Indeed, we needed to check whether a decrease in DJ-1 dimerization upon 

treatment with Bosutinib and KW2449 was really due to c-Abl inhibition and not to  

cytotoxic effects of the treatment leading to a decreased number of fluorescent cells due 

to compound toxicity, and thus less signal. To this end, we used the lactate dehydroge-

nease (LDH) toxicity assay to test cytotoxicity after cell treatment with Bosutinib and 

KW2449. The LDH assay is based upon quantifying LDH activity which is a stable cy-

tosolic enzyme released upon cell death. Medium from cells whose lysates were used 

for immunoblotting in Section 3.3.4 was used for the LDH assay. No toxic effect due to 

Bosutinib or KW2449 treatment in cells transfected with WT or E64D DJ-1 was ob-

served (Figure 3.3.13, 3.3.14).  

However, these data suggest that none of the concentrations of either com-

pounds (Bosutinib & KW2449) were toxic to our cellular model, thus indicating that 

decrease in DJ-1 BiFC fluorescence upon treatment with these compounds is likely due 

to decrease in DJ-1 dimerization and not to the cytotoxicity effects of the treatments. 

Interestingly, we also observed that although H2O2 treatment is toxic to the cells trans-

fected with WT DJ-1, this cytotoxicity effect is completely eliminated upon treatment 

with kinase inhibitors Bosutinib and KW2449 (Figure 3.3.13). Our results also indicated 

that Bosutinib treatment ameliorates the cytotoxic effect of H2O2 treatment on cells 

over-expressing E64D DJ-1 BiFC constructs similar to the WT DJ-1. On the other hand, 

KW2449 treatment on those cells showed some cytotoxicity upon H2O2 treatment that 

was significantly lower than control condition (Figure 3.3.14).  
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Figure 3.3.13 LDH toxicity test for Bosutinib and KW2449 treatment on WT DJ-1 

BiFC transfected cells. The histogram displays the level of released LDH in the medium 

for each condition. Treatment with Bosutinib and KW2449 not only are not toxic to the 

cells but also ameliorate the cytotoxic effect of hydrogen peroxide. Data is Mean 

±SEM. ****P<0.0001. 
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Figure 3.3.14 Analysis of the cytotoxic effects of Bosutinib and KW2449 treatment on 

cells over-expressing E64D DJ-1 BiFC constructs. Histogram shows LDH released in  

the medium for each condition. Similarly to the WT DJ-1, treatment with Bosutinib 

ameliorates the cytotoxic effect of H2O2 treatment. Although cells treated with KW2449 

showed some cytotoxicity upon H2O2 treatment this was significantly lower than control 

conditions. Data shows Mean ±SEM. ****P<0.0001. 
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3-4 Discussion  
Investigating the complex role of DJ-1 modifications and its effects on DJ-1 

stability, function and localization is vital for clarifying DJ-1 role in various cellular 

pathways, especially in response to oxidative stress, as well as its pathological role in 

PD. Screen such as that described above with kinase and phosphatase inhibitors serve 

not only to examine the vast majority of kinases and phosphatases and their signaling 

networks that might directly or indirectly influence DJ-1 function, but also to provide a 

unique opportunity to test promising drug targets.  

As discussed in more detail in the introduction, BiFC has been widely em-

ployed to study protein-protein interactions particularly in the neuroscience field since 

this technique allows the visualisation of the formation of dimeric and oligomeric 

species by aggregation-prone proteins. Indeed, the BiFC approach is relatively quick 

and accurate and allows to visualise what happens in living cells. In this study we se-

lected this method to carry out screens to investigate kinases and phosphatases able to 

modulate DJ-1 dimerization as a metric of DJ-1 function. To our knowledge nobody has 

ever studied DJ-1 phosphorylation status nor its correlation with DJ-1 dimerization.  

In order to implement the screen, our first step was to generate DJ-1 BiFC con-

structs with two different selection markers for obtaining stable clones over-expressing 

DJ-1 BiFC constructs. To this end, we measured the concentration of antibiotics (zeocin 

and neomycin) needed for selecting cells that stably over-express both DJ-1 BiFC con-

structs by performing kill curve experiments. One of the major concerns in this study 

was selecting suitable cells for generating stable clones that are not only easy to trans-

fect, but also morphologically appropriate for studying DJ-1 localization after treatment. 

The HeLa cell line was selected as our first candidate for generating stable clones over-

expressing DJ-1 BiFC constructs as this cell line fulfills both criteria. We observed this 

cell line is not able to stably over-express DJ-1 BiFC constructs. The reason why fluo-

rescence complementation between DJ-1 BiFC constructs disappeared after two weeks 

despite both selection markers (Neomycin and Zeocin) were applied twice a week after 

transfection was not clear, but clearly indicated these cells were not applicable for our 

screening experiment. One possible explanation for this phenomenon might be that DJ-
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1 genomic insertion in HeLa cells occurs in a way that leads to DJ-1 expression being 

silenced.  

The HEK 293T cell line was also used for generating stable clones over-ex-

pressing the DJ-1 BiFC constructs. Although this cell line is easy to transfect and is 

morphologically suitable for our studies, one of its major disadvantages is its resistance 

to Neomycin, which is one of our selection markers for generating stable clones. How-

ever, we observed that despite the fact that we were not able to use Neomycin to select 

stable clones, fluorescence complementation signal in these cells could be detected by 

Cell^R Scan^R microscopy after a month, suggesting that both constructs were stably 

integrated into the genome of these cells.   

To exploit the HEK 293T stable clone over-expressing the DJ-1 BiFC con-

structs in our high throughput screening system, it was necessary to confirm that both 

DJ-1 BiFC constructs were expressed in those cells by immunoblot. Also, it was very 

relevant to check whether or not the BiFC signal of this clone is constant, and also 

whether this same signal could be modulated by knocking down DJ-1 expression, as a 

proof of concept that we could detect variation in DJ-1 BiFC levels. We found that both 

DJ-1 BiFC constructs are equally expressed in our stable clone and that the fluorescence 

complementation signal is consistent. Importantly, the BiFC signal could be modulated 

by altering expression of DJ-1 BiFC constructs.  

We next focused on optimizing the BiFC screening on 96 well plate format. 

One of the main concerns related to this point is that for selecting cells and normalizing 

fluorescence signal emission through Cell^R Scan^R screening station the RFP signal is 

essential, and this requires a transfection step which can be toxic to the cells. We then 

first tested whether Cell^R Scan^R screening station is able to accurately detect all the 

changes in DJ-1 BiFC signal without normalizing fluorescence signal emission by the 

emission of RFP. To this aim, we knocked down DJ-1 expression through anti DJ-1 

siRNA, and we checked if the reduction in the DJ-1 BiFC signal was recorded by 

Cell^R Scan^R screening station as corresponding to the decrease in DJ-1 protein level. 

Unfortunately, the Cell^R Scan^R screening station is not able to detect any changes in 

DJ-1 BiFC signal without normalising the GFP emission by the emission of RFP. Thus, 

we had to transiently transfect BiFC stable clone cells with RFP 24 hours before treating 
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with compounds for an accurate detection of DJ-1 BiFC signal. Additionally, following 

the screening, all the taken images were checked to certify changes in DJ-1 BiFC signal 

are neither due to toxicity upon transfection nor toxicity due to chemical compounds 

treatment. We then tested varying number of images per well to obtain a constant BiFC 

signal from each individual well in the minimum time, important as our screen was 

planned to be carried out in living cells. This optimized condition enabled us to perform 

our screens using 194 kinase inhibitors and 33 phosphatase inhibitors compounds to 

identify novel DJ-1 dimerisation modifiers. 

Our BiFC data show that Boutinib and KW2449 constantly decrease DJ-1 

dimerization (~ 15-18 %). Interestingly, despite these two kinase inhibitors targeting 

different kinases (Table 3.3.1), c-Abl tyrosine kinase is a common target for both in-

hibitors which suggests c-Abl could be involved in the decrease of DJ-1 dimerization 

upon treatment with these compounds. In addition, although STI-571 is the most com-

mon c-Abl inhibitor that has been used by different research groups (Cancino et al., 

2008, Ko et al., 2010), it has been reported that Bosutinib can inhibit c-Abl more potent-

ly than STI-571 (http://www.selleckchem.com/products/Bosutinib.html). Therefore, the 

effect of STI-571 could also be tested on DJ-1 dimerization to further validate our 

screen results.  

Inhibition of the c-Abl tyrosine kinase by either Bosutinib or KW2449 de-

creased DJ-1 dimerization in normal and oxidative stress conditions. This suggests that 

c-Abl may directly or indirectly influence DJ-1 dimerization. We also observed that Bo-

sutinib completely reversed the oxidative stress effect on DJ-1 dimerization. Additional-

ly, we tested these two compounds on E64D which is the only DJ-1 mutant structurally 

identical to the WT protein, and we observed similar results to the ones observed with 

the WT protein.  

Abelson tyrosine kinase (c-Abl) is a nonreceptor tyrosine kinase that localizes 

in cytoplasm, and the nucleus as well, since it bears a nuclear localization signal (Hub-

bard and Till, 2000). Abundant evidence has shown that c-Abl plays distinct roles based 

on its subcellular localization and is involved in multiple interconnected pathways, thus 

acting as an arbiter of neuronal survival and neuronal death (Gonfloni et al., 2012). For 

instance, although the nuclear form of c-Abl is activated in response to genotoxic stress, 
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cytoplasmic c-Abl is involved in the apoptotic response of cells to oxidative stress 

(Kharbanda et al., 1995, Sun et al., 2000). Indeed, cytochrome c release and apoptosis in 

response to oxidative stress were shown to be c-Abl dependent mechanism (Sun et al., 

2000). Kumar et al. showed that in response to oxidative stress, cytoplasmic c-Abl 

translocates into mitochondria leading to mitochondria dysfunction and cell death (Ku-

mar et al., 2001). Subcellular fractionation studies by Ito et al. have identified that ∼20 

% of c-Abl is also detectable in the endoplasmic reticulum (ER) (Ito et al., 2001). In re-

sponse to ER stress, the ER-associated c-Abl fraction translocates to mitochondria lead-

ing to release of cytochrome c and apoptosis (Ito et al., 2001).  

More importantly, c-Abl is involved in central nervous system development 

and its activation is increased in neurodegenerative disorders such as AD and PD. In-

deed, nonspecific post-translational modifications induced by c-Abl may contribute to 

mitochondrial dysfunction, oxidative stress response and protein aggregation that are 

typical features of neurodegenerative disorders (Gonfloni et al., 2012). In the AD con-

text, phosphorylated c-Abl at residue T735 has been shown to colocalize with amyloid 

plaques, neurofibrillary tangles (NFTs) and granulovacuolar degeneration (GVD) in the 

entorhinal cortex, hippocampus and brain of AD patients (Yoshida et al., 2005, Jing et 

al., 2009, Schlatterer et al., 2011). Moreover, c-Abl/p73 proapoptotic signaling has been 

shown to be induced by Amyloid β (Aβ) fibrils in primary neurons, while pharmacolog-

ical inhibition of c-Abl suppresses Aβ-dependent toxicity (Alvarez et al., 2004, Cancino 

et al., 2008). Notably, further AD-related work has found that c-Abl directly phosphory-

lates microtubule-associated protein (MAP) tau at residue Y394, and also indirectly me-

diates its phosphorylation through activation of Cdk5 and GSK3β kinases (Alvarez et 

al., 2004, Derkinderen et al., 2005, Cancino et al., 2008). It has recently been shown 

that c-Abl is activated in Parkinson's disease (Ko et al., 2010, Schlatterer et al., 2011). 

Parkinson’s related protein Parkin which is an ubiquitin E3 ligase involved in mito-

chondria function and autophagy is negatively regulated by c-Abl (Gonfloni et al., 

2012). Notably, phosphorylation of Parkin at residue Y143 by c-Abl is a main Parkin 

post-translational modification that leads to Parkin inactivation and disease progression 

in sporadic forms of PD (Ko et al., 2010). Treatment of mice with the dopaminergic tox-

in MPTP stimulated ABL kinase and Parkin tyrosine phosphorylation. Interestingly, 
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MPTP-induced Parkin tyrosine phosphorylation was not observed in mice with the neu-

ronal knockout of Abl1, and this phosphorylation defect correlated with a reduction in 

MPTP-induced neuronal cell death in the Abl1-deficient mouse brain (Ko et al., 2010). 

More recently, a brain-penetrant ABL kinase inhibitor was shown to also protect mice 

from the MPTP-induced loss of TH+ neurons (Imam et al., 2013).  

The effect of Bosutinib and KW2449 on DJ-1 dimerization may be explained 

by a direct or an indirect effect of c-Abl on DJ-1 protein. Investigation of c-Abl targets 

association with DJ-1 in absence and presence of c-Abl by coIP, immunohistochemistry 

or MS may help to clarify precise mechanisms behind the reduction in DJ-1 dimeriza-

tion upon c-Abl inhibition. On the other hand, as c-Abl is a key player in the response of 

cells to oxidative stress, and we know from our previous studies that oxidative stress 

increases DJ-1 dimerization, the decrease in dimerization could thus be an indirect ef-

fect of the reduction of oxidative stress as a consequence of  c-Abl inhibition. 

Thus, in this study I have established and optimized a high throughput BiFC 

screening that will permit further identification of DJ-1 interaction partners in living 

cells for a better understanding of DJ-1 role associated with PD pathogenesis. Further-

more, I have identified  c-Abl as a novel DJ-1 dimerization modifier that may shed 

more light on DJ-1 functions (Figure 3.4.1). 

!
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Figure 3.4.1 Model for the possible influence of c-Abl on DJ-1 dimerization. c-Abl is 

up-regulated upon oxidative stress and this correlates with the increase in DJ-1 dimer-

ization in oxidative stress conditions there. This correlation may be mediated by a direct 

or indirect effect of c-Abl on DJ-1 protein.  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Exploring the role of DJ-1 phosphorylation

Chapter 4 

Exploring the functional implications of DJ-1 phos-

phorylation 
4-1 Introduction 

Protein post-translational modifications (PTMs) contribute to a wide range of 

cellular processes from enzymatic activation, regulation of signal transduction to cell 

cycle control by directly influencing the structure, dynamics and interaction networks of 

their targets (Petrov et al., 2013). Proteins in the cell are covalently modified in two dis-

tinct ways: 1) by non regulated mechanisms that mainly occur in response to oxidative 

stress and are predominantly associated with protein damage, and are thus linked to age-

related diseases such as neurodegenerative disorders and cancers; and  2) enzymatic 

post-translational modifications that are implicated in large number of cellular processes 

(Berlett and Stadtman, 1997, Walsh et al., 2005, van Rossum et al., 2012).  

Protein phosphorylation is the most common post-translational modification 

and influences ∼ 30 % of eukaryotic proteins, hence pathological dysregulation of ki-

nase activity has been reported in vast majority of human diseases including neurode-

generative diseases and most of cancers (Cohen, 2000, Blume-Jensen and Hunter, 2001, 

Mann et al., 2002, Manning et al., 2002, Liachko et al., 2013). Proteins can be phospho-

rylated at multiple residues by different protein kinases leading to altered protein func-

tions in various cellular pathways (Manning et al., 2002, Moorhead et al., 2007). In-

deed, modified residues can contribute to fine-tuning of molecular interactions, and can 

also alter activity and stability of proteins rather than modulating individual functions 

(Zhou et al., 2007).  

The identification of phosphorylated residues in proteins associated with neu-

rodegenerative diseases, and understanding how such modifications can influence con-

formation, localization and function of a target protein can provide a better understand-

ing of the molecular mechanisms underlying the complex pathogenesis processes of 

these disorders. Interestingly, global phosphoproteomic approaches exploiting MS have 

recently been used for the elucidation of neurodegenerative diseases (Bahk et al., 2013). 

This technique provides several analytical strategies for the identification of phospho-
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proteins and characterization of the location of the phosphorylated sites on these pro-

teins (Ashman and Villar, 2009, Piggee, 2009).  

             As discussed earlier (see Section 1.3.5.6) Parkinson’s related protein DJ-1 is 

post-translationally modified by sumoylation, S-nitrosylation, and phosphorylation (Ito 

et al., 2006, Shinbo et al., 2006, Rahman-Roblick et al., 2008). Lin and colleagues 

found that two novel DJ-1 post-translational modifications - phosphorylation at T19 and 

Y67 and HEN adduction of DJ-1 - are not only associated with PD pathogenesis, but 

could also be used as PD biomarkers (Lin et al., 2012). Focusing on phosphorylation 

data obtained from MS in different studies associated with cancer and PD have revealed 

that DJ-1 is phosphorylated at residues T19, Y67, Y139, Y141 as well as potentially at 

T140, S142 sites via in silica analysis. However, to our knowledge, the effects of DJ-1 

phosphorylation on its function, localization, dimerization and stability have never been 

studied.  

           To characterize DJ-1 phosphorylation, I first verified whether or not we were 

able to detect phosphorylated DJ-1 in normal conditions or in response to oxidative 

stress. Next, to study the effect of DJ-1 phosphorylation on specific residues, I generat-

ed DJ-1 phosphomimetic and phosphoblocking mutant BiFC constructs for the all the 

possible residues in the DJ-1 protein structure and I characterized the effects of these 

mutants on DJ-1 in normal and oxidative stress condition.  

!
!
!
!
!
!
!
!
!
!
!
!
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4-2 Investigating the role of phosphorylation in DJ-1 function 

4-2-1 Detection of DJ-1 phosphorylation in normal and oxida-

tive stress conditions in HEK 293T cells  
HEK 293T cells were used to investigate whether or not we were able to detect 

DJ-1 phosphorylation in our cellular model. Thus, HEK 293T cells were transiently 

transfected with DJ-1 BiFC constructs and 48 hours post-transfection the medium was 

changed and cells were incubated in KREBS buffer containing radiolabelled P32*  for 90 

minutes. After cell lysis GFP trap beads were used to pull down the GFP tagged DJ-1 

BiFC constructs and phosphorylation was revealed by autoradiography, while DJ-1 ex-

pression via immunoblotting with an anti-DJ-1 antibody (Figure 4.2.1). We did not ob-

serve any protein corresponding to the size of the DJ-1 BiFC constructs, thus indicating 

that DJ-1 phosphorylation was not detected in our experimental context. This could be 

due to decreased stability or low levels of phosphorylated DJ-1. Indeed, in past work a 

large volume of sample was necessary to detect phosphorylated DJ-1 (Lin et al., 2012). 

It is also possible that phosphorylated DJ-1 is not present in normal conditions in these 

cells (Figure 4.2.1). 

!
!
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Figure 4.2.1 DJ-1 phosphorylation could not be detected in HEK 293T cells in normal 

conditions. Top panel, anti-DJ-1 immunoblotting performed as a control for loading 

samples (12 % of total sample was used). Bottom panel autoradiography that clearly 

shows DJ-1 phosphorylation could not be detected in normal conditions. 
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Exploring the role of DJ-1 phosphorylation

As ample evidence indicates that one of the main functions of DJ-1 is cellular 

protection from oxidative stress, we hypothesized that this protein could be phosphory-

lated in oxidative stress conditions, and we thus repeated the above experiment in ox-

idative stress. We first validated our oxidative stress paradigm by treating cells with two 

different oxidants and analyzing 4E-BP1 isoforms as a metric of oxidative stress re-

sponse in the treated cells. Eukaryotic translocation initiation factor 4E-binding protein 

1 (4E-BP1) is a key component of the mTOR signalling pathway that has been shown to 

be dephosphorylated in response to oxidative stress (Pham et al., 2000, Flynn et al., 

2012). 4E-BP1 is detectable as 3 bands (α, β and γ) in immunoblots in which α has the 

greatest mobility (least-phosphorylated form), while γ is least mobile and is the most 

highly phosphorylated form (Pham et al., 2000). We thus used this protein in our im-

munoblotting experiments as a marker of oxidative stress condition.  

HEK 293T cells were exposed to either paraquat (200 µM and 500 µM) for 24 

hours or H2O2 (1 mM for 2 hours, and 2 mM for an hour). Cell lysates were im-

munoblotted using anti DJ-1 and anti 4E-BP1 antibodies. Our results clearly show that 

both paraquat and H2O2 induce oxidative stress in HEK 293T cells, as a shift in 4E-BP1 

protein isoforms was observed (Figure 4.2.2). Interestingly, we did not detect any 

change in mobility of endogenous DJ-1 (Figure 4.2.2). 

!
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Figure 4.2.2  Anti DJ-1 and 4E-BP1 immunoblots of the lysates obtained from HEK 

293T cells treated with oxidants. Paraquat and H2O2 induce oxidative stress at both con-

centrations used as a shift is clearly observed for 4E-BP1. However, no change in size 

of endogenous DJ-1 that corresponding to its phosphorylation was observed.  
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Exploring the role of DJ-1 phosphorylation

With stress conditions thus optimized, the autoradiograph experiment using 

HEK 293T was repeated as described above. Cells transiently transfected with WT DJ-1 

BiFC constructs were treated with 2 mM H2O2 for one hour 48 hours post-transfection. 

Our results are shown in Figure 4.2.3 and they clearly indicate that DJ-1 was not phos-

phorylated in oxidative stress conditions. The fact that we could not observe DJ-1 phos-

phorylation in normal and oxidative stress conditions could be due to either technical or 

biological reasons. For instance, autoradiography may not be sensitive enough to detect 

DJ-1 phosphorylation, or the time of incubation/labelling with KREBS buffer contain-

ing phosphoric acid P32* was not sufficient. It may also be that a very small subset of 

DJ-1 is phosphorylated at any given time, or that phosphorylated DJ-1 may exhibit re-

duced stability. To further investigate the potential functional consequences of DJ-1 

phosphorylation, we chose to generate phosphomimetic and phosphoblocking DJ-1 

BiFC constructs for all possible phosphorylation sites to explore their effect upon DJ-1 

dimerization and stability.  
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!
!
Figure 4.2.3 DJ-1 phosphorylation could not be detected in the HEK 293T cell line in 

oxidative stress conditions. Top panel: anti DJ-1 immunoblotting performed as a control 

for loading samples (12 % of total sample was used). DJ-1 protein levels decrease in 

oxidative stress conditions. Bottom panel: DJ-1 phosphorylation could not be detected 

in oxidative conditions. 
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Exploring the role of DJ-1 phosphorylation

4-2-2 DJ-1 phosphostatus modulates its stability 
Constructing phosphomimetic and phosphoblocking mutants is a common ap-

proach to investigate the functional effects of phosphorylation on a specific protein. 

Since a recent study suggested DJ-1 phosphorylation at T19 and Y67 residues is poten-

tially linked to PD (Lin et al., 2012), and these two sites are conserved through evolu-

tion from rat to human, we selected these two sites as the first ones to be mutated to glu-

tamate or aspartate by site-directed mutagenesis for our phosphomimetic studies (dou-

ble phosphomimetic mutant). We also generated DJ-1 BiFC constructs with phospho-

blocking mutations (threonine substituted with valine; tyrosine with phenylalanine) to 

elucidate whether or not these mutations reverse the potential effects of phosphorylation 

at those sites. 

The double phosphomimetic and phosphoblocking DJ-1 mutants BiFC con-

structs were transfected into HEK 293T cells and analyzed with the Cell^R Scan^R 

screening station to study their dimerization compared to WT DJ-1 in normal and oxida-

tive stress conditions in quadruplicate. In this experiment we also transfected HEK 

293T cells with E64D and C106A mutant versions of the DJ-1 BiFC constructs as a 

control since: 1) E64D DJ-1 has been shown to have comparable protein level to WT 

DJ-1 though its dimerization is not stabilized in response to oxidative stress similar to 

WT DJ-1 (Repici et al., 2013), 2) C106A is a redox-sensitive DJ-1 mutant. 24 hours af-

ter transfections cells were treated with 1mM H2O2 for 2 hours. Our results show that 

although the DJ-1 double phosphoblocking mutant is able to dimerize in a manner simi-

lar to WT, dimerization of phosphomimetic mutant is dramatically decreased (Figure 

4.2.4). In addition, we also tested the ability of the double phosphomimetic DJ-1 mutant 

to form heterodimers with WT DJ-1. We observed a reduction in fluorescence comple-

mentation signal similar to what observed for the cells transfected with the two phos-

phomimetic DJ-1 BiFC constructs, thus suggesting that this DJ-1 mutant is not able to 

dimerize with itself or with the WT protein (data not shown). 

We speculated that phosphorylation might affect protein dimerization directly 

by altering protein conformation or indirectly via reduction of DJ-1 protein levels, as a 

result of a decrease in phosphorylated DJ-1 stability. To clarify this point we performed 

immunoblotting using anti DJ-1 antibody to assess protein levels of the DJ-1 phospho-
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mutants (Figure 4.2.5). We found that DJ-1 phosphomimetic mutant protein levels are 

dramatically decreased in comparison with either WT DJ-1 or the phosphoblocking mu-

tant DJ-1. Notably, under oxidative stress conditions, the phosphomimetic mutations 

completely eliminated DJ-1 protein levels.  
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Figure 4.2.4 Effect of DJ-1 double phosphomimetic and phosphoblocking mutants on 

its dimerization. The DJ-1 double phosphoblocking mutant (T19 and Y67) dimerizes 

similarly to the WT DJ-1 in normal and oxidative stress (1mM H2O2 for 2 hours) condi-

tions although phosphomimetic mutations of the same residues dramatically decreases 

DJ-1 dimerization in both conditions. Conditions were tested in quadruplicate. The 

graph shows the average ratio intensity (green/red) per well ±SEM. ****P<0.0001. 
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Figure 4.2.5 Effect of DJ-1 double phosphomimetic and phosphoblocking mutants on 

DJ-1 stability in normal and oxidative stress conditions. DJ-1 protein levels were an-

alysed 48 hours after transfection by immunoblotting using anti DJ-1 antibody. The 

immunoblot clearly shows that DJ-1 double phosphomimetic mutants (T19 and Y67) 

dramatically decrease DJ-1 stability in both conditions, thus indicating the decrease ob-

served in DJ-1 BiFC signal was likely due to a reduction in protein level. In contrast, 

the double phosphoblocking DJ-1 mutant showed similar stability as the WT protein.  
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Exploring the role of DJ-1 phosphorylation

The results from the BiFC experiment (Figure 4.2.4) and immunoblotting (Fig-

ure 4.2.5) suggest that DJ-1 phosphorylation at T19 and Y67 residues influences its sta-

bility and therefore its dimerization. To further investigate whether the reduced dimer-

ization we observed is entirely dependent on protein levels, we attempted to normalize 

phosphomimetic mutant protein levels by transfecting cells with increased DNA con-

centrations of the BiFC constructs. To this end, we transiently transfected HEK 293T 

cells with 0.3 µg DNA of WT DJ-1 BiFC constructs, and three different concentrations 

(0.6, 3.5 and 5.5 µg) of phosphomimetic DJ-1 mutant with two biological replicates in 

two distinct experiments. Dimerization signal was quantified 48 hours post-transfection 

with the Cell^R Scan^R screening station using a 24 well plate format. For oxidative 

stress condition, 48 hours after transfection cells were treated with 1mM H2O2 for 2 

hours (Figure 4.2.7). We then assessed WT and phosphomimetic mutant DJ-1 protein 

levels in each condition by anti GFP immunoblotting of cell lysates obtained from cell 

populations used in the BiFC experiment (Figure 4.2.6). 

Immunoblotting data did not show an increase in protein levels when we used 

increasing amount of phosphomimetic DJ-1 mutant DNA. We speculated by increasing 

the amount of DNA, transfection efficiency was decreased. To overcome this impedi-

ment, we repeated the first experiment by changing the amount of DNA used in the 

transfection (Figure 4.2.8, 4.2.9). However, this finding supports our previous data on 

the dramatic effect of DJ-1 phosphorylation at T19 and Y67 on DJ-1 stability, and ac-

cordingly dimerization. 

Our data from the second experiment showed that the dimerization signal in 

cells transiently transfected with double phosphomimetic mutant BiFC constructs 

slightly increases by increasing the amount of DNA but did not reach the WT DJ-1 lev-

els which indicates the BiFC approach is more sensitive than immunoblotting. Howev-

er, in this experiment we did not observe an increase in WT DJ-1 BiFC signal in oxida-

tive stress conditions compared to control conditions as we would expect (Repici et al., 

2013) (Figure 4.2.9). 
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Figure 4.2.6 Anti GFP immunoblot of the lysates obtained from transfected cells used 

in the BiFC experiment (Figure 4.2.7). In each lane the upper band corresponds to the 

DJ-1-N-teriminal GFP construct and lower band to the DJ-1-C-terminal CFP construct. 

The immunoblot data shows that the DJ-1 phosphomimetic mutant highly influences 

protein stability as we were not able to normalize protein levels of this mutant relative 

to WT protein.  
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Figure 4.2.7 Dimerization signal of WT and phosphomimetic DJ-1 mutants in normal 

and oxidative stress (1mM H2O2 for 2 hours) conditions 48 hours post-transfection (dif-

ferent transfection conditions). BiFC signal in the cells transfected with the phospho-

mimetic DJ-1 mutant constructs did not reach WT DJ-1 levels. Conditions were tested 

in two biological replicates. Graph shows average ratio intensity (GFP/RFP) per condi-

tion ±SEM. ****P<0.0001. 
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Figure 4.2.8 Anti GFP immnunoblot of the lysates obtained from transfected cells used 

in BiFC experiment (Figure 4.2.9) in normal and oxidative stress conditions. In each 

lane  the upper band corresponds to DJ-1-N-terminal GFP and the middle band to DJ-1-

C-terminal CFP. Immunoblot data indicate the DJ-1 phosphomimetic mutant highly in-

fluences protein stability as again we were not able to normalize protein level of this 

mutant to WT protein. 
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Figure 4.2.9 DJ-1 phosphorylation at T19 and Y67 residues decreases DJ-1 dimeriza-

tion. HEK 293T cells were transiently transfected with increased amounts of the phos-

phomimetic DJ-1 mutant BiFC constructs, 48 hours after transfection cells were treated 

with 1mM H2O2 for 2 hours. In this experiment intermediate DNA concentrations were 

used to avoid a reduction in transfection efficiency. Our data show that despite the in-

crease in the DNA encoding the DJ-1 phosphomimetic mutant, the BiFC remained very 

low compared to the WT signal. Each condition was tested in two biological replicates. 

Histogram shows average ratio intensity (GFP/RFP) per condition ±SEM. 

****P<0.0001. 
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Our results with the double T19 and Y67 phosphomimetic mutants clearly 

show an effect of phosphorylation on protein stability and that phosphoblocking mu-

tants do not affect DJ-1 levels or dimerization. We thus decided to next study all the po-

tential phosphorylation sites in DJ-1 by generating single phosphomimetic mutant ver-

sions of the DJ-1 BiFC constructs (T19E, Y67E, Y139E, Y141E, T140D and S142D) 

using site-directed mutagenesis (see PhosphoSite Plus database, http://www.phospho-

site.org/proteinAction.do?id=4095) and we repeated the experiments as discussed 

above.  

When we analyzed BiFC complementation 24 hours post-transfection, cells 

expressing T19E, Y67E, Y139E mutant DJ-1 BiFC constructs revealed a very low BiFC 

signal, while cells expressing Y141E and S142D exhibited an intermediate complemen-

tation signal. However, all of these five phosphomimetic DJ-1 mutants significantly de-

creased DJ-1 dimerization compared to WT DJ-1. In contrast, the T140D phospho-

mimetic mutant and the double phospho-block mutant in T19 and Y67 sites (as already 

found before) behaved similarly to WT DJ-1 (Figure 4.2.10). Interestingly, we observed 

that in all cases dimerization is increased under oxidative stress (1mM H2O2 for 2 hours) 

conditions. Each condition was tested in quadruplicate. Immunoblotting experiments 

indicated a lower level of protein in all the DJ-1 phosphomimetic mutants except 

T140D. Furthermore, the protein levels of the DJ-1 mutants exhibiting intermediate 

BiFC signal (i.e. Y141E and S142D) were intermediate between the WT and Y67 and 

T19, protein levels suggesting that differences in proteins levels may explain most of 

the differences in dimerization observed. Nonetheless, when comparing T19E with 

S142D for example, similar protein levels are observed in normal conditions, though 

BiFC signal is much lower with the T19E - suggesting that the modification at this site 

may directly impair dimerization. Notably, our results suggest DJ-1 phosphorylation at 

several potential sites leads the protein to be rapidly degraded in living cells. Further-

more, our data also show that mimicking DJ-1 phosphorylation at Y67E residue 

changes the band position (higher molecular weight) of both DJ-1 BiFC constructs in 

comparison with WT and other phosphomimetic mutants (Figure 4.2.11, 4.2.12) (Table 

4.2.1).  

!
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Figure 4.2.10 Effect of DJ-1 phosphomimetic mutants on the efficiency of fluorescence 

complementation between DJ-1 BiFC constructs in normal and oxidative stress (1mM 

H2O2 for 2 hours) conditions. All the DJ-1 phosphomimetic mutants highly decrease 

fluorescence signal compared with WT DJ-1 in normal and oxidative stress conditions 

except T140D DJ-1 mutant. Graph displays average ratio intensity (GFP/RFP) per con-

dition ±SEM. ****P<0.0001. 
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Figure 4.2.11 Effects of DJ-1 phosphorylation on its stability in normal conditions. 

Lysates were obtained from transiently transfected HEK 293T cell populations with 

WT, double phospho-block, double phosphomimetic and all the single phosphomimetic 

BiFC constructs (T19E, Y67E, Y139E, T140D, Y141E, S142D) 24 hours post-transfec-

tion. In each lane the upper band corresponds to the DJ-1-GN173 construct, the inter-

mediate band corresponds to the DJ-1-CC155 construct, and the lower band corre-

sponds to endogenous DJ-1. DJ-1 modification at any of potential phosphorylation site 

highly decreases DJ-1 stability except for T140D mutation.  

!
!
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Figure 4.2.12 Effects of DJ-1 phosphorylation at all the potential phosphorylation sites 

on its stability in oxidative stress conditions. Lysates were obtained from transiently 

transfected HEK 293T cells with WT, double phospho-block, double phosphomimetic 

and all the single phosphomimetics BiFC constructs (T19E, Y67E, Y139E, T140D, 

Y141E, S142D) 24 hours post-transfection and subjected to oxidative stress by expo-

sure to 1 mM H2O2 for 2 hours. DJ-1 phosphorylation at any of the potential phosphory-

lation sites highly decreases DJ-1 stability except for T140D.  
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Table 4.2.1 DJ-1 phosphomimetic mutants influence its dimerization and stability.  
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DJ-1 mutants Dimerization compared with WT DJ-1 Protein stability compared with WT DJ-1 

Double phosphomimetic  
(T19E & Y67E) ~ 16 % ~ 12 %

T19E ~ 16 % ~ 13 %

Y67E ~ 16 % ~ 9 %

Y139E ~ 16 % ~ 17 %

T140D ~ 90 % ~ 88 %

Y141E ~ 60 % ~ 33 %

S142D ~ 40 % ~ 19 %
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4-3 Discussion 
In the previous chapter we performed high throughput screening to identify 

novel kinases that modulate DJ-1 dimerization. Despite this kind of screen providing a 

unique opportunity to investigate novel phosphorylation modifications that could play a 

central role on function, stability and localization of DJ-1 protein, molecular mecha-

nisms underlying these changes require further investigation. To this end, we decided to 

take an alternative approach to study DJ-1 phosphorylation and the effects of phospho-

rylation on DJ-1 function.  

First, we examined whether or not DJ-1 is phosphorylated in normal or oxida-

tive stress conditions by autoradiography. While over-expressed DJ-1 BiFC constructs 

could be easily detected after the pull-down assay by immunoblotting, autoradiography 

analysis revealed no DJ-1 phosphorylation. We hypothesised that the incubation time of 

cells with KREBS buffer containing phosphoric acid P32* may not have been sufficient 

for DJ-1 phosphorylation or, alternatively this technique is not sensitive enough to de-

tect DJ-1 phosphorylation. However, since our studies on DJ-1 phosphorylation show 

that this post-translational modification drastically decreases DJ-1 stability, we can hy-

pothesize that low levels of phosphorylated DJ-1 in our cellular model is the major ob-

stacle to study DJ-1 phosphorylation using this approach.  

We next generated double phosphomimetic and phosphoblocking BiFC DJ-1 

mutants for the first two phosphorylation sites (T19 and Y67) of DJ-1 which have been 

reported to be linked to PD. Indeed, DJ-1 phosphorylation at T19 and Y67 residues 

could not only play a role in PD pathogenesis but also could be used as PD biomarkers 

(Lin et al., 2012). Moreover, phosphorylation of DJ-1 at Y67 residue (Rush et al., 2005) 

and a p53 dependent  DJ-1 phosphorylation was previously investigated in cancer stud-

ies (Rahman-Roblick et al., 2008). Since detection of DJ-1 phosphorylation through ra-

diolabelling was not feasible, these phosphomimetic/blocking DJ-1 BiFC constructs 

serve as a powerful tool to characterize the potential role that phosphorylation of DJ-1 

has on its stability, localization, dimerization and function. BiFC analysis showed that 

the DJ-1 phosphomimetic mutant highly decreased the complementation signal com-

pared to WT DJ-1, while there was no difference between the phosphoblocking mutant 

and WT protein BiFC signal. Thus, the phosphoblocking mutant served as a critical 
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control showing that mutation of these residues per se is not sufficient to modulate 

BiFC dimerization signal of DJ-1. Interestingly, immunoblotting data using lysates ob-

tained from cell populations used in the BiFC experiments exhibited a low level of ex-

pression of phophomimetic DJ-1 mutant compared to WT DJ-1 while phosphoblocking 

DJ-1 mutant showed a similar expression level to WT DJ-1. 

Our findings from BiFC and respective immunoblot experiments strongly sug-

gest DJ-1 phosphorylation at T19 and Y67 highly decreases DJ-1 stability. This suggests 

that DJ-1 phosphorylated at these positions is rapidly degraded in living cells and fur-

ther experiments are needed to clarify the pathway responsible for this degradation. The 

potential future directions for studying DJ-1 phosphorylation are discussed in Chapter 6. 

As we showed DJ-1 phosphorylation in the first two potential sites highly de-

creases DJ-1 stability, we were prompted to investigate the effect of a single phosphory-

lation event at all the potential phosphorylation positions on this protein. BiFC and im-

munoblotting results on the single phosphomimetic mutants indicated DJ-1 phosphory-

lation at any potential site highly decreases protein stability and as a result reduces its 

dimerization. This is in agreement with the study by Lin et al. where they showed that 

more sample was required for detecting DJ-1 phosphorylation using MS (Lin et al., 

2012). 

Thus, this work has provided for the first time new insights into DJ-1 phospho-

rylation effect on its stability and dimerization. Despite normal dimerization and stabili-

ty occurring when potential phosphorylation sites were blocked, the substitution of pre-

dicted phosphorylation sites with glutamate or aspartate highly decreases DJ-1 dimer-

ization and stability in living cells. We thus hypothesize that DJ-1 phosphorylation 

might contribute to its turnover. We also interrogated DJ-1 phosphorylation effects on 

its dimerization and stability in oxidative stress conditions. Our results revealed that for 

all the phosphomimetic studied the dimerization increases in oxidative stress similarly 

to the WT DJ-1. These findings indicate that DJ-1 phosphorylation does not affect its 

normal reaction to the oxidative stress conditions. However, further studies are required 

for clarifying whether or not DJ-1 phosphorylation plays a role in normal conditions or 

in response to oxidative stress. However, as DJ-1 phosphorylation has been reported to 

be associated with PD (Lin et al., 2012) and also based on our findings that  DJ-1 phos-
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phorylation effects its stability, it could be postulated that abnormal phosphorylation of 

DJ-1 may play a role in PD pathogenesis by highly decreasing its stability and levels in 

the cells, thereby reducing its protective function.  

In summary, in this chapter we provided evidence that DJ-1 phosphorylation 

influences its stability and dimerization in comparison with WT protein in living cells. 

This will enable us to uncover role of this modification in DJ-1 function and pathogene-

sis of PD in our in progress and future work.  

!
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Chapter 5 

Exploring the relationship between DJ-1 and tau 

5-1 Introduction 
It has long been demonstrated that neurodegenerative diseases display overlap-

ping clinical and pathological features (Rizzu et al., 2004). Indeed, protein misfolding 

and oxidative stress are implicated in several neurodegenerative disorders such as AD, 

PD and HD. Recent studies in our group have shown DJ-1 is able to modulate α-Syn 

and huntingtin aggregation through its oxidation-sensitive chaperone activity (See 

Chapter 1) (Sajjad et al., 2014, Zondler et al., 2014).  

The alteration, dysfunction and abnormal accumulation of microtubule associ-

ated protein tau has long been associated with several neurodegenerative disorders such 

as AD, frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) 

(Shahani et al., 2006). In all the neurodegenerative diseases associated with tau, collec-

tively called tauopathies, this protein is abnormally hyperphosphorylated and accumu-

lates as intracellular neurofibrillary tangles (NFTs) reported to play a central role in the 

neurodegenerative process (Lee et al., 2001, Shahani and Brandt, 2002, Brandt et al., 

2005). The human tau gene is mapped to the long arm of chromosome 17 at band posi-

tion 17q21(Neve et al., 1986) and spans a genomic region of > 100 kb, containing 16 

exons (Kolarova et al., 2012). Primary sequence analysis revealed the presence in the 

protein structure of an acidic N-terminal (pI 3.8) followed by a proline-rich region (pI 

11.4) and a basic C-terminal tail (pI 10.8), resulting in dipole structure with two do-

mains of opposite charge (Kolarova et al., 2012). 

Tau is a prototypical natively unfolded protein with six known isoforms with 

varying numbers of tubulin binding domains at its C-terminus. Also, an insertion of 29 

amino acids (N1 copy, N2 copies or no insertion) at its N-terminus has been identified 

(von Bergen et al., 2005, Jeganathan et al., 2008, Kolarova et al., 2012) (Figure 5.1.1). 

Ample evidence has indicated that each of these isoforms plays a specific physiological 

roles and that they are differentially expressed during brain development (Kolarova et 

al., 2012). 
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Tau binds to microtubules via its C-terminus that consists of several repeated 

domains encoded by exons 9-12 (Brandt and Lee, 1993). Indeed, the main cellular func-

tion of tau protein, promoting tubulin polymerization and stability, mostly depends on 

these repeats that are known as microtubules binding repeats (MTBR) (Brandt and Lee, 

1993, Mandell and Banker, 1996). Since tau phosphorylation regulates its affinity for 

microtubules, phosphorylated and dephosphorylated status of the protein influences di-

verse cellular processes microtubules are involved in, such as intracellular trafficking 

(Trinczek et al., 1999, Kolarova et al., 2012). For instance, over-expression or mislocal-

ization of tau stimulates its intracellular connections: slows down exocytosis and dis-

rupts mitochondria distribution through inhibition of microtubule-based organelle trans-

port (Ebneth et al., 1998, Kolarova et al., 2012).  

Tau protein interacts with cytoskeletal components including spectrin and actin 

filaments, the neuronal plasma membrane and with intracellular membranous compo-

nents such as mitochondria through its N-terminal part, known as the projection domain 

(Jung et al., 1993, Brandt et al., 1995, Kolarova et al., 2012). Tau also interacts with the 

Src-homology 3 (SH3) domain of several proteins including Fyn (tyrosine kinase from 

Src family), which is involved in protein trafficking (Reynolds et al., 2008, Kolarova et 

al., 2012). The tau and Fyn interaction regulates N-methyl-D-aspartic acid (NMDA) 

receptor signalling in dendritic spines, and the outgrowth of cytoplasmic processes in 

oligodendrocytes which influences neuronal plasticity (Klein et al., 2002, Ittner et al., 

2010, Pritchard et al., 2011).  

Although actual mechanisms by which tau develops into a nonfunctional and 

pathogenesis-linked protein are not clearly understood, abnormal post-translational 

modifications are hypothesized to be a main cause of this defeat (Kolarova et al., 2012). 

Indeed, while normal phosphorylation of this protein is essential for its optimal func-

tion, abnormal tau phosphorylation and its consequent aggregation or amyloid forma-

tion is one the earliest symptoms of neuronal degeneration in AD (Braak et al., 1994, 

Kolarova et al., 2012). For instance, peptidyl-prolyl cis/trans isomerase (Pin1) binds to 

the tau protein after its phosphorylation on the Thr231 residue and modulates its phos-

phorylation status by making it accessible for protein phosphatase 2A, consequently 

regulating its function (Kolarova et al., 2012). In the cytosol of neurons the population 
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of either phosphorylated or dephosphorylated tau are maintained in equilibrium by ki-

nases and phosphatases cooperation, this being essential for tau protein interactions 

(Arrasate et al., 2000, Maas et al., 2000, Kolarova et al., 2012). 

Despite 80 potential serine or threonine phosphorylation sites having been de-

scribed in the longest variant of tau, the contribution of tau modification and aggrega-

tion to neuronal death remains unclear (Sergeant et al., 2005, Shahani et al., 2006). Var-

ious studies have found that glycogen synthase kinase 3 β (GSK-3β), cyclin-dependent 

kinase 5 (cdk5), cAMP-dependent protein kinase (PKA), and calcium/calmodulin-de-

pendent kinase II (CaMK-II) are the kinases that play a fundamental role in tau phos-

phorylation in the brain (Gong and Iqbal, 2008).  

It has been shown that tau and α-Syn pathology coexist (in the same or separate 

lesions) in neurons and oligodendrocytes of many neurodegenerative disorders (Hansen 

et al., 1990, McKeith et al., 1996). Expression of pathogenic mutants of α-Syn (A53T) 

produces α-Syn filamentous inclusions which are associated with fibrillar tau lesions 

formation in human and mice (Giasson et al., 2003). Moreover, pathological forms of 

tau and α-Syn coexist in familial forms of PD cases that in spectrum diagnosis between 

AD and PD are referred as dementia with Lewy bodies (DLBs) (Hansen et al., 1990, 

McKeith et al., 1996, Duda et al., 2002, Giasson et al., 2003). Pathological forms of tau 

have also been detected in brains of PD patients with LRRK2 mutations (Gaig et al., 

2008). A recent study revealed that over-expression of the LRRK2-I2020T mutation in 

cultured cells increased the level of phosphorylated tau protein (Taymans and Cookson, 

2010).  

In 2003 Rizzu et al. found DJ-1 colocalization in neurofibrillary tangles (NFTs) 

and neuropil threads (NTs) within the substantia nigra, caudate, putamen and temporal 

cortex of several patients with DLB (Rizzu et al., 2004). This was the first report of a 

link between DJ-1 and tau inclusions in degenerative tauopathies. Recent work by Wang 

et al. has also demonstrated that PD-related DJ-1 mutations L166P and D149A, exten-

sively studied as loss of function mutants associated with early onset familial forms of 

PD, increase abnormal phosphorylation of tau protein in mouse neuroblastoma (N2a) 

cells through Akt/GSK-3β pathway (Wang et al., 2013). Specifically, it was found that 

"131



Investigating DJ-1 & tau interaction

the pathological L166P or D149A DJ-1 mutants significantly decreased phosphorylation 

levels of Akt at Thr308, which inhibits Akt function (Wang et al., 2013). 

These findings prompted us to investigate tau and DJ-1 interactions in living 

cells and also to elucidate whether mutations of DJ-1 modulate any potential tau/DJ-1 

interactions in normal and oxidative stress conditions.  
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!
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!
Figure 5.1.1 Human brain tau isoforms. The isoforms vary by the inclusion or exclusion 

of exons 2, 3 and 10, and also by the number of microtubule binding domains. In this 

study we used the longest tau isoform (tau-441) (adapted from (Vingtdeux et al., 2012)). 
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5-2 WT and mutant versions of DJ-1 directly interact with 

WT tau in physiological conditions 

5-2-1 Investigation of the interaction between DJ-1 and tau in 

living cells 
To investigate tau and DJ-1 direct interactions in living cells we used BiFC, as 

our lab had already generated DJ-1 BiFC constructs and we received tau BiFC con-

structs from our collaborator Dr. Outeiro. Tau BiFC constructs consist of tau protein 

(tau-441) tagged with either the N-terminal or the C-terminal of Venus (Figure 5.2.1). 

As already discussed in Chapter 3 it has been shown that fluorophore reconstitution is 

able to occur for the combination of Venus and GFP or CFP (Hu et al., 2002). Thus, if 

WT DJ-1 is able to interact with WT tau in living cells the two non fluorescent frag-

ments will be brought together, and refold into a fluorescent complex easily visualised 

by fluorescent microscopy. 

To this end, HEK 293T cells were transiently transfected with different combi-

nations of WT DJ-1 and WT tau BiFC constructs (VN-tau & DJ-1 CCFP, or Tau-VC & 

DJ-1-NGFP) to determine whether or not we are able to observe any fluorescent signal. 

The L166P DJ-1 BiFC constructs were used as a negative control. Confocal laser scan-

ning microscopy (CLSM) xy images show that a fluorescent signal was clearly visible 

for one of the WT DJ-1/WT tau BiFC constructs combinations (VN-tau & DJ-1 CCFP) 

(Figure 5.2.2), thus indicating an interaction between DJ-1 and tau in living cells. For 

the combination of tau-VC & DJ-1-NGFP no fluorescent signal was observed, indicat-

ing interaction between DJ-1 and tau can only be detected if the tags are present in a 

specific orientation, as has been previously reported by different studies in BiFC exper-

iments (Outeiro et al., 2008, Zondler et al., 2014) (Figure 5.2.2).  

Interestingly, our primary CLSM data shows that the WT DJ-1 and WT tau 

complex mainly localizes to microtubule-like structures in comparison with the WT DJ-

1 dimer that localises mainly in cytoplasm with a small portion in nucleus, which sug-

gest tau may recruit DJ-1 to the microtubule-like structures. Further experiments are 

needed to confirm the co-localization of WT DJ-1/WT tau complex with microtubules, 

(check whether the BiFC signal colocalizes with an anti Beta-tubulin ICC signal). In 
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contrast, we did not observe any changes in localization of WT tau dimer in comparison 

with the WT DJ-1 and WT tau complex. 
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Figure 5.2.1 Schematic representation of the tau BiFC constructs used in this study. We 

received these constructs from our collaborator Prof. Dr. Tiago Fleming Outeiro (Uni-

versity of Göttingen). 
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Figure 5.2.2  WT DJ-1 and WT tau directly interact in living HEK 293T cells. Confocal 

laser scanning microscopy (CLSM) xy images represent complementation driven by 

WT DJ-1 and WT tau interactions in living HEK 293T cells 24 hours after transfection. 

L166P DJ-1 BiFC constructs that completely prevent DJ-1 dimerization were used as a 

negative control. Interestingly, the DJ-1 and tau interaction can be detected in one BiFC 

combination (VN-tau & DJ-1 CCFP). In all the conditions cells were cotransfected with 

a plasmid encoding RFP to allow for normalization of the BiFC signal. Scale bar = 10 

µm. 
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We next employed a panel of DJ-1 mutant BiFC constructs E64D, M26I, L10P, 

C106A, K130R, ΔP158, L166P, double phosphomimetic (T19E, Y67E) and double 

phosphoblocking (T19V, Y67F) mutants to test whether or not mutations in DJ-1 influ-

ence its interaction with the tau protein. Surprisingly, we observed all the DJ-1 mutants 

are able to interact with WT tau to same degree in living cells (data not shown), despite 

some of these mutants such as L166P and M26I have been previously shown in our lab-

oratory to prevent DJ-1 dimerization and to be rapidly degraded (Repici et al., 2013).  

Confocal analysis showed that microtubule-like structures labelling present in 

HEK 293T cells over-expressing either WT tau BiFC constructs or WT VN-tau + WT 

DJ-1 CCFP disappeared in cells over-expressing WT VN-tau + L166P DJ-1 CCFP (Fig-

ure 5.2.3). We also observed HEK 293T cells transfected with WT VN-tau + L10P DJ-1 

CCFP exhibited a more cytoplasmic distribution of the complementation signal. Cells 

transfected with WT VN-tau + ΔP158 DJ-1 CCFP mostly exhibited cytoplasmic and 

nuclear fluorescence, rather than a microtubule-like structures localization. In contrast, 

cells over-expressing WT VN-tau + double phosphomimetic (T19E & Y67E) DJ-1 

CCFP BiFC combination were characterised by a strong microtubule-like structures lo-

calization of the complementation signal (Figure 5.2.3). Other DJ-1 mutants in combi-

nation with WT VN-tau showed localization similar to the WT DJ-1/WT VN-tau (data 

not shown). 

Taken together, the data from CLSM analysis suggest some of the DJ-1 muta-

tions tested affect the interaction between tau and DJ-1, as well as the localization of 

this interaction complex. However, these data required further investigation to confirm 

and validate our initial results. 
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!
Figure 5.2.3 Effect of L166P, L10P, ΔP158 and double phosphomimetic (T19E, Y67E)  

DJ-1 mutants on its interaction with WT tau protein. CLSM xy images represent com-

plementation reaction driven by WT DJ-1 or subset of its mutations and WT tau interac-

tion in living HEK 293T cells 24 hours post-transfection. Mutant versions of the DJ-1 

BiFC construct (DJ-1 CCFP) interact with WT tau differently from WT DJ-1, based 

upon localisation and distribution of the complementation signal.  Scale bar = 10 µm. 
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As the main role of DJ-1 in PD context is the protection from oxidative stress, 

we next tested the effect of oxidative stress on the WT DJ-1/WT tau interaction. In this 

first experiment we also looked at C106A and DJ-1 double phosphomimetic (T19E & 

Y67E) DJ-1 mutants. These two DJ-1 mutants were chosen since the cysteine residue at 

position 106 is responsible for DJ-1 self oxidation in response to oxidative stress and we 

speculated that DJ-1 phosphorylation might play a role during oxidative stress condi-

tions. HEK 293T cells were transiently transfected with a combination of WT VN-tau 

BiFC construct and either WT DJ-1 CCFP, C106A CCFP or double-phosphomimetic 

CCFP DJ-1 BiFC construct. 24 hours after transfection cells were subjected to oxidative 

stress by exposure to 1 mM H2O2 for 2 hours before imaging. CLSM analysis indicated 

that although no differences between normal and oxidative stress condition were detect-

ed in cells transfected with WT VN-tau/WT DJ-1 CCFP and WT VN-tau/C106A CCFP, 

the BiFC complementation signal of cells over-expressing WT VN-tau + double-phos-

phomimetic DJ-1 CCFP was more strongly localized to microtubule-like structures 

(Figure 5.2.4). We also observed tau localization alone become more diffuse with oxida-

tive stress (Figure 5.2.4) which supports previous studies on tau localization upon H2O2 

treatment that has shown tau accumulates in the nuclei in oxidative stress conditions 

(Sultan et al., 2011). However, our localization data in normal and oxidative stress con-

ditions must be further validated by quantification. 
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Figure 5.2.4 Effect of oxidative stress on DJ-1 and tau interactions. CLSM images 

show the BiFC complementation reaction driven by WT, C106A and double phospho-

mimetic (T19E, Y67E) DJ-1 and WT tau interactions in living HEK 293T cells. 24 

hours post-transfection cells were subjected to oxidative stress by exposure to 1 mM 

H2O2 for 2 hours before CLSM analysis. No difference in fluorescence complementa-

tion signal was detected for cells over-expressing WT-VN-tau/ WT DJ-1 CCFP and WT-

VN-tau/C106A CCFP in oxidative stress compared to normal conditions. On the con-

trary, the interaction of double phosphomimetic (T19E, Y67E) mutant DJ-1 with WT 

VN-tau was more localized to microtubule-like structures in oxidative stress conditions. 

Scale bar = 10 µm. 
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Next we decided to quantify the fluorescence signal for all the conditions an-

alysed. This approach would provide a better understanding of the effects of any DJ-1 

mutations on its interaction with WT tau in normal and oxidative stress conditions. To 

approach this aim, we transiently transfected HEK 293T cells with the WT VN-tau 

BiFC construct and WT or a panel of DJ-1 mutant versions of DJ-1 CCFP BiFC con-

structs (E64D, C106A, K130R, ΔP158, M26I, L10P, L166P, E18A, E163K, A104T, 

T19E, Y67E, Y139E, T140D, Y141E, S142D) in 24 well plate format with a single bio-

logical replicate for each combination. BiFC signals were analysed 48 hours after trans-

fection through the Cell^R Scan^R screening station, to allow for a higher expression of 

the BiFC constructs. Quantification of the complementation signal clearly revealed most 

of the mutations in DJ-1 influence its interaction with WT tau (Figure 5.2.5). Indeed, 

while BiFC fluorescence for C106A, A104T and K130R DJ-1 mutants were not altered 

from WT DJ-1, a significant decrease in the BiFC signal of WT tau plus Y141E, 

T140D, E64D, E18A, E163K and S142D DJ-1 mutants and an even higher decrease for 

L10P, M26I, T19E, ΔP158, Y139E, Y67E and L166P was observed (Figure 5.2.5).  

For exploring the effects of oxidative stress on tau/DJ-1 interactions we next 

repeated the BiFC experiment by imaging cells before and after treatment with 1 mM 

H2O2 for 2 hours. In this context, as our results can be influenced by the time of screen-

ing for different DJ-1 mutants based on their position on the plate (approximately 2 

hours), we transfected the cells in the first and last well of the experimental plate with 

WT DJ-1 BiFC constructs as controls for H2O2 treatment. Quantification of the BiFC 

signal obtained from cells over-expressing WT tau and WT DJ-1 revealed fluorescence 

significantly decreases in response to oxidative stress, thus indicating a destabilization 

of the WT tau and WT DJ-1 interaction in this condition. This was true as well for the 

interaction between WT tau and most of the DJ-1 mutants tested (for the S142D mutant 

a decrease was observed but it was not significant). In contrast, the DJ-1 mutants E64D, 

M26I, T19E, ΔP158, Y139E, L10P, Y67E and L166P did not show any influence in in-

teraction with WT tau in oxidative stress conditions (Figure 5.2.6). Interestingly, except 

for E64D, the other DJ-1 mutants that did not show any effect on the BiFC signal in ox-

idative stress have low protein stability. No difference in fluorescence complementation 

signal of the controls was detected between the first and the last well in the plate in 
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normal and oxidative stress conditions, proving that screening time did not have any 

effect on the BiFC signal obtained during this experiment (Figure 5.2.7).                                
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Figure 5.2.5 Effect of the DJ-1 mutants on fluorescence complementation efficiency 

between WT tau (VN-tau) and DJ-1 (CCFP). Mutations in DJ-1 influence its interaction 

with WT tau in normal conditions. This graph shows the average ratio intensity (green/

red) per well ±SEM. ****P<0.0001. 
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Figure 5.2.6 Oxidative stress destabilizes the tau/DJ-1 interaction (VN-tau + DJ-1 

CCFP). BiFC signal of WT tau/WT DJ-1 transfected cells decreases in response to H2O2 

treatment (1 mM for 2 hours). All the conditions were tested in a single biological repli-

cate. The histogram displays the average ratio intensity (green/red) per well ±SEM. 

****P<0.0001. 
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Figure 5.2.7 Screening time did not influence BiFC signal. HEK 293T cells in the first 

(1) and last (2) wells of the 24 well plate were transfected with WT DJ-1 BiFC con-

structs as a control to check if position of the well influences H2O2 treatment effect on 

BiFC fluorescence signal. The histogram shows the average ratio intensity (green/red) 

per well ±SEM. ****P<0.0001. 
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To confirm our BiFC data and to elucidate if the observed effects of the DJ-1 

mutants on the tau/DJ-1 interaction were entirely due their mutated sites or to an effect 

of the mutation on protein levels, we repeated the BiFC experiments in 6 well plate 

format with a single biological replicate, followed by immunoblotting to check the pro-

tein level of the selected DJ-1 mutants. For this objective, five DJ-1 mutants were used: 

1) E64D which has been shown in our laboratory to have comparable expression levels 

to WT DJ-1 while it had ∼ 33 % less interaction with WT tau compared with WT DJ-1; 

2) C106A due to its importance in DJ-1 response to oxidative stress; 3) L166P which 

has exhibited no alteration in interaction with WT tau in response to oxidative stress and 

also because this DJ-1 mutant changes localization of the WT tau/WT DJ-1 complex 

from microtubule-like structures to the cytoplasm; 4) Y67E as our immunoblotting 

analysis has shown this phosphomimetic mutation increases DJ-1 gel migration and it is 

the most unstable DJ-1 phosphomimetic mutant; and 5) Y141E. This DJ-1 phospho-

mimetic mutant was selected because although our immunoblotting data indicated a 

lower level of this mutant compared to the WT protein (see Chapter 4), it has more 

propensity to interact with WT tau in comparison with E64D DJ-1 mutant that has com-

parable protein levels to the WT DJ-1 (Figure 5.2.6). 

When we looked at the BiFC signal from the 6 well plate experiment we found 

that our results were in accordance with our previous BiFC data (Figure 5.2.8 compared 

to Figure 5.2.6). Only the C106A DJ-1 interaction with WT tau was different, as we ob-

served it was slightly lower than WT DJ-1 as opposed to slightly higher (Figure 5.2.5), 

thus indicating there is no significant difference between this DJ-1 mutant and WT DJ-1 

in their interactions with WT tau. Moreover, in agreement with the BiFC signal, im-

munoblotting analysis using anti GFP antibody indicated that level of C106A DJ-1 pro-

tein was comparable to WT DJ-1, while lower levels of E64D DJ-1 protein was ob-

served. Interestingly, we observed although Y141E protein level is ∼ 70 % lower than 

WT DJ-1, its interaction with WT tau is decreased by only 26 % in comparison with 

WT DJ-1 (Figure 5.2.9). Overall, our data indicate that most of the DJ-1 mutants influ-

ence DJ-1/tau interactions in normal and oxidative stress conditions, and suggest that 

protein stability of each of these DJ-1 mutants plays an important role in this interac-

tion.  
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Figure 5.2.8  Effect of the E64D, C106A, L166P, Y141E and Y67E DJ-1 mutations on 

the efficiency of fluorescence complementation between DJ-1 and WT tau BiFC con-

structs 48 hours after transfection in normal and oxidative stress (1 mM H2O2 for 2 

hours) conditions with a single biological replicate. The histogram displays the average 

ratio intensity (green/red) per well ±SEM. ****P<0.0001. 

!
!
!
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Figure 5.2.9  A) Anti-GFP immunoblots of the lysates obtained from transfected cell 

populations used in the BiFC experiment (Figure 5.2.8) showing the expression levels 

of the different DJ-1 mutants in comparison to the WT DJ-1. B) Anti-GFP immunoblots 

(A, mid-panel) with higher exposure time to detect L166P and Y67E DJ-1 mutants. C) 

Gel densitometry to measure expression levels of the different DJ-1 mutants in compar-

ison with WT DJ-1 (data are not shown for Y67E and L166P as DJ-1 is not detected in 

Figure A). 
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5-2-2 Exploring tau toxicity in the BiFC cell model 
Our data so far indicate that DJ-1 likely directly interacts with tau in physiolog-

ical conditions. Although the reason for this interaction is unclear, it may be related to 

the function of DJ-1 as a protein chaperone (Sajjad et al., 2014, Zondler et al., 2014). In 

order to validate our results we next checked if tau over-expression in our cell model 

could cause cell toxicity, as it is imperative to exclude any toxic effect that could cause 

a change in the BiFC signal per se (as described in Chapter 3). To this end, we evaluated 

cell death in cells transiently co-transfected with WT DJ-1 CCFP and WT VN-tau. In 

order to conclude on our results we needed all the proper controls, and we thus looked 

at cells transfected with WT DJ-1 BiFC constructs and WT tau BiFC constructs. In ad-

dition, we also transfected cells with only WT DJ-1 CCFP, only WT VN-tau, only the 

RFP construct, only pcDNA 3.1+ construct, WT DJ-1 CCFP and RFP construct, WT 

VN-tau and RFP construct and pcDNA 3.1+ as control conditions in a 96 well plate for-

mat. 0.05 µg of each plasmid was used for transfection (0.1 µg of DNA in cells trans-

fected with two plasmids and 0.05 µg of DNA in cells transfected with only one plasmid 

were used). In this experiment we also assessed the cell viability of not transfected cells 

(N-Transfected), and cells only treated with transfection reagent without DNA (T-

reagent) as negative controls. 48 hours after transfection cells were subjected to LDH 

(see Chapter 3) cell viability assay (Figure 5.2.10). LDH analysis clearly showed that 

WT tau over-expression does not have any toxicity effects on our BiFC cell model 

which indicates that our BiFC data on tau/DJ-1 interactions is not influenced by toxicity 

effects of tau over-expression.  

!
  

!
!
!
!
!
!
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Figure 5.2.10 Effect of tau over-expression on HEK 293T cell viability determined via  

LDH release assay 48 hours post-transfection. 0.1 µg of DNA in cells transfected with 

two plasmids and 0.05 µg of DNA in cells transfected with only one plasmid were uti-

lized to transfect HEK 293T cells. Not transfected HEK 293T (N-Transfected) and cells 

only treated with transfection reagent (T-reagent) were used as a negative control.  As 

the histogram illustrates there is no statistically significant difference in LDH release 

between cells transfected with various plasmids. Data are expressed as mean ±SEM. 

!
!
!
!
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5-2-3 Exploring tau/DJ-1 interactions in the presence of c-Abl 

inhibitors 
Previous work found that amyloid-β-peptide (Aβ) promotes c-Abl activity in 

rat hippocampal neurons, which contributes to Aβ-induced apoptosis and neurodegener-

ation (Alvarez et al., 2004). Moreover, other studies observed that mRNA and protein 

levels of c-Abl are increased in AD models (Alvarez et al., 2004, Cancino et al., 2008, 

Cancino et al., 2011). Interestingly, it was observed that inhibition of c-Abl via chemical 

compounds or RNAi ameliorated several AD features, including tau phosphorylation, 

apoptosis and behavioural impairments both in vivo and in vitro (Alvarez et al., 2004, 

Cancino et al., 2008, Cancino et al., 2011). Alteration of c-Abl kinase activity and its 

distribution in AD brain has been shown to be associated with its role in Aβ signal 

transduction and tau pathology (Jing et al., 2009). Considering these data, we hypothe-

sized that if inhibition of c-Abl by Bosutinib and KW2449 (our hits from screening) de-

creases tau phosphorylation, and tau phosphorylation regulates the ability of tau to in-

teract with protein partners, this could affect tau/DJ-1 interaction in our cellular model. 

To examine this hypothesis, we transiently co-transfected the HEK 293T cells with WT 

VN-tau, WT DJ-1 CCFP  and RFP. 24 hours after transfection, cells were treated with 

Bosutinib and KW2449 at concentrations of 1 and 5 µM in quadruplicate for 4 hours. To 

check oxidative stress effects on tau and DJ-1 upon c-Abl inhibition, 2 hours after 

treatment with Bosutinib or KW2449 a subset of the cells were subjected to 1 mM H2O2 

for 2 hours before imaging. 

We observed that WT tau and WT DJ-1 interactions increased upon treatment 

with 1 µM Bosutinib (blue) compared to DMSO control (gray) (Figure 5.2.11). Fur-

thermore, this increase diminished upon treatment with 5 µM concentration of this 

compound. Interestingly we found that treatment with Bosutinib dose dependently re-

versed the effect of the oxidative stress on WT tau and WT DJ-1 interaction (brown vs 

pink) (Figure 5.2.11). 

!
!
!
!
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In addition, we found that the WT tau + WT DJ-1 interaction in normal condi-

tions decreases with KW2449 treatment in a dose dependent manner (Figure 5.2.12). 

Our data also revealed that KW2449 treatment completely eliminates the H2O2 depen-

dent reduction of WT tau and WT DJ-1 interactions at 5 µM treatment (Figure 5.2.12). 

Altogether, our data suggest that inhibition of c-Abl eliminates the oxidative stress ef-

fect on WT tau/WT DJ-1 interactions. 

As a further approach to assess tau and DJ-1 interactions, we next explored the 

potential effect of c-Abl inhibition on WT tau interaction with DJ-1 mutants. Thus, we 

repeated the BiFC experiment using several mutant versions of DJ-1 CCFP BiFC con-

structs (E64D, C106A, L166P, L10P, M26I, K130R, ΔP158). We observed that almost 

all of the DJ-1 mutants behaved similarly to WT DJ-1 in interaction with WT tau in the 

presence of these two c-Abl inhibitors (data not shown). 

Furthermore, our BiFC data also demonstrated that the WT tau interaction with 

the L166P DJ-1 mutant dramatically increases in response to Bosutinib treatment, and 

this effect is much more pronounced than that observed with WT DJ-1. In addition, we 

also observed that oxidative stress does not have any effects on WT tau and L166P DJ-1 

mutant interaction  (Figure 5.2.13). 

Analyses of fluorescence complementation signal between WT tau and L166P 

DJ-1 mutant with KW2449 treatment showed that this compound does not alter interac-

tions between these two proteins in normal conditions. Moreover, although the afore-

mentioned interaction of WT tau and L166P DJ-1 mutant did not change in response to 

oxidative stress, KW2449 significantly increased their interaction in oxidative stress 

conditions (Figure 5.2.14). 

!
!
!
!
!
!
!
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Figure 5.2.11 Effect of Bosutinib treatment on WT tau and WT DJ-1 interaction in 

normal and oxidative stress (1 mM H2O2 for 2 hours) conditions. Oxidative stress 

destabilizes WT tau and WT DJ-1 interaction, and this effect is decreased upon treat-

ment with the c-Abl inhibitor Bosutinib. Bosutinib treatment also increases WT tau and 

WT DJ-1 interactions in normal conditions. Conditions were tested in quadruplicate. 

The histogram displays the average ratio intensity (green/red) per well ±SEM. 

****P<0.0001. 
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Figure 5.2.12 Effect of KW2449 treatment on WT tau and WT DJ-1 interactions in 

normal and oxidative stress (1 mM H2O2 for 2 hours) conditions. KW2449 dose depen-

dently decreases WT tau + WT DJ-1 interactions in normal conditions, while this treat-

ment increases this interaction in oxidative stress conditions compared with the DMSO 

control. Conditions were tested in quadruplicate. The histogram displays the average 

ratio intensity (green/red) per well ±SEM. ****P<0.0001. 

!
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Figure 5.2.13 Effect of Bosutinib treatment on WT tau and L166P DJ-1 mutant interac-

tion in normal and oxidative stress (1 mM H2O2 for 2 hours) conditions. Bosutinib 

treatment significantly increases WT tau and L166P DJ-1 mutant interaction in normal 

conditions. Oxidative stress has not influenced WT tau and L166P DJ-1 interaction in 

absence or in presence of Bosutinib. Each condition was tested in quadruplicate. The 

histogram displays the average ratio intensity (green/red) per well ±SEM. 

****P<0.0001. 
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Figure 5.2.14 Effect of the KW2449 treatment on WT tau and L166P DJ-1 mutant in-

teraction in normal and oxidative stress (1 mM H2O2 for 2 hours) conditions. KW2449 

treatment has not altered WT tau and L166P DJ-1 mutant interaction in normal condi-

tions. As graph shows KW2449 treatment increases these two protein interaction in ox-

idative stress conditions. Conditions were tested in quadruplicate. The histogram dis-

plays the average ratio intensity (green/red) per well ±SEM. ****P<0.0001. 

!
!
!
!
!

"158



Investigating DJ-1 & tau interaction

5-3 Discussion 
Hyperphosphoryled tau is a major component of neurofibrillary tangles in AD  

(Yancopoulou and Spillantini, 2003). The gene encoding the tau protein, which normal-

ly stabilizes microtubules, has recently been linked to PD in association studies (Tobin 

et al., 2008, Simon-Sanchez et al., 2009). In addition, co-localization of tau and a-Syn 

has been observed in LBs (Ishizawa et al., 2003) and increased tau phosphorylation 

found in the synaptic enriched fraction from PD brains (Muntane et al., 2008). Interest-

ingly, while it is not known whether DJ-1-associated PD brains have LB pathology, 

studies have found that DJ-1 co-localizes with tau inclusions in AD, Pick’s disease and 

progressive supranuclear palsy (Neumann et al., 2004, Rizzu et al., 2004). Kumaran and 

colleagues (Kumaran et al., 2007) broadly examined DJ-1 immunoreactivity in a variety 

of neurodegenerative disorders and found that in AD and frontotemporal lobar degener-

ation with Pick bodies, DJ-1 was enriched in the sarkosyl-insoluble fractions of frozen 

brain tissue containing insoluble hyperphosphorylated tau, thus underlying DJ-1 associ-

ation with tau pathology. It has also been shown that two PD-related DJ-1 mutants 

L166P and D149A, increase abnormal phosphorylation of tau (Wang et al., 2013). 

However, a direct interaction of DJ-1 and tau in physiological conditions had never 

been studied.  

My initial step in this chapter was to test both combinations of DJ-1 BiFC con-

structs and tau BiFC constructs (Tau-VC + DJ-1 NGFP or VN-Tau + DJ-1 CCFP) in our 

cellular model. Interestingly, we only observed a tau/DJ-1 interaction in cells co-trans-

fected with DJ-1 CCFP and VN-tau. This is not surprising as it has previously been 

shown that for fluorophore reconstitution the tags of the fluorescent proteins must be 

present in a specific orientation (Outeiro et al., 2008, Zondler et al., 2014). We next ex-

plored the potential effect of mutations in DJ-1 upon its interactions with tau. We found 

that several different DJ-1 mutants are able to interact with WT tau in living cells in 

physiological conditions. Strikingly, we observed despite some of the DJ-1 mutants 

such as L166P, M26I, L10P and ΔP158 that prevent DJ-1 dimerization in physiological 

conditions (Repici et al., 2013), are able to dimerize with WT tau in our cellular model. 

Additionally, we also found that different DJ-1 mutants affect localization of the DJ-1/

tau complex. For instance, WT tau/L166P DJ-1 mostly localized in the cytoplasm, and 
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WT tau/DJ-1double phosphomimetic (T19E, Y67E) was more strongly localized to mi-

crotubules upon H2O2  treatment (see section 5.2.1). These data suggest that though 

these familial DJ-1 mutants retain tau/DJ-1 interactions, they have an influence on tau/

DJ-1 complex localization, which may have implications for their roles in PD pathogen-

esis.  

To quantify the effects of the different DJ-1 mutants on tau/DJ-1 interactions, 

cells were cotransfected with VN-tau and different mutant versions of DJ-1 CCFP and 

fluorescence complementation signals were analyzed and quantified via the Cell^R 

Scan^R screen station. Most of the DJ-1 mutants reduced BiFC signal , thus indicating a 

reduced interaction with tau compared with WT DJ-1 while the C106A, A104T and 

K130R mutations did not significantly alter tau/DJ-1 interactions (Figure 5.2.5). How-

ever, as the oxidation-sensitive chaperone activity of DJ-1 reduces both huntingtin and 

α-Syn aggregation (Sajjad et al., 2014, Zondler et al., 2014), we speculate that tau/DJ-1 

interaction may occur to modulate tau aggregation (see Chapter 6). Thus, our data also 

suggest that direct interaction between tau and DJ-1 may play a role in PD pathogenesis 

as familial DJ-1 mutants decrease this interaction.  

Notably, the efficiency of fluorescence complementation between WT tau and 

different DJ-1 mutants appears to depend predominantly on the protein stability of DJ-1 

mutants, as shown by immunoblotting analysis using anti GFP antibody. Interestingly,  

both immunoblotting and BiFC results showed interactions between WT tau and L166P 

or Y67E DJ-1 mutants, which have very low protein levels, did not significantly alter 

upon H2O2 treatment. Interestingly, the phosphomimetic Y141E DJ-1 mutant exhibiting 

∼ 70 % less protein stability showed a higher propensity to interact with tau (only ∼ 30 

% decrease in the BiFC signal compared to WT DJ-1), in comparison with other DJ-1 

mutants such as E64D DJ-1 that have comparable expression levels with WT DJ-1.  

One of the caveats in studying protein stability of the various DJ-1 mutants us-

ing immunoblotting anti DJ-1, is that different DJ-1 antibodies may not recognize all 

the DJ-1 mutants since each antibody recognizes a different epitope of DJ-1, which may 

be altered by the mutations. Although protein stability of the panel of DJ-1 mutants and 

their ability to dimerize has been extensively studied in our laboratory by Dr. Repici, 

one of the major limitations in our project was that the anti DJ-1 antibody (DJ-1 (C-16), 
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Santa Cruz Biotechnology, INC: sc-27006)- which was shown to detect all DJ-1 mu-

tants with the same quality of recognition- was no longer available. We then needed to 

employ multiple antibodies, the anti DJ-1 antibody (DJ-1 (D4), Santa Cruz Biotechnol-

ogy, INC: sc-55572) and anti-GFP antibody (abcam, ab6556). Indeed, DJ-1 antibody D4 

from Santa Cruz Biotechnology showed a different affinity for the WT vs E64D mutant 

while the anti DJ-1 antibody C-16, equally regonized both WT and E64D. Moreover, 

D4 antibody was not able to detect L166P DJ-1. We overcome this problem by using an 

anti GFP antibody able to detect L166P DJ-1, that showed protein stability of E64D DJ-

1 is ∼ 30 % less than WT DJ-1, not consistent with our previous results. Overall, our 

immunoblotting data suggests that various DJ-1 and GFP antibodies could be tested to 

reduce bias when evaluating protein stability of DJ-1 mutants.  

Following the investigation of DJ-1 and tau interaction in physiological condi-

tions, the cytotoxicity effects of over-expression of WT tau in HEK 293T cells were 

also tested. Notably, we did not observe any toxic effect in cells over-expressing WT tau 

by LDH assay. We speculate this occurs because HEK 293T cells tolerate high levels of 

tau over-expression without serious toxicity (Li et al., 2004, Bandyopadhyay et al., 

2007, Gohar et al., 2009). However, further approaches are needed to better explore the 

effect of WT or mutant versions of tau over-expression in living cells and the influence 

of WT DJ-1 on it. This could be interrogated by studying the cellular localization of 

these two proteins and by detecting the presence of cytoplasmic tau inclusions by im-

munocytochemical studies and CLSM, and the effect of the various versions of DJ-1 

upon these structures using neuronal cells. Indeed, determination of DJ-1 effect on tau 

aggregation using biochemical approaches may shed light into the function of tau/DJ-1 

dimer (Schafer et al., 2013). For instance, as tau aggregation can be induced by octade-

cyl sulfate (ODS), we could study effect of DJ-1 over-expression on tau aggregation by 

dot blot, mass spectrometry and sedimentation in this model. 

Last step in this chapter, we used a 96 well plate format to interrogate WT tau 

interactions with WT DJ-1 and our panel of DJ-1 mutants in the presence of c-Abl 

chemical inhibitors Bosutinib and KW2449, which we identified in our first screen (see 

Chapter 3) in normal and oxidative stress conditions. This is relevant to our work as c-

Abl was shown not only to directly phosphorylate tau at residue Y394, but also to indi-

"161



Investigating DJ-1 & tau interaction

rectly mediate its phosphorylation through activation of Cdk5 and GSK3β kinases (Al-

varez et al., 2004, Derkinderen et al., 2005, Cancino et al., 2011).  

This screen thus served as an opportunity to investigate how inhibition of c-

Abl influences the tau/DJ-1 interaction and also whether mutant versions of DJ-1 be-

have differently from WT DJ-1 in this context. We observed that Bosutinib slightly in-

creased WT tau and WT DJ-1 interactions in normal conditions. Conversely, KW2449 

has a stronger effect in modulating WT tau and WT DJ-1 interactions in a dose depen-

dent manner. Thus, one possible explanation for the effect of c-Abl inhibition on tau/DJ-

1 interaction is that c-Abl directly modulates tau phospho status thereby exerting its ef-

fect on tau/DJ-1 interactions. Interestingly, inhibition of c-Abl with both compounds 

reversed the oxidative stress effect on WT tau and WT DJ-1 interactions. Effect of the c-

Abl inhibition on tau/DJ-1 interaction in oxidative stress conditions is interesting in the 

PD context as oxidative stress is prevalent in PD brain and it has been shown that c-Abl 

is activated by various oxidative stressors (Sun et al., 2000). Finally, we did not ob-

served any significant differences in the interaction between tau and our panel of DJ-1 

mutants in the presence of c-Abl chemical inhibitors compared with WT DJ-1. 

Thus, in this chapter we provide evidence that WT tau is able to directly inter-

act with WT DJ-1 in physiological conditions and that this interaction is destabilized 

under oxidative stress conditions. We also find that pathogenic mutations in DJ-1 par-

tially constrain interactions with tau, suggesting a potential novel pathway in PD patho-

genesis. Lastly, we showed that the likely inhibition of c-Abl by chemical compounds 

affects tau/DJ-1 interactions in normal and oxidative stress conditions. However, for a 

better understanding of the role of this interaction in the cell and how this is related to 

neurodegenerative diseases and specially PD pathogenesis further investigations are re-

quired (see Chapter 6). 

!
!
!
!
!
!
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Chapter 6 

Discussion and future directions 

Although complete understanding of the actual function of DJ-1 has been an 

area of extreme interest for researchers with regards to its implication on PD pathogene-

sis and cancers, little is known about its exact role in the cells. In this study, I focused 

on DJ-1 phosphorylation using DJ-1 dimerization as a metric for its function with the 

aim of achieving a more clear understanding of physiological role of DJ-1 phosphoryla-

tion in response to oxidative stress. This approach provided a unique opportunity to 

clarify the consequence of DJ-1 phosphorylation on it function and protein stability, 

which may help to shed more light into pathological basis of PD and perhaps other neu-

rodegenerative disease.  

I developed a BiFC high throughput screen for DJ-1 dimerization modifiers 

using Olympus Scan^R screening station which to our knowledge is the first time a 

screening methodology has been developed to identify kinases and phosphatases that 

directly or indirectly play a role in DJ-1 function. I identified two kinase inhibitors with 

the same target (c-Abl) out of 168 compounds screened that showed a consistent de-

crease in DJ-1 dimerisation (∼ 13-18 %) in all the re-test experiments. Interestingly, as 

was discussed in more detail in Chapter 3, ample evidence has shown that this kinase 

plays a critical role in neurodegenerative diseases. Investigation of c-Abl targets may 

shed more light into precise mechanisms and cellular pathways by which this kinase 

influences  DJ-1 dimerization and function . 

I then studied DJ-1 phosphorylation in living cells in normal conditions or in 

response to oxidative stress, but no signal was detected by a common phosphorylation 

assay, which is extensively used to interrogate protein phosphorylation. To overcome 

this problem, phosphomimetic and phosphoblocking mutations of DJ-1 were generated 

using site-directed mutagenesis that allowed us to obtain a picture of the effects of these 

post-translational modifications on DJ-1 dimerization, function and stability. I found 

evidence showing that DJ-1 phosphorylation at all potential phosphorylation sites on 

DJ-1 protein except T140D, drastically decrease DJ-1 stability and dimerization in liv-

ing cells.   
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In the third part of our work I interrogated direct interaction of DJ-1 and tau in 

living cells in normal and oxidative stress conditions. My results clearly indicate for the 

first time that DJ-1 and tau interact in living cells and that the tau/DJ-1 interaction and 

tau/DJ-1 complex localization are affected by various DJ-1 mutations. These data 

strongly suggest tau/DJ-1 interaction as a new direction to be explored in PD and fur-

ther studies are needed to better explore the relevance of such an interaction.  

!
6-1 Future directions 

One of the first steps for future directions will be to study if c-Abl function can 

modulate DJ-1 dimerization. Investigation of proteins and cellular pathways regulated 

by c-Abl activity may help to clarify the precise mechanisms behind the reduction of 

DJ-1 dimerization upon c-Abl inhibition. We will first take advantage of immunoblot-

ting technique using phospho-specific antibodies against different c-Abl targets such as 

tau, Parkin and Cdk5 to verify whether inhibition of c-Abl by both hits from our screen, 

Bosutinib and KW2449, decreases phosphorylation of its targets. Such experiment 

could provide the launching pad for mechanistic characterization of linkage between c-

Abl and DJ-1 dimerization and function. In parallel, experiments will be performed by 

triggering proteins downstream of c-Abl and monitoring their effect on DJ-1 dimeriza-

tion and function. For example, effect of the knocking down and/or over-expression of 

these proteins on DJ-1 dimerization can be examined. Also CoIP analysis can be exploi-

ted for investigation of potential direct interaction of DJ-1 with those proteins. Though 

this an interesting area to contemplate for future studies, the effect size we observed was 

rather modest. Thus, it may be worth concentrating efforts on the work discussed below.  

While our high throughput kinase inhibitor and phosphatase inhibitor screen 

aimed to investigate novel kinases or phosphatases that modulate DJ-1 dimerization, 

there is limitation on how much information these type of high throughput screen can 

provide. Another powerful tool that will help in a further characterization of DJ-1 phos-

phorylation in physiological conditions is studying the DJ-1 phosphomimetic mutants 

developed during this study. As BiFC and immunoblotting analyses have shown that 

DJ-1 mimicking phosphorylation at all its potential sites drastically decrease DJ-1 stabi-
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lity, one of the future directions for clarifying DJ-1 phosphorylation role in cellular pa-

thway(s) is the identification of the degradation pathway responsible for phosphorylated 

DJ-1 degradation in living cells. Indeed, in the next step of this study we plan to block 

using chemical inhibitors blocking proteasome, calpain and lysosome function, which 

are three main protein degradation systems, in cells over-expressing DJ-1 phosphomi-

metic mutants, and then perform immunoblotting analysis using anti DJ-1 and anti ubi-

quitin antibody to investigate the protein degradation pathway involved in phosphoryla-

ted DJ-1 turnover. This study will provide vital information on how this post-translatio-

nal modification modulates DJ-1 function, and may help for investigating the role of 

DJ-1 phosphorylation in the familial PD cases. 

In this study we also provided evidence that WT DJ-1 is able to directly inter-

act with WT tau in physiological conditions which prompted us to verify whether or not 

different DJ-1 mutants influence its interaction with WT tau. As aforementioned, our 

primary data showed some of the DJ-1 mutants can affect localization of the WT tau/

DJ-1 complex in normal and oxidative stress conditions, and the primary future direc-

tion of this study will be to validate our results by quantifying changes in DJ-1 and tau 

localization upon DJ-1 mutation exploiting immunocytochemistry followed by CLSM 

analysis. Another perspective for clarifying consequences of DJ-1 and tau interaction in 

living cells is investigating whether or not phospho status of tau influences its interac-

tion with DJ-1 by using phospho tau specific antibodies in immunocytochemistry. Addi-

tionally, as DJ-1 has been shown to function as redox-sensitive chaperone (Sajjad et al., 

2014, Zondler et al., 2014), it would be interesting to study the effect of this protein on 

tau aggregation (see section 5-3). However, as HEK 293T cells tolerate tau over-expres-

sion toxicity (Li et al., 2004, Bandyopadhyay et al., 2007, Gohar et al., 2009) they do 

not represent a good model for this aim, and we would rather use neuronal cells (SH-

SY5Y neuroblastoma cell line or primary neurons). We could then study if DJ-1 over-

expression can rescue proaggregant ΔK280 tau toxicity (Khlistunova et al., 2006) by 

using LDH and MTT assays and  if DJ-1 can reduce ΔK280 aggregates by performing a 

Thioflavin staining (Khlistunova et al., 2006). A better characterization of DJ-1 and tau 

interaction will aid for a better understanding of their role(s) in neurodegenerative di-

sorders. 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6-2 Conclusions	



Thus in conclusion, although role of DJ-1 in several cellular pathways and pro-

cesses including cellular survival, cellular transformation, RNA binding and response to 

oxidative stress has long been established, the precise function of this protein is still 

unknown. I identified two kinase inhibitors that act upon c-Abl which may modulate 

DJ-1 dimerization. Additionally, we showed for the first time that DJ-1 phosphorylation 

strongly decreases its stability, further supporting the hypothesis that DJ-1 phosphoryla-

tion may play a central role in its function. Interestingly, it has been previously shown 

that DJ-1 phosphorylation may be associated with PD pathogenesis (Lin et al., 2012). 

This study may thus represent the first step towards a significant understanding of the 

role of DJ-1 phosphorylation and its contribution to PD pathogenesis. We also investi-

gated direct interaction between tau and DJ-1 in living cells. It is of interest to note that, 

though the role of tau/DJ-1 interaction in cellular pathways or its contribution to neuro-

degenerative diseases is not clear, our results indicate that PD causative mutant versions 

of DJ-1 influence tau/DJ-1 interactions and localization. 

!
!
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Appendix 1: B) Layout of kinase inhibitors in library plates. 
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Plate layout:L1200-01
1 2 3 4 5 6 7 8 9 10 11 12

a Empty BMS-599626 Erlotinib 
Hydrochloride Gefitinib(Iressa) Neratinib PD153035 

hydrochloride Pelitinib Vandetanib WZ3146 WZ4002 WZ8040 Empty

b AV-951(Tivozanib) Axitinib BIBF1120(Vargate
f) BMS 794833 Empty Cediranib(AZD21

71) Empty CYC116 Empty Imatinib(STI571) Imatinib Mesylate Empty

c Ki8751 KRN 633 Masitinib(AB1010
) MGCD-265 Motesanib 

Diphosphate
MP-470 
(Amuvatinib) OSI-930 Pazopanib 

Hydrochloride
Sorafenib 
Tosylate Sunitinib Malate TSU-68 Empty

d Vatalanib XL880(GSK1363
089)

PHA-739358(Dan
usertib) AT9283 AZD0530(Saracat

inib)
Bosutinib(SKI-606
) Dasatinib Nilotinib Quercetin(Sophor

etin) NVP-ADW742 AC-220 Empty

e AP24534 Tandutinib 
(MLN518) KW 2449 CI-1033(Canertini

b) CP-724714
BAY 
73-4506(Regorafe
nib)

JNJ-38877605 PF-04217903 PF-2341066 Empty SGX-523 Empty

f SU11274(PKI-SU11274) NVP-TAE684 SB 525334 R406 R406(free base) XL184 BI 2536 GSK461364 HMN-214 ON-01910 AT7519 Empty

g Flavopiridol(Alvocidib) BS-181 
hydrochloride PD0332991 PHA-793887 Roscovitine(CYC

202)
SNS-032(BMS-38
7032) AZD7762 Aurora A Inhibitor I AZD1152-

HQPA(Barasertib) CCT129202 ENMD-2076 Empty

h Hesperadin MLN8237 Empty PHA-680632 SNS-314 
Mesylate VX-680 ZM-447439 AS703026 AZD6244(Selume

tinib) AZD8330 BIX 02188 Empty

Plate layout:L1200-02
1 2 3 4 5 6 7 8 9 10 11 12

a BIX 02189 BMS 777607 CI-1040 
(PD184352) PD318088 PD0325901 PD98059 U0126-EtOH LY2228820 BIRB 796 SB 202190 SB 203580 Empty

b Vinorelbine(Navelbine) VX-702 VX-745 GDC-0879 Empty PLX-4720 RAF265 SP600125 Empty AS-605240 GDC-0941 Empty

c IC-87114 LY294002 PIK-293 PIK-90 PIK-93 TG100-115 TGX-221 XL147 XL765 ZSTK474 AZD8055 Empty

d Deforolimus(MK-8669) Everolimus(RAD0
01) KU-0063794 Rapamycin(Siroli

mus) Temsirolimus WYE-354 Empty PIK-75 
Hydrochloride CHIR-99021 Indirubin SB 216763 Empty

e KU-55933 KU-60019 MK-2206 Empty AT7867 Empty AZD1480 Empty LY2784544 Empty Enzastaurin Empty

f Empty Empty SB 431542 ABT-869(Linifanib
) AEE788 BIBW2992(Tovok) Lapatinib 

Ditosylate JNJ-7706621 Empty BEZ235 GSK1059615 Empty

g PI-103 AG-490 CP-690550(Tofaci
tinib)

Crenolanib 
(CP-868569) GSK1838705A KX2-391 NVP-BSK805 PCI-32765 PF-562271 DCC-2036 LDN193189 Empty

Plate layout:L1200-03
1 2 3 4 5 6 7 8 9 10 11 12

a AZD8931 Raf265 
derivative NVP-BHG712 OSI-420 R935788 

(Fostamatinib) AZ 960 Mubritinib (TAK 
165) PP242 Cyt387 Apatinib CAL-101 Empty

b PIK-294 VX-765 Telatinib (BAY 
57-9352)

BI6727 
(Volasertib) WP1130 BKM120 (NVP-

BKM120) CX-4945 Phenformin 
hydrochloride TAK-733 AZD5438 PP-121 Empty

c OSI-027 LY2603618 
(IC-83) PKI-587 CCT128930 A66 NU7441 GSK2126458 WYE-125132 WYE-687 A-674563 AS-252424 Empty

d GSK1120212 (JTP-74057) Flavopiridol 
hydrochloride AS-604850 WAY-600 TG101209 GDC-0980 

(RG7422) A-769662 TAK-901 AMG900 ZM336372 Empty Empty

e PH-797804 PF-04691502 Empty Empty Empty Empty Empty Empty Empty Empty Empty Empty
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!
Appendix 3: Primary screen using 194 kinase inhibitor library and 33 phosphatase in-

hibitor library. The HEK 293T stable clone expressing DJ-1 BiFC constructs 

was transiently transfected with the plasmid encoding RFP. 24 hours post-trans-

fection cells were treated with kinase inhibitors (5 µM) or phosphatase inhibitors 

(1 and 5 µM ) for 4 hours, with a single biological replicate for each compound. 

DJ-1 BiFC signal was analysed and quantified using the Cell^R Scan^R screen-

ing station. Graphs show the ratio intensity (green/red) per well.  
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Appendix

A) Primary screen using kinase inhibitors plate L1200-1. Order of compounds in the 

experiment plate listed in Table A3A. 
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Appendix

B) Primary screen using kinase inhibitors plate L1200-2. Order of compounds in the 

experiment plate shown in Table A3B. 
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Appendix

C) Primary screen using kinase inhibitors plate L1200-3. Order of compounds in the 

experiment plate listed in Table A3C. 
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Appendix

D) Primary screen using phosphatase inhibitors at 1µM and 5 µM concentrations. Order 

of compounds in the experiment plate listed in Table A3D. 
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Appendix 4: Sample of images taken during primary screen. A) cells after treatment 

with kinase inhibitor, AV-951 (plate L1200-1). B) cells treated with kinase in-

hibitor, CI-1040 (plate L1200-2). C) cells treated with kinase inhibitor B16727 

(plate L1200-3). D and E): images taken during primary screen using phos-

phatase inhibitors at 1 and 5 µM respectively. F) cells treated with DMSO as 

control in our screen experiments. Scale bar = 100 µm. 
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Appendix 5: Secondary screen for validating candidates identified in the primary 

screen. Compounds able to modulate DJ-1 dimerisation in the primary screen 

(42 out of 194 kinase inhibitors and 13 out of 33 phosphatase inhibitors), were 

re-tested in quadruplicate. Graphs display the average ratio intensity (green/red) 

per well.  
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Appendix

 A) Cells treated with kinase inhibitors at 5 µM concentration in quadruplicate. 
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Appendix

B) Cells treated with phosphatase inhibitors at 1 and 5 µM concentrations in quadrupli-

cate. 
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Appendix

C) Sample of images taken during secondary screen. 
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