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ABSTRACT

Mutations in PARK? - the human chromosome lp36 locus which harbours the DJ-1 

gene - have been shown to be responsible for the onset o f autosomal recessive 

Parkinson’s disease. The exact function of DJ-1 is unknown due to its diverse role in 

numerous biological processes including oncogenesis, transcriptional regulation and 

oxidative stress. This study focuses on the reported missense mutations of DJ-1 in an 

attempt to elucidate their pathogenic mechanisms. Effects on DJ-1 dimérisation and 

DJ-1 interaction with known protein partners were initially assessed using the yeast 

two-hybrid system. Results were confirmed in a mammalian cell system using affinity 

purification methods.

This study demonstrated that dimérisation of DJ-1 is required for all DJ-1 binding 

protein interactions, and only mutation LI 66? had an effect on protein dimérisation. 

DJ-1 mutations were found to have a specific disruptive effect on DJ-1 interaction with 

DJ-1 binding proteins. Mutation M26I abolished interactions with SUMO-1, a small 

ubiquitin-like modifier, by an unknown mechanism. Of particular interest was the 

finding that three distinct DJ-1 missense mutations (A104T, D149A and E163K) 

selectively abolished interaction with the so-called DJ-1 binding protein (DJBP). 

Further investigation of DJBP, involving PCR amplification from human brain cDNA, 

revealed the existence of multiple isoforms of DJBP, generated by alternative splicing. 

Sequence analysis indicated the potential of DJBP to function as a mitochondrially- 

located calcium-binding protein, due to the identification of EF-hand motifs and an 

N-terminal mitochondrial targeting sequence.

Disruption of the DJ-l/DJBP interaction may provide a molecular explanation for the 

underlying cause of DJ-1-related Parkinson’s disease. The predicted role of DJBP as a 

mitochondrially-located calcium-binding protein supports the involvement of DJ-1 and 

DJBP in a pathway which exerts a protective effect on the cell under conditions of 

oxidative stress. Mutations which abolish DJ-l/DJBP interaction may abrogate the 

protective effect, resulting in increased susceptibility to cellular stress, providing a link 

between mitochondria and the pathogenesis of Parkinson’s disease. These results also 

suggest that the gene encoding DJBP on human chromosome 22ql3 is a suitable 

candidate for genetic analysis in Parkinson’s disease.
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1.1 GENETICS OF FAMILIAL PARKINSON’S DISEASE  

An introduction to Parkinson’s disease
Parkinson’s disease (PD) was first described, and subsequently established as a clinical 

entity, by an English physician James Parkinson in 1817. PD is a neurodegenerative disease 

characterised by a combination of clinical symptoms (resting tremor of the limbs, muscular 

rigidity, bradykinesia (slowness of movement) and postural instability) and a good response 

to dopaminergic therapy (Kumar and Clark, 2002). The most consistent neuropathological 

feature of PD is the loss of dopaminergic neurons in the substantia nigra pars compacta 

accompanied by the loss of dopaminergic nerve terminals in the striatum. Another 

pathological hallmark o f PD is the formation of cytoplasmic inclusions, called Lewy 

bodies, in surviving neurons. The movement disorder in PD is thought to arise from 

reduced dopaminergic input to the striatum as a result o f nigral degradation (Shen, 2004). 

PD is one o f the most common progressive neurodegenerative disorders, affecting 

approximately 0.5-1% o f the population aged 65-69 years and increasing to 1-3% in people 

aged 85 years (Tanner and Ben-Shlomo, 1999; de Rijk et al., 2000). The majority of PD 

cases occur sporadically, which is often described as idiopathic PD since the cause is 

unknown. However, there is increasing evidence for a genetic component in the 

pathogenesis o f PD. Studies of familial PD (where there is a clear family history of disease) 

have led to the identification of numerous genes and genetic loci associated with the 

disorder. Inherited forms o f PD are rare, accounting for fewer than 10% of all cases (Gasser 

et al., 2001). However, researchers postulate that common molecular mechanisms may 

underlie both sporadic and familial PD (Gandhi and Wood, 2005). The identified PD genes 

are under investigation in an attempt to elucidate molecular pathways underlying the cause 

of familial PD, thereby increasing the understanding of the more common sporadic forms 

ofPD.

Familial PD genes
Monogenic forms of PD, where the cause of disease is directly associated with a single 

gene allele, represent the rarest forms of PD and segregate as a Mendelian trait with either 

autosomal dominant or recessive inheritance. The dominant mode o f inheritance describes 

an allele which produces the same phenotype whether present in the homozygous or 

heterozygous state. Inheritance of a mutation from one parent only is sufficient for the
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person to be affected. The recessive mode of inheritance describes an allele which lacks 

effect when accompanied by a normal form of the same gene. Mutated alleles must be 

inherited from both parents in order for a person to be affected. In most cases such parents 

are usually unaffected carriers each carrying a single copy o f the mutant gene. Familial and 

sporadic PD can often be distinguished by the age o f disease onset. Familial PD usually has 

an earlier age o f onset, especially in autosomal recessive juvenile PD (less than twenty-one 

years) and early-onset PD (less than forty-five years) (Bertoli-Avella et al., 2004). The 

mean age of onset o f sporadic PD is fifty-five years (Dauer and Przedborski, 2003). In 

addition to the known monogenic forms, cases o f familial PD with an unidentifiable 

Mendelian mode o f inheritance also exist (Bonifati et al., 2004). Non-Mendelian forms of 

familial PD may be polygenic, where the cause o f disease is associated with multiple genes. 

PD has also been associated with incomplete penetrance o f the disease trait, where the 

presence o f the mutated allele is not always associated with the disease phenotype (see 

Table 1.1.1).

Locus Chromosomal
location Gene Age

of onset
Inheritance
pattern

PARKl 4q21-q23 a-synuclein Late AD
PARK2 6q25.2-q27 parkin Early AR
PARK3 2pl3 Unknown Late AD; incomplete penetrance
PARK4* 4q21-q23 a-synuclein Early AD
PARKS 4pl4 UCHLl Late AD
PARK6 lp35-36 PINKl Early AR
PARK? lp36 DJ-1 Early AR
PARKS 12pll.2-ql3.1 LRRK2 Late AD; incomplete penetrance
PARK9 lp36 ATP13A2 Early AR
PARKl 0 lp32 Unknown Late Non-mendelian
PARK 11 2q36-q37 Unknown Late Non-mendelian

Table 1.1.1 Genes and loci for PD. The loci and the associated genes are shown, in addition to the 
chromosomal location, typical age of disease onset and mode of inheritance. PARX4*: The PARK4 
locus was originally identified as a novel PD locus (Fairer et al., 1999). Singleton et al. (2003) later 
found that a-synuclein triplication was responsible for PD in PARK4 patients. AR: autosomal 
recessive; AD; autosomal dominant.

While the cause(s) o f the common sporadic forms o f PD are unclear, a combination of 

genetic and non-genetic factors may be involved in the disease pathogenesis (Bonifati et
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al., 2004). Since 1997, family-based linkage analysis and positional cloning performed by 

numerous researchers has led to the identification o f genes and loci associated with the rare, 

familial forms o f PD. To date, seven genes have been associated with the cause o f familial 

PD: a-synuclein, parkin, UCHLl, DJ-1, PINKl, LRRK2 and ATP 13A2 (Table 1.1.1).

a-synuclein

The gene encoding the presynaptic protein a-synuclein, located on chromosome 4q21-23 

(the PARKl locus), was the first familial PD gene to be identified (Polymeropoulos et a l,  

1997). To date, three autosomal dominant point mutations resulting in missense mutations 

(A53T, A3 OP and E46K) have been described (Polymeropoulos et a i ,  1997; Kruger et a l, 

1998; Zarranz et al., 2004). The discovery of a-synuclein as a familial PD gene led to the 

finding that a-synuclein is one of the main components o f Lewy body inclusions in 

sporadic PD (Spillantini et al., 1997). In vitro experiments showed accelerated, mutation- 

induced (A53T and A3 OP) a-synuclein protein aggregation and fibril formation (Conway et 

a i,  1998; Voiles and Lansbury, 2002), indicating the role o f mutated a-synuclein protein in 

the pathogenesis o f PD. An additional autosomal dominant mutation o f a-synuclein was 

recently identified by Singleton et al. (2003) - an a-synuclein gene triplication - which 

indicated that increased physiological amounts o f a-synuclein can also lead to PD. 

Mutations in PARKl have not been reported in sporadic PD cases, indicating that mutated 

a-synuclein is a very rare form of PD (Dauer and Przedborski, 2003).

Parkin

Mutations found in the PARK2 locus (chromosome 6q25.2-q27) led to the identification of 

a novel gene associated with the cause o f autosomal recessive PD: the parkin gene (Kitada 

et a i,  1998). Mutations in parkin are generally found in PD patients with an early-onset of 

disease (less than thirty years). More than seventy parkin mutations have been identified, 

including point mutations and genomic rearrangements (Pardo and van Duijn, 2005). The 

parkin gene encodes an E3 ubiquitin ligase, implicating the involvement o f the ubiquitin 

proteasome system - a protein degradation process - in the pathogenesis o f PD (Shimura et 

a i,  2000). E3 ubiquitin ligases catalyze the covalent attachment o f ubiquitin to a specific 

substrate, targeting the substrate for degradation via the ubiquitin proteasome system. Many 

PARK2 mutations abolish this E3 ligase activity of the encoded parkin protein, suggesting 

that the accumulation o f misfolded parkin substrates could lead to neuronal cell death in PD
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(Shimura et al., 2000). An indirect molecular link between the PD proteins parkin and a- 

synuclein was identified by Chung et al. (2001). It was shown that parkin interacted with, 

and catalyzed the ubiquitination of, the a-synuclein-interacting protein synphilin-1, 

indicating a common molecular pathway involving two PD proteins. In addition to PARK2 

mutations in familial PD, parkin mutations have been identified in sporadic (early-onset) 

PD. In a large European study, parkin mutations were found in 49% of early-onset 

autosomal recessive PD cases and 9-18% of early-onset sporadic PD cases (Lucking et al., 

2000). These findings indicate that PARK2 mutations are a major cause of early-onset PD.

UCHLl

A  missense mutation in the PARKS locus (chromosome 4pl4) led to the identification of 

the ubiquitin C-terminal hydrolase LI (UCHLl) gene associated with the cause of 

autosomal dominant PD (Leroy et al., 1998). UCHLl is involved in the recycling of free 

monomeric ubiquitin for use in the ubiquitin proteasome system, supporting the 

involvement o f the ubiquitin proteasome system in the pathogenesis o f PD. To date, the 

mutation has not been identified in any sporadic or additional familial PD cases indicating 

that, if  UCHLl is a PD gene, PARKS mutations are a very rare cause o f PD (Bertoli-Avella 

et al., 2004).

DJ-1

Autosomal recessive PD mutations in the DJ-1 gene on chromosome lp36 (the PARK? 

locus) were originally identified in two families from genetically isolated communities in 

the Netherlands and Italy (Bonifati et al., 2003). As with parkin PD, DJ-1 PD has an early 

age o f onset. A homozygous genomic deletion o f approximately 14 kb, encompassing the 

entire promoter region and the first coding exons o f DJ-1, identified for all affected 

individuals o f the Dutch isolate, abolishes DJ-1 expression. A homozygous point mutation 

resulting in a missense mutation (L166P) was identified for all affected individuals of the 

Italian isolate, predicted to result in loss of functional DJ-1 (see Section 1.2). The exact role 

of DJ-1 is unknown due to its role in numerous cellular processes (see Section 1.3). The 

discovery o f DJ-1 as a PD gene led to the identification of numerous additional DJ-1 

mutations, including point mutations, deletions and splice site mutations (Abou-Sleiman et 

al., 2003; Hague et al., 2003; Hering et al., 2004; Annesi et al., 2005), in early-onset 

familial and sporadic PD patients from various ethnie backgrounds. The frequency of DJ-1
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mutations in the general population is not known (Bertoli-Avella et a l ,  2004), although a 

DJ-1 mutation frequency estimate of 1-2% in early-onset PD has been reported (Abou- 

Sleiman et al., 2004). To date, no DJ-1 mutations in PD patients with late-onset have been 

identified.

PINKl

Mutations in the PARK6 locus (chromosome lp35-36) led to the identification of the 

PTEN-induced kinase 1 (PINKl) gene associated with the cause o f early-onset autosomal 

recessive PD (Valente et al., 2004). Two homozygous mutations were originally identified: 

a missense mutation (G309D) and a truncating nonsense mutation (both alter the kinase 

domain coding region). PINKl harbours a mitochondrial targeting motif and a 

serine/threonine kinase domain. The protective function o f PINKl against stress-induced 

mitochondrial dysfunction has been shown (Valente et al., 2004). Valente et al. (2004) 

postulated that altered kinase activity or substrate recognition o f the PINKl protein, 

resulting from the reported mutations, may play a role in the pathogenesis o f disease. 

Recently, the serine/threonine kinase activity of recombinant PINKl was shown 

experimentally using an in vitro assay (Sim et al., 2006). In addition, the PD-associated 

PINKl mutations G386A and G409V significantly reduced PINKl kinase activity, 

supporting the notion that PD-associated mutations cause PD by reducing PINKl kinase 

activity. To date, studies suggest that PINKl mutations are more frequent than DJ-1 in 

early-onset familial PD, but the role o f PINKl mutations in sporadic PD appears to be 

small (Rogaeva et al., 2004; Healy et al., 2004).

LRRK2

The gene encoding the leucine-rich repeat kinase 2 (LRRK2), also known as dardarin, 

located on chromosome 12pl 1.2-ql3.1 (the PARKS locus), was identified as an autosomal 

dominant PD gene (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). LRRK2 is a large 

protein o f 2527 amino acids, containing leucine-rich repeats, a kinase domain, a GTPase 

domain and a WD40-like domain. In situ hybridization and immunohistochemistry analysis 

of mouse, rat and human brain tissue has demonstrated the neuronal expression of LRRK2 

in brain regions associated with PD, supporting the involvement o f LRRK2 in PD 

pathogenesis (Biskup et al., 2006; Higashi et al., 2007). Identified LRRK2 mutations span 

all the structural segments (Greggio et al., 2006). Studies performed since the identification
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of LRRK2 as a PD gene have reported numerous findings o f a particular missense mutation 

of LRRK2 (G2019S) in several distinct populations. G2019S appears to account for 3-7% 

of familial PD and 1-1.6% of sporadic PD, rendering this mutation as the most common PD 

mutation found to date (Di Fonzo et al., 2005; Gilks et al., 2005; Nichols et al., 2005). 

G2019S is predicted to alter a highly conserved region o f the kinase domain, suggesting 

that altered kinase activity may play a role in PD pathogenesis. Subcellular localisation of 

over-expressed LRRK2 demonstrated a predominantly cytosolic localisation o f wild-type 

LRRK2 whereas LRRK2 harbouring pathogenic mutations formed inclusion bodies 

(Greggio et al., 2006). In addition, over-expressed LRRK2 mutant forms in neuronal cells 

resulted in cell death (Greggio et al., 2006). Mutating the kinase domain o f wild-type 

LRRK2 blocked inclusion body formation and cell death was delayed, indicating that 

kinase activity is required for protein aggregation and cellular toxicity (Greggio et al., 

2006). Increased kinase activities o f mutant forms o f LRRK2 have been reported, 

supporting a gain-of-function role for LRRK2 mutations (West et al., 2007).

ATP13A2

Mutations in the PARK9 locus (chromosome lp36) led to identification o f the ATP13A2 

gene associated with the cause of early-onset autosomal recessive PD (Ramirez et al., 

2006). ATP13A2 is a lysosomal P-type ATPase encoded by 29 exons and harbours ten 

transmembrane domains. Affected individuals in a Chilean family with early-onset PD 

carried a heterozygous compound mutation (3057delC and 1306+5G->A), predicted to 

abolish functional ATP13A2. 3057delC is a truncating nonsense mutation in exon 26 and 

1306+5G ^A  is a splice site mutation which causes in-frame skipping o f exon 13. Mutation 

screening in an additional PARK9 family from Jordan revealed a homozygous duplication 

mutation in exon 16 of all affected individuals, an additional truncating nonsense mutation 

(Ramirez et a l,  2006). Subcellular localisation o f over-expressed ATP13A2 showed a 

lysosomal localisation o f wild-type ATPase whereas truncated mutants were retained in the 

endoplasmic reticulum. Ramirez et al. (2006) postulated that loss o f ATP13A2 and 

subsequent lysosomal dysfunction and reduction in lysosomal degradation may he involved 

in a pathogenic mechanism underlying neurodegeneration in PD.
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Pathways to parkinsonism
To date, a single pathway linking the PARK loci to nigral cell loss has not been identified. 

However, emerging evidence indicates the involvement o f common processes underlying 

PARK-ToidXQà pathogenesis of PD. Familial PD has been segregated into recessive and 

dominant pathways. Dominant PARK mutations {a-synuclein and LRRK2) function in 

pathways involving protein aggregation, the formation o f inclusion bodies and subsequent 

cell loss, whereas recessive, loss-of-function mutations {DJ-1, PINKl and parkin) disrupt 

neuroprotective function, resulting in cell loss without protein aggregation and inclusion 

body formation (Cookson, 2005; Abeliovich and Beal 2006; Hardy et a i ,  2006). However, 

autopsy reports have not yet been reported on DJ-1 or PINKl carrying individuals, 

hindering the support of this hypothesis. In addition, there are exceptional cases where 

Lewy body pathology is absent in LRRK2 PD (Funayama et al., 2005) and present in parkin 

PD (Farrer et a i ,  2001). The three processes predicted to be involved in familial PD 

pathogenesis are protein aggregation (associated with the dominant PARK mutations a- 

synuclein and LRRK2), mitochondrial dysfunction (associated with recessive PARK 

mutations DJ-1, PINKl) and proteasomal dysfunction (associated with recessive parkin 

mutations) (Cookson, 2005; Abeliovich and Beal, 2006; Hardy et al., 2006). It is not known 

if  these pathways underlie a common pathway resulting in cell loss. Cookson (2005) 

postulated that protein aggregation has downstream effects on mitochondrial and 

proteasomal function, linking dominant and recessive PD. Researchers postulate that 

establishing a single or multiple pathways in PARK-XQ\dXQà PD and delineating the 

reason(s) why nigral neurons die in these cases will be useful for predicting pathways in 

neurodegeneration o f the more typical sporadic forms o f PD and aid the development of 

future therapeutics.

1.2 PARK?  THE DJ-1 GENE

The PARK? locus (chromosome lp36) was identified as a novel locus for autosomal 

recessive early-onset PD by the performance of linkage analysis on two families from 

genetically isolated communities in the Netherlands and Italy (van Duijn et a l, 2001). Fine 

mapping and positional cloning led Bonifati et al. (2003) to identify homozygous mutations 

(the 14 kb deletion and L166P missense mutation) in the DJ-1 gene o f the two PARK7- 

linked families. The human DJ-1 gene consists o f eight exons and spans 24 kb of genomic
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DNA (Figure 1.2.1). The first two exons are non-coding and alternatively spliced in the 

DJ-1 mRNA (exons A genomic region, approximately 100 bp upstream of the

transcription initiation site, was shown to contribute most o f the promoter activity (Taira et 

al., 2001). The DJ-1 gene has been highly conserved in evolution, resulting in high 

sequence identity between species (see Section 1.3.2; Figure 1.3.2).

M26I E64D A104T D149A E163K L166P

/  1*"
g.168_185dup

IVS5+2-12delc.56delC c.57G>A 
(truncating)

Ex5-7del
ExVSdel

Figure 1.2.1 Genomic structure of DJ-1. The PARK? locus spans 24 kb genomic DNA 
(chromosome lp36) and encompasses the DJ-1 gene. The vertical bars within PARK? represent 
exons. The encoded DJ-1 protein is illustrated above the gene structure. The vertical lines within the 
protein diagram indicate the amino acids encoded by each exon. Missense mutations identified in 
PD cases are indicated above the DJ-1 protein and exonic or intronic duplication, truncation, 
deletion or base change mutations are indicated below the DJ-1 gene. Adapted from Bonifati et al. 
(2004).

The DJ-1 ‘loss of function’ theory
To explain the pathogenicity o f the large deletion and L I66? mutations reported in the 

Dutch and Italian isolates, respectively, a loss of function mechanism was proposed 

(Bonifati et a i,  2003). The homozygous deletion of approxim ately 14 kb, encompassing 

the entire promoter region and the first five coding exons o f DJ-1, was predicted to abolish 

DJ-1 expression. The homozygous missense mutation, the substitution o f a highly 

conserved leucine residue by a proline residue (L166P), was predicted to destabilise the 

protein resulting in loss o f functional DJ-1. The discovery o f the L I66? missense mutation 

led Bonifati et al. (2003) to analyse computer-assisted molecular models o f wild-type DJ-1. 

The known structure o f a DJ-1 homologue - the PH 1704 protease from Pyrococcus 

horikoshii - was used to predict the DJ-1 protein structure. The PH 1704 protease was
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oligomeric, consisting o f a trimer of dimers. Analysis o f the DJ-1 model indicated that the 

L166P mutation would disrupt a C-terminal a-helix which forms part o f the oligomerisation 

interface, thus destabilising the DJ-1 protein. From this, Bonifati et al. (2003) hypothesised 

that the L166P mutation resulted in functionally inactive DJ-1 protein in the Italian family.

Identification of additional DJ-1 mutations
The discovery o f DJ-1 as a PD gene triggered the execution o f several genetic analyses 

involving large cohorts of familial and sporadic PD patients with various ethnic 

backgrounds, in an attempt to evaluate the frequency o f the known DJ-1 mutations (the 14 

kb deletion and L166P missense mutation) and identify novel mutations in the process. 

Sequence changes were classed as mutations if  a large number o f control chromosomes did 

not carry the variation. Pathogenic PARK? mutations found to date are described below and 

summarised in Table 1.2.1.

Hague et al. (2003) screened a cohort of familial and sporadic early-onset PD patients for 

mutations in all exons (1-7) of the DJ-1 gene. A heterozygous mutation in exon 5 

(c.310G ^A), resulting in a missense mutation (A104T), was identified in a single early- 

onset PD patient o f Hispanic origin with no family history o f PD. Another Hispanic early- 

onset PD patient with no family history of PD was found to carry a heterozygous 

compound mutation (IVS6-1G—>C and c.56delC c.57G ^A ), predicted to abolish 

functional DJ-1 (Hague et al., 2003). The IVS6-1G— mutation, a single nucleotide 

substitution in a conserved sequence of the AG splice acceptor site o f intron 6, is predicted 

to result in a defective transcript (Hague et al., 2003). The c.56delC c.57G ^A  mutation, 

found in exon 2, involves a G-^A transition at nucleotide position 57 relative to the ORF 

start site (c.57G—>A) and a single base-pair deletion at the previous nucleotide position 

(c.56delC). The outcome of this mutation is a frameshifr and an introduction of a premature 

stop codon, predicted to result in a truncated protein o f 18 amino acids (Hague et al., 2003). 

Abou-Sleiman et al. (2003) screened a cohort of sporadic PD patients with early- or 

late-onset PD for mutations in all coding exons (2-7) o f the DJ-1 gene. A homozygous 

mutation in exon 2 (c.78G ^A ) was found in an early-onset PD patient o f Ashkenazi 

Jewish ancestry, resulting in a missense mutation (M261). Two point mutations were 

detected in an early-onset PD patient of Afro-Caribbean origin: a heterozygous mutation in 

exon 7 (c.446A—»C) resulting in a missense mutation (D149A) and a homozygous exon 4
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nucleotide change (c.234C—>T) resulting in a synonymous (silent) change at amino acid 

position 78 (G78G). The G78G change, thought to abolish a predicted exonic splice 

enhancer site, was regarded as a possible population-specific polymorphism due to the 

detection o f the nucleotide change in one Afro-Caribbean control chromosome (Abou- 

Sleiman et al., 2003). A synonymous change was also found on codon 98 in two early- 

onset PD patients (R98R). No sequence variation was identified in late-onset PD patients, 

apart from one heterozygous silent change on codon 167 (A 167A) and two 3’-untranslated 

region (3’ UTR) heterozygous alterations (Abou-Sleiman et al., 2003). In addition to 

screening for novel mutations in the DJ-1 gene, Abou-Sleiman et al. (2003) tested all 

patients for the presence of the 14 kb deletion which was found in all early-onset PD 

patients o f the Dutch family (Bonifati et al., 2003). No patient or control from this study 

carried the deletion, indicating its confinement to the genetically isolated population where 

it was originally found (Abou-Sleiman et al., 2003).

Clark et al. (2004) screened a cohort of sporadic PD patients with early-onset PD for 

mutations in all exons (1-7) of DJ-1. A heterozygous missense mutation (c.310G—>A; 

A104T) was identified in an early-onset PD patient o f Asian ethnicity. This mutation was 

reported previously in a sporadic early-onset PD patient o f Hispanic ethnicity (Hague et al., 

2003). Testing all the patients for the 14 kb deletion which was found in all early-onset PD 

patients o f the Dutch family (Bonifati et al., 2003) did not reveal any additional carriers of 

this mutation (Clark et al., 2004).

Hering et al. (2004) screened a cohort o f familial and sporadic early-onset PD patients for 

mutations in all coding exons (2-7) of DJ-1. A homozygous mutation in exon 3 

(c.l92G ^ C ) was found in a sporadic early-onset PD patient from Turkey, resulting in a 

missense mutation (E64D).

Hedrich et al. (2004) screened a cohort of familial and sporadic early-onset PD patients for 

mutations in all coding exons (2-7) o f DJ-1. In addition to using the conventional, direct 

sequencing approach to detect point mutations, exon rearrangements were assessed by gene 

dosage assays which involves quantitative fluorescence PCR. A heterozygous mutation, a 

deletion o f exons 5-7 o f DJ-1, was identified in a sporadic early-onset PD patient from 

South Tyrol (Northern Italy), predicted to result in a truncated DJ-1 protein. An additional 

heterozygous mutation, a deletion o f 11 bp at the beginning o f intron 5 (IVS5+2-12del),
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predicted to disrupt splicing and result in a truncated DJ-1 protein, was identified in a 

sporadic early-onset PD patient from Russia.

Mutation Inheritance Familial/
sporadic Origin

Age
of

onset
Reference

g.l68_185dup
Homozygote Familial Italian 26 Annesi et al. (2005)

Homozygote Familial Italian 39 Annesi et al (2005)

c.56delC c.57G-^A Compound
heterozygote Sporadic Hispanic 24 Hague et al. (2003)

M26I Homozygote Sporadic Ashkenazi
Jewish 39 Abou-Sleiman et al. 

(2003)

E64D Homozygote Sporadic Turkish <40 Hering et a l (2004)

A104T
Heterozygote Sporadic Hispanic 35 Hague et al (2003)

Heterozygote Sporadic Asian <50 Clark et al. (2004)

IVS5+2-12del Heterozygote Sporadic Russian 17 Hedrich et a l (2004)

IVS6-1 G-^C Compound
heterozygote Sporadic Hispanic 24 Hague et a l (2003)

D149A Heterozygote Sporadic ’ Affo-
Caribbean 36 Abou-Sleiman et al 

(2003)

E163K
Homozygote Familial Italian 26 Annesi et a l (2005)

Homozygote Familial Italian 39 Annesi et a l (2005)

L166P

Homozygote Familial Italian 27 Bonifati et al (2003)

Homozygote Familial Italian 28 Bonifati et al (2003)

Homozygote Familial Italian 35 Bonifati et a l (2003)

Ex 1-5 del

Homozygote Familial Dutch 27 Bonifati et a l (2003)

Homozygote Familial Dutch 31 Bonifati et a l (2003)

Homozygote Familial Dutch <40 Bonifati et a l (2003)

Homozygote Familial Dutch 40 Bonifati et a l (2003)

Ex5-7del Hétérozygote Sporadic Northern
Italy 42 Hedrich et a l (2004)

Table 1.2.1 Summary of known PARK? mutations. For each reported mutation, the mode of 
inheritance, family history of PD, origin and age of disease onset of the PD patient is indicated. 
rVS: intervening sequence (intronic); c.: cDNA sequence; g.: genomic sequence; dup: duplication; 
del: deletion; Ex: exon.
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Aimesi et al. (2005) analysed DJ-1 for mutations in a family from Southern Italy with two 

living brothers affected by a complex disorder characterised by early-onset parkinsonism- 

dementia-amyotrophic lateral sclerosis. All DJ-1 exons (1-7) were analysed by direct 

sequencing. Both brothers were found to carry a homozygous mutation in exon 7 

(C.487G—>A), resulting in a missense mutation (E163K) and a homozygous mutation, a 

sequence duplication, in exon 1 ^  (g.l68_185dup). It was postulated that the close 

proximity of this duplication mutation to the promoter region could influence DJ-1 

transcription levels (Annesi et ah, 2005).

To summarise, a number of DJ-1 mutations have been identified, including missense, 

truncating and splice site mutations, in addition to large deletions (Bonifati et a l, 2004).

DJ-1 polymorphisms
In addition to the discovery of DJ-1 mutations, non-pathogenic sequence variants 

(polymorphisms) were identified in a number of studies involving PD patient cohort 

screening. The most frequently reported sequence variant was a heterozygous, non- 

synonymous nucleotide change in exon 5 (c.293G—>A), resulting in the substitution of an 

arginine for a glutamine residue (R98Q) (Hague et a l, 2003; Abou-Sleiman et a l, 2003; 

Clark et a l, 2004; Lockhart et a l, 2004; Hedrich et a l, 2004). The frequency of the variant 

was not found to differ significantly between patients and controls and was present in more 

than 1% of control chromosomes, rendering this variant a rare polymorphism rather than a 

pathogenic mutation (Hedrich et a l, 2004). Other identified polymorphisms include 

intronic nucleotide changes and exon 1 ^  nucleotide changes and deletions. The 

identification of a particular sequence variant, positioned in close proximity to the DJ-1 

promoter (g.l68_185del), was investigated further since it was previously demonstrated 

that polymorphisms within the promoter region of a-synuclein and parkin (additional PD 

genes) were associated with an increased risk of sporadic disease (Fairer et a l, 2001; West 

et a l, 2002). Screening large cohorts of sporadic PD patients for the g,168_185del 

polymorphism suggested that the polymorphism was not a risk factor for sporadic PD 

(Eerola et a l, 2003; Morris et a l, 2003).

The significance of heterozygous DJ-1 mutations
The identified autosomal recessive mode of inheritance of DJ-1 related PD indicates that 

the disease phenotype will arise in the presence of a homozygous DJ-1 mutation.
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Heterozygous carriers of DJ-1 mutations (individuals who express 50% of wild-type DJ-1 

compared with non-carriers of DJ-1 mutations) are expected to remain unaffected. The 

pathogenic role of the identified heterozygous DJ-1 mutations in individuals with PD is not 

clear in most cases. To date, one heterozygous DJ-1 mutation with a predicted pathogenic 

role has been identified. A compound heterozygous mutation - where one allele carried a 

mutation predicted to result in a truncated DJ-1 protein and the other allele carried a splice 

site mutation - was predicted to result in loss of functional DJ-1 (Hague et ai, 2003). 

However, the pathogenic role of single heterozygous DJ-1 mutations has been a subject for 

discussion by several researchers. It is possible that affected individuals could carry a 

second, as yet undiscovered, DJ-1 mutation. Direct sequencing of the coding exons may 

miss mutations such as 5’ and 3’ UTR sequence alterations and-genomic arrangements such 

as insertions or deletions (Hague et al, 2003; (g/ al, 2003 a) Bapdmann et al, 2004;

Hedrich et al, 2004). Hague et al (2003) also postülafed that single heterozygous DJ-1 ^ ô q  

mutations may be pathogenic in combination with other mutated PD genes. The knowledge ^  

that DJ-1 exists as a dimer (Section 1.3.2) led researchers to suggest that single 

heterozygous DJ-1 mutations may behave as dominant-negative mutations. Mutant DJ-1 

monomers may dimerise with wild-type DJ-1 monomers and inhibit wild-type DJ-1 

function (Hague et al, 2003; Moore et al., 2003 a; Bonifati et al, 2004).

1.3 DJ-1 PROTEIN FUNCTION: WHAT IS KNOWN?
DJ-1 was first described six years prior to its association with autosomal recessive PD, in a 

study investigating oncogenesis (Nagakubo et al, 1997). Those studies pre-dating PD 

findings will first be described below.

1.3.1 Prior to PD studies 

Transforming ability of DJ-1

DJ-1 was first reported in a study investigating molecular mechanisms underlying cell 

transformation (Nagakubo et al, 1997). To identify proteins involved in c-myc pathways, a 

yeast two-hybrid screen using a HeLa cell cDNA library was performed. A cDNA clone 

encoding a novel protein, designated DJ-1, was isolated. Nagakubo et a l (1997) performed 

a Northern blot which revealed the abundant expression of human DJ-1 mRNA over a wide 

range of human tissue types including heart, kidney, liver and brain. Western blotting and
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^  “SS  O Ĉ L>(-AZcA\ '~|s rzA^ •  ̂ ^

^  Lg^\X^ 5 C A V  I C'^Vv'CxLAty) «xv̂ l ]xz>v^/lAvAyj -n 

I :: <̂3LjLr. :S L/Z g"

«rl.  ̂ '' fTiĴ  <>
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fluorescence microscopy indicated the subcellular localisation of human DJ-1 as both 

nuclear and cytoplasmic in HeLa and COS ceils. Investigating the biological function of 

DJ-1 exposed a weak transforming ability in mouse NIH3T3 cells which was greatly 

enhanced when DJ-1 was co-transfected with the oncogene ras. The strong transforming 

activity in the presence of both DJ-1 and ras suggested the involvement of DJ-1 in ras- 

related signal transduction pathways.

Alternative names for DJ-1: CAPl and RS

DJ-1 was independently described as CAPl (contraception-associated protein 1), that was 

found to be highly expressed in rat testicular tissue (Wagenfeld et aL, 1998). CAPl was 

thought to play a role in the fertilisation process of rats: a comparison of the level of CAPl, 

thought to originate from sperm, in the epididymidal fluid of fertile and infertile rats was 

significantly different, indicating that a decreased amount of sperm-derived CAPl was 

responsible for reduced fertility. Hod et al (1999) identified DJ-1 as the protein RS, a 

regulatory subunit of an RNA-binding protein (RBP). The RS portion of the RBP regulates 

the activity of the complex: when RS is bound, RNA binding activity of the complex is 

inhibited.

DJ-1 interacting proteins: PIASxa and DJBP

Researchers have performed yeast two-hybrid screens in an attempt to identify DJ-1 

interacting proteins and unveil DJ-1 function. Screening a human testis cDNA library 

resulted in the identification of PIASxa as a DJ-1 binding protein (Takahashi et ai, 2001). 

PIASxa belongs to the PIAS (protein inhibitor of activated STAT) family and inhibits 

androgen receptor (AR) transcriptional activity. Proteins of the PIAS family have been 

reported to function as SUMO E3 ligases. The action of SUMO E3 ligases as modulators of 

transcription factor activity (Kotaja et ai, 2002) led Takahashi et al. (2001) to postulate 

that PlASxa/DJ-1 interactions inhibit PIASxa/AR binding, resulting in a repressed 

transcriptional activity of the AR. An additional human testis cDNA screen revealed a 

novel DJ-1 binding protein: DJBP (Niki et aL, 2003). Like PIASxa, DJBP acts as a 

negative modulator of AR transcriptional activity. The DJBP-DJ-1 complex was thought to 

disrupt the recruitment of a hi stone deacetylase complex by DJBP, resulting in an enhanced 

AR transcriptional activity (Niki et aL, 2003).
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Sumoylation of DJ-1

Sumoylation is a reversible post-translational modification involving the conjugation of a 

small ubiquitin-like modifier (SUMO-1) to a lysine side chain of a target protein. The 

conjugation of SUMO-1 to cellular proteins has been implicated in several cellular 

processes which include nuclear transport, cell cycle control and oncogenesis (Muller et al.,

2001). SUMO-1 competes with ubiquitin for specific lysine residues in target proteins, 

suggesting that sumoylation is involved in the regulation of protein degradation and 

stability of the target protein. It was postulated that DJ-1 activity is regulated by 

sumoylation, since DJ-1 was found to bind to the SUMO E3 ligase PIASxa (Takahashi et 

ai, 2001). Takahashi et al. (2001) reported the finding that DJ-1 was conjugated to 

SUMO-1 at the lysine-130 amino acid residue and that this modification was necessary for 

the full activity of DJ-1. A DJ-1 mutant, where the lysine residue was replaced with an 

arginine residue at amino acid position 130 (K130R), was unable to regulate AR activity 

(Takahashi et al., 2001).

DJ-1 and oxidative stress 3,' : |  \  ̂ g   ̂ '

DJ-1 was shown to have a role in oxidative stress, functioning as an antioxidant 

(Mitsumoto et al., 2001; Mitsumoto and Nakagawa, 2001). DJ-1 undergoes an alteration in v : 

its isoelectric point (pi from 6.2 to 5.8) when subjected to reactive oxygen species (ROS), Ur 

indicating the ROS eliminating ability of DJ-1 (Mitsumoto et al, 2001). The determination 5 

of the crystal structure of an E. coli heat shock protein (EcHsp31) revealed its structural 

homology to DJ-1, just prior to the report of DJ-1 as a PD gene (Quigley et ai, 2003).

EcHsp31 is a stress-induced molecular chaperone (Richmond et al, 1999), supporting the 

function of DJ-1 as an antioxidant under oxidative stress conditions.

1.3.2 Studies since the identification of DJ-l as a PD gene 

DJ-1 dimérisation

The molecular model developed by Bonifati et al. (2003), based on the structure of the 

PHI704 protease, suggested that DJ-1 is oligomeric. To determine the molecular mass of 

DJ-1, gel filtration chromatography was performed (Macedo et al, 2003; Miller et al,

2003). COS or Hela cells were transfected with epitope-tagged wild-type DJ-1 and resultant 

lysates were applied to a gel filtration column. Elution fractions were collected and
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analysed by SDS-PAGE and Western blotting. DJ-1 was detected in an elution fraction 

corresponding to a molecular weight of approximately 35-45 kDa. Since the predicted 

molecular weight of the DJ-1 monomer was 19.9 kDa (Bonifati et aL, 2003), the results 

indicated that DJ-1 exists as a dimer. Over-expression of epitope-tagged L166P DJ-1 in 

COS cells and subjecting the lysates to gel filtration chromatography led to an earlier 

elution of L166P DJ-1 compared with wild-type DJ-1, corresponding to a molecular weight 

of approximately 68 kDa (Macedo et aL, 2003). Additional gel filtration experiments were

performed to investigate dimer formation of endogenous DJ-1 (Macedo et aL, 2003).
I

Lysate samples from cultured lymphoblast cells, derived from a patient carrying the 

homozygous L166P mutation (from the Italian isolate) and a healthy control, were applied 

to gel filtration columns and immunoblotted. The results supported the over-expression 

system findings, indicating the existence of a wild-type DJ-1 dimer and a larger protein 

complex of L166P DJ-1. Macedo et aL (2003) postulated that the L166P DJ-1 complex 

may consist of L166P DJ-1 monomers complexed to other unidentified protein.

Numerous co-immunoprecipitation experiments have been performed to indicate DJ-1 

dimérisation. SH-SY5Y, HEK293, HeLa and M17 cells were transfected with two different 

epitope-tagged wild-type DJ-1 encoding constructs. Immunoprécipitation of resultant 

lysates, followed by SDS-PAGE and Western blotting, indicated a direct interaction 

between two DJ-1 monomers (Moore et aL, 2003 b; Olzmann et aL, 2004; Takahashi-Niki 

et aL, 2004; Blackinton et aL, 2005). Endogenous wild-type DJ-1 was also shown to co

precipitate with over-expressed wild-type DJ-1 in HEK293 and NIH3T3 cells (Miller et aL, 

2003; Takahashi-Niki et aL, 2004). Over-expressed wild-type DJ-1 did not co-precipitate 

with over-expressed LI66? DJ-1, indicating an abolishing effect of the LI66? mutation on 

DJ-1 dimer formation (Moore et aL, 2003 b; Olzmann et aL, 2004; Blackinton et aL, 2005). 

Takahashi-Niki et aL (2004) showed a reduction, rather than complete abolition, of 

endogenous DJ-1 co-precipitation by over-expressed LI 66? DJ-1 in NIH3T3 cells. Miller 

et aL (2003) also demonstrated a direct interaction between two wild-type DJ-1 monomers 

using the yeast two-hybrid system. A weakened signal, indicating reduced interaction, was 

detected between wild-type and LI66? DJ-1. Interaction was not detected between two 

LI 66? DJ-1 monomers. A more recent yeast two-hybrid study reported the detection of 

strong interaction between wild-type DJ-1 and LI66? DJ-1 monomers, indicating that the



c ^  o v ^ - c ^ S s

-4: ( C ^ y ^ c J L j z  y o - — ^  L / x / C ^  ^  / V u L  C ja — A s ^  ^ O  3  ^

P I N ^ issV̂ f" c  A ALx-o^
//v C  (\yA ^̂4& ^ cv W  U /v^vVU C ( /f z v (  UL V ly -^ ^ S ifc

pvuL yc c A ^ 2r ^  : . l (A ^ w K ^  ^

A , x ^ '  c c t L o ^

i f ^ '  ^  3 T)S ^ / % r  €: , JLiJztcJ~~

;=%' A - 4 /^ ^ ^ /v A  fA c A v c A . / o^^A X eA  / - Y ^  ^

( g  o h  ( 2  4  ^

t •' 'm/'-x-vKSl A v c  c A -o h y k y/U^_J-L '

c^M -o ^  <f^iA-AA)L^ L <L ' 5 h ^ 5

.g)JlA  c W y A K J ^  - i L A t x ^  /W .V ( '  4r<L.

tA ^ v /6 - L ^

3 0 w — ^  A r ^ - ^ ^ ' h :  2 « __^  \ i ^  c<?v'--pLe<c_, oj— ^z{~Bc/S^c-^ I vvw^>L(^
1 f ' !\i iiL /̂  /

i ^ y p ô l ) ^ ' ^  vvv^AlA , A _ L c —

a ^ < —  M .  ' " " ' V

6/^ ^ A? ' A v ^ I ^ A  ' (J

' ^ h  /

t> 1  r i/fv k  a |  Kj \ ^ c. { I ( j ^ -  ^ 5 ) v y / . JZ^-

- - i z  1 5  ' M l o L l



INTRODUCTION 32

L166P mutation had no effect on DJ-1 heterodimer formation (Takahashi-Niki et aL, 2004). 

However, the interaction between two L166P DJ-1 monomers was abolished.

Low expression levels o f L166P DJ-1

Significantly reduced levels of L166P DJ-1 expression, relative to wild-type DJ-1, have 

been shown in a number of studies (Macedo et aL, 2003; Miller et aL, 2003; Moore e/ aL, 

2003 b; Baulac et al., 2004; Corner et aL, 2004; Olzmann et al., 2004; Takahashi-Niki et 

aL, 2004; Blackinton et aL, 2005; Zhang et aL, 2005). Most of the reported studies involve 

over-expressing epitope-tagged wild-type or L166P DJ-1 in cultured mammalian cells and 

detecting the levels of protein expression by Western blotting. One study, reported by 

Macedo et al. (2003), involves the detection of endogenous wild-type and L166P DJ-1 

expression levels. Lysate samples from cultured lymphoblast cells, derived from a patient 

carrying the homozygous L166P mutation (from the Italian isolate), a patient carrying the 

homozygous deletion mutation (from the Dutch isolate) and a healthy control, were 

subjected to SDS-PAGE and immunoblotted with an anti-DJ-1 antibody. DJ-1 expression 

in the Dutch patient was absent and the L166P DJ-1 expression levels of the Italian patient 

were significantly lower than that of wild-type DJ-1, indicating that the large deletion 

mutation abolishes DJ-1 expression and the L166P mutation affects the stability of the DJ-1 

protein. Northern blot or reverse transcriptase PCR (RT-PCR) analysis confirmed that 

reduced L166P DJ-1 expression levels were not due to impaired transcription (Macedo et 

aL, 2003; Miller et aL, 2003; Moore et aL, 2003 b; Comer et aL, 2004).

Stability o f L166P DJ-1

The identification of low L166P DJ-1 expression, indicating that DJ-1 mutations may 

reduce the stability of the DJ-1 protein, led to the performance of pulse-chase experiments 

by several researchers following similar protocols (Macedo et aL, 2003; Moore et aL, 2003 

b; Comer et aL, 2004; Olzmann et aL, 2004). SH-SY5Y cells over-expressing myc-tagged 

wild-type or L166P DJ-1 were incubated in methionine-free media and subjected to [̂ Ŝ]- 

methionine pulsing for three hours, which radioactively labels newly synthesised protein 

(Moore et aL, 2003 b). Cells were recovered at different time points and resultant lysates 

were subjected to immunoprécipitation with anti-myc antibody and resolved by SDS- 

PACE. Radioactivity detected by a phosphoimager indicated that wild-type DJ-1 was stable 

over the time course examined whereas L166P DJ-1 expression levels decreased rapidly.
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indicating a markedly reduced half-life of L166P DJ-1 compared with wild-type DJ-1. 

Additional experiments, involving the inhibition of protein synthesis, were performed to 

demonstrate the rapid degradation of L166P DJ-1 (Macedo et aL, 2003; Moore et al., 2003 

b; Corner et a l, 2004; Blackinton et a l, 2005). A rapid decrease in L166P DJ-1 protein 

levels compared with wild-type DJ-1 was detected after the addition of a protein synthesis 

inhibitor (cycloheximide), indicating the stable and short-lived existence of wild-type DJ-1 

and LI 66P DJ-1, respectively.

DJ-1 degradation was further investigated in an attempt to identify either a lysosomal or 

proteasomal route of degradation (Miller et a l, 2003). Ml 7 cells over-expressing wild-type 

or L166P DJ-1 were treated with NH4CI, which inhibits lysosomal protease, the non

competitive proteasome inhibitor lactacystin or the competitive proteasome inhibitor 

MG132. Treatment with NH4CI did not affect exogenous protein levels whereas both 

lactacystin and MG 132 resulted in a substantial increase in the levels of L166P DJ-1. Wild- 

type DJ-1 protein levels also increased but to a lesser extent. Similarly performed studies 

also indicated a significant increase in L166P DJ-1 levels upon MG132 and lactacystin 

treatment, indicating the degradation of L166P DJ-1 via the ubiquitin proteasome system 

(UPS) (Moore et aL, 2003 b; Baulac et aL, 2004; Takahashi-Niki et aL, 2004), To 

demonstrate the direct interaction between ubiquitin and L166P DJ-1, a ubiquitination 

assay was performed (Olzmann et aL, 2004). HeLa cells over-expressing epitope-tagged 

ubiquitin and wild-type or L166P DJ-1 were treated with MG132. Immunoprécipitation of 

cell lysates, followed by SDS-PAGE and Western blotting, demonstrated 

polyubiquitination of L166P DJ-1 but not wild-type DJ-1, supporting previous studies 

indicating the degradation of L166P DJ-1 by the proteasome.

Subcellular localisation of wild-type DJ-1

The subcellular localisation of wild-type DJ-1 has been investigated mainly in over

expression systems using immunofluorescence methods. DJ-1 was shown to localise to the 

cytoplasm and nucleus in COS, HeLa and PCI2 cells (Nagakubo et aL, 1997; Takahashi et 

aL, 2001; Bonifati et aL, 2003; Macedo et aL, 2003). To a lesser extent, mitochondrial 

localisation of wild-type DJ-1 was additionally observed in COS and Ml 7 cells (Miller et 

aL, 2003; Blackinton et aL, 2005). M17 cells, stably transfected with epitope-tagged wild- 

type DJ-1, also indicated a cytoplasmic and nuclear localisation of DJ-1, in addition to a



; l :, -.  I j  :  C r .  C  J l J ' i  j / L / ' . l i  I j r t i i f  I :  u  .

■'■ ' y ', ' I y  ! \ c / y '  : m u V .  ' : i ' : . u f c l : y  y  i : : r -

f't.7f|n r,j- ;i|xi v.j“î n':],][iyiĥ \'r. uq . Uu /y  \ v/.
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qTaiwŵ lujiî |;#.if(roir pLfA row "lï/̂

m ? )  i  ''I v '.:fifty Fi- twnm " "f -sdffi; '.i !■■ ■ :*yr' 'X#;

i ; ; v i o j q t r  i T i i K ! " I '  v t  f > t t  ‘ ^ r ' - f - y u a  0 1  n V f  / ; #  é f î c
- ' ’■■ . i; ■ ';■ f ' -  'r ' .>

0  yv, ' j"  j , [ l y  f j f i A O p  f l b O P  m
' ' - ■- 

' / ' I n  n i ' l  b i w . ' i r  I’q . ' r - r i  i i «  I I f  , y w |  - i f ’ m  a  j r - i s A i  ;

Tn'-(XX7(jü tnjq'Mi ’ , ■•-•: h. i JjClAlAt 10 1);T , . / #

\* \SPAjY ■-•; • ■ " jf,( .'/:' "vr

O'.niliwhi.i.̂  ui , i , -n. j   ̂ , .' ' -''-'‘r', - ' !#;##&

' ■■  1 ,
rif-rq'r'-qi9| fUf/q '-y^q qOy: <■

' ^  i ,  "I ^  \ / v  ' y - y —

r,o PjI '

Zr5)2W  y ) T  '

oyyr) N  :

y i  % A 4- Ç~^rY\cr\^ Y Y ^  ~~



INTRODUCTION 34

relatively small amount of mitochondrial localisation (Canet-Aviles et aL, 2004). 

Subcellular fractionation studies indicated a mitochondrial localisation of over-expressed 

wild-type DJ-1 in M17 cells and endogenous DJ-1 in mouse brain homogenates (Miller et 

aL, 2003; Zhang et aL, 2005). SH-SY5Y cells, stably transfected with wild-type DJ-1, also 

indicated a mitochondrial localisation of DJ-1 (Zhang et aL, 2005).

Subcellular localisation of L166P DJ-1

Initial immunofluorescence studies reported that wild-type DJ-1 was localised in the 

nucleus and cytoplasm whereas L166P DJ-1 mislocalises to the mitochondria (Bonifati et 

aL, 2003; Macedo et aL, 2003). Subsequent studies involving immunofluorescence and 

subcellular fractionation methods indicated that there was no difference in mitochondrial 

localisation between wild-type and L166P DJ-1 (Miller et aL, 2003; Blackinton et aL, 

2005; Zhang et aL 2005).

Studies involving additional missense DJ-1 mutations 

M26I

To date, several reported studies indicate that the M26I mutation does not affect DJ-1 dimer 

formation. Over-expressed or endogenous wild-type DJ-1 was shown to co-precipitate with 

over-expressed M26I DJ-1 in SH-SY5Y, NIH3T3 and M l7 cells (Moore et aL, 2003 b; 

Takahashi-Niki et aL, 2004; Blackinton aL, 2005). M26I DJ-1 homodimer and 

heterodimer formation (M26I DJ-1/M26I DJ-1 and M26I DJ-1/wild-type DJ-1 monomer 

interaction, respectively) was shown in the yeast two-hybrid system (Takahashi-Niki et aL,

2004). Studies on the expression level of M26I DJ-1 are contradictory. An expression level 

similar to wild-type DJ-1 was identified in stably and transiently transfected SH-SY5Y 

cells and transiently transfected CHO cells (Moore et aL, 2003 b; Baulac et aL, 2004; 

Zhang et aL 2005). By contrast, a reduced level of over-expressed M26I DJ-1 relative to 

over-expressed wild-type DJ-1 expression was reported in NIH3T3 and Ml 7 cells 

(Takahashi-Niki et aL, 2004; Blackinton et aL, 2005). The latter studies led to the 

investigation of M26I DJ-1 protein stability. Proteasome inhibitors lactacystin and MG 132 

were found to partially rescue steady-state levels of M26I DJ-1 protein, indicating that 

M26I DJ-1 is degraded, in part, by the proteasome system. The subcellular localisation of 

M26I DJ-1 was shown by immunofluorescence: M26I and wild-type DJ-1 were both
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nuclear and cytoplasmic with some mitochondrial localisation (Blackinton et aL, 2005; 

Zhang et aL, 2005).

E64D, A104T, D149A and E163K

To date, only a limited number of studies have reported on the significance of the 

remaining missense DJ-1 mutations. For the E163K DJ-1 mutation, no functional studies 

have been performed since the mutation was identified. The crystal structure of the E64D 

DJ-1 mutant was reported at the same time as its identification, which indicated a dimeric 

DJ-1 structure (Hering et aL, 2004). The available literature on the A104T and D149A DJ-1 

mutations indicates that these mutations do not affect DJ-1 dimérisation or expression 

levels. Over-expressed or endogenous wild-type DJ-1 was shown to co-precipitate with 

over-expressed A104T and D149A DJ-1 in NIH3T3 and M17 cells (Takahashi-Niki et aL, 

2004; Blackinton et aL, 2005). D149A DJ-1 homodimer and heterodimer formation has 

also been demonstrated in the yeast two-hybrid system (Takahashi-Niki et aL, 2004). Over

expressed A104T, D149A and wild-type DJ-1 were found to express at similar levels in 

NIH3T3 and M l7 cells (Takahashi-Niki et aL, 2004; Blackinton et aL, 2005) and 

expression of A104T, D149A and wild-type DJ-1 in stably transfected SH-SY5Y cells was 

similar (Zhang et aL, 2005). Immunofluorescence studies indicated a similar subcellular 

localisation of wild-type DJ-1, A104T and D149A DJ-1 (Blackinton et aL, 2005; Zhang et 

a/., 2005). !

The expression of DJ-1 in brain

The identification of DJ-1 as a novel gene triggered Nagakubo et aL (1997) to perform 

Northern blot analysis and investigate human DJ-1 expression. DJ-1 mRNA was detected 

in many tissue types including the heart, kidney, liver and brain, indicating that DJ-1 is a 

ubiquitously expressed protein. Bonifati et aL (2003) also performed a Northern blot and 

demonstrated a higher level of DJ-1 mRNA expression in subcortical regions (caudate 

nucleus, thalamus and substantia nigra) than in cortical regions of the human brain. A 

number of studies have reported on DJ-1 expression in the brain (Bandopadhyay et aL, 

2004; Rizzu et aL, 2004; Neumann et aL, 2004; Bandopadhyay et aL, 2005; Olzmann et aL, 

2007), which may aid the understanding of the role DJ-1 plays in disease. The first report 

describing DJ-1 distribution in human brain involved performing immunohistochemistry on 

idiopathic PD and control brain tissue sections using a specific monoclonal anti-DJ-1
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antibody (clone 3E8) (Bandopadhyay et aL, 2004). DJ-1 immunoreactivity was 

prominently detected in glial cells (astrocytes) and weakly detected in rare neurons of 

frontal cortex sections in PD and control cases. Midbrain sections of the PD and control 

cases were also DJ-1 immunoreactive in astrocytes, but to a lesser extent than in frontal 

cortex sections. No neuronal DJ-1 immunoreactivity was detected in midbrain sections of 

control cases. In PD midbrain, DJ-1 was found to localise to a small number of Lewy 

bodies in the substantia nigra but in the majority of Lewy bodies there was no DJ-I 

immunoreactivity, indicating that DJ-1 is not an essential component of Lewy bodies. In 

addition, a small number of dopaminergic neurons in PD midbrain displayed weak DJ-1 

immunoreactivity. Two additional studies indicated weak neuronal and strong astrocyte 

DJ-1 expression in control and PD cases (Neumann et al., 2004; Bandopadhyay et aL,

2005).

An immunohistochemistry study using brain tissue originating from patients with different 

types of parkinsonism/dementia syndromes was performed with polyclonal anti-DJ-1 

antibodies and the monoclonal 3E8 anti-DJ-1 antibody (Rizzu et aL, 2004). In control brain 

tissue DJ-1 immunoreactivity was reported in neurons of multiple brain regions and weak 

DJ-1 immunoreactivity was detected in astrocytes (the DJ-1 immunoreactive brain regions 

were not specified). In PD brains, DJ-1 immunoreactivity was reported in astrocytes of the 

midbrain and cortical regions. No DJ-1 immunoreactivity was found in Lewy bodies. DJ-1 

expression was also investigated in neurodegenerative disorders which exhibit an abnormal 

accumulation of tau protein (tauopathies). Colocalisation of DJ-1 and tau-positive 

inclusions was identified in neurons and glial cells of diseased brains within disease- 

affected brain regions (Rizzu et aL, 2004; Neumann et aL, 2004). The association of DJ-1 

with tau pathology may indicate a role for DJ-1 in neurodegenerative diseases other than 

PD (Bonifati et aL, 2004).

DJ-1 expression in mouse brain was investigated by detecting DJ-1 mRNA and DJ-1 

protein using in situ hybridisation and immunohistochemistry, respectively (Shang et aL, 

2004; Bader et aL, 2005). A high DJ-1 expression was detected in both neuronal and glial 

cells, which was not confined to a single functional system or anatomical brain region 

(Bader et aL, 2005). A widespread neuronal and non-neuronal DJ-1 expression was also 

reported in rat brain, although the detected level of expression was low in non-neuronal 

cells (Olzmann et aL, 2004; Bandopadhyay et aL, 2005).
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Recently, DJ-1 expression in neurons and glia of specific regions in human and monkey 

brain was identified (Olzmann et aL, 2007). DJ-I immunoreactivity was assessed in the 

frontal cortex, substantia nigra and striatum of human and monkey brain using polyclonal 

anti-DJ-1 antibodies and the monoclonal 3E8 anti-DJ-I antibody. Analysis of DJ-1 

immunoreactivity in the cortical regions of human and monkey brain indicated a similar 

DJ-1 distribution. DJ-1 staining was primarily in glial cells and only rarely did neurons 

display weak immunoreactivity. Examining DJ-I immunoreactivity in human and monkey 

brain substantia nigra and striatum also revealed similar DJ-I distributions; DJ-I 

immunoreactivity was primarily neuronal. DJ-I neuronal staining was also observed in 

other subcortical regions including the hippocampus, amygdala and thalamus. Neuronal 

expression of DJ-I in human and monkey subcortical brain regions suggests that DJ-I may 

have a role in the survival or function of nigrostriatal neurons (Olzmann et aL, 2007).

DJ-1 crystal structure

The crystal structure of human DJ-I has been determined by various research groups in an 

attempt to reveal important structural and functional properties of the protein (Honbou et 

aL, 2003; Huai et aL, 2003; Lee et aL, 2003; Tao and Tong, 2003; Wilson et aL, 2003). The 

structure of the DJ-I monomer consists of eleven (3-strands ((31-pll) and eight a-helices 

(al-a8) that are organised into a helix-strand-helix arrangement. Six parallel p-strands 

(pi,2,5,6,7 and 11), making up the core p-sheet, are positioned between eight a-helices and 

a p-hairpin (P3 and p4) on one end and a three-stranded anti-parallel P-sheet (pS, 9 and 10) 

on the opposite end (Wilson et aL, 2003). Crystal structure data allows researchers to 

generate protein structure images using molecular modelling programs (Figure 1.3.1). All 

the DJ-1 crystal structure studies reported that DJ-I exists as a dimer, consisting of two 

DJ-1 molecules in an asymmetric unit. The existence of DJ-I as a dimer was in agreement 

with gel filtration chromatography studies performed (see Section 1.3.2). The dimer 

interface consists of a single P-strand (p3) and three a-helices (al, 7 and 8) (Wilson et aL, 

2003; Tao and Tong, 2003). The dimer interface consists of highly conserved residues 

suggesting that dimer formation is correlated with the biological function of DJ-1 (Honbou 

g/a/., 2003).
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w. mg i l - ^ f W'  I - m t i / n f

Uy»cm<yi gihiKg&a x̂silor' U am

f-W;^C',,a,&ir,*w*  ̂ eiiî>Kifüz4 l-lQ*.ta

H't'h i  (xk';̂ Ak' M&,Ti#»iwNè ftwftt r r f II ! ô j _d îirujiî'iQ/iiTriiw

fW'Jrt kb Ay,v vki; W* ".Lb-̂  I l-W.

’a!i‘

' * ^ " 1W » ' k « y  ■);%, .’■ ';■)

î 11'. m#wi ?u ill ' r̂' >r,nn3 ,tir'u-û£mri)tn?n

f-in ''?Yjii"l'j«J(S)ft:-''(-W'' itûifljff ‘Jtir- ffli'iv'TiAî f/'c, j!iuLi. &̂Lÿê&'d6< nW

jü  k:Tr i!;)#iï vii^cniiT^ ■'

j - ' 3JÎI y:iCw!wri i
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The effects of DJ-1 missense m utations on DJ-1 protein structure

The determined crystal structure of human DJ-1, in addition to the known properties of 

amino acids, allowed researchers to predict the effect of the reported DJ-1 missense 

mutations on the structure of the resultant DJ-1 protein. To demonstrate the evolutionary 

conservation of the DJ-1 amino acid sequence, an alignment of sequences across a range of 

species is displayed (Figure 1.3.2).

L166P

Leucine and proline side chains are both non-polar although the proline side chain is cyclic. 

The L166 residue of DJ-1 is highly conserved, positioned in the middle of a-helix 7 of the 

dimer interface. Substitution of LI66 for a proline residue (L166P) was the first DJ-1 

missense mutation to be reported (Bonifati et a i, 2003). The substitution of a leucine for a 

proline residue in an a-helix can introduce kinks, since proline is unable to adopt a normal 

helical conformation (Betts and Russell, 2003). It has been proposed that the L166P 

mutation breaks the a-helix and destabilises the dimer interface, disrupting DJ-1 dimer 

formation (Honbou et al., 2003).

Figure 1.3.1 Superimposed ribbon and surface representations of the DJ-1 dimer. The
molecular modelling program PyMoI (www.pymol.sourceforge.net) was used to generate a ribbon 
and surface image of the DJ-1 dimer by incorporating the data of the high resolution crystal 
stmcture reported by Tao and Tong (2003). Two DJ-1 monomers are shown in green and blue and 
the side chains of the amino acids which are mutated in PARK? patients are shown in red.

http://www.pymol.sourceforge.net
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M26I

Methionine has a linear, ncn-polar side chain whereas isoleucine has a branched, non-polar 

side chain. It is more difficult for isoleucine residues to adopt an a-helical, rather than a p- 

sheet, confomiation due to the spatial arrangement of the side chain (Betts and Russell, 

2003). The M26 residue of DJ-1 is highly conserved, located in a-helix 1 of the dimer 

interface, and spatially close to LI66 (Bonifati et al,  2004). It was hypothesised that the 

reported missense mutation, which replaces M26 for an isoleucine residue (M26I), may 

disrupt DJ-1 dimérisation (Bonifati et al,  2004) or alter the overall structure of DJ-1 

without disrupting DJ-1 dimer formation (Takahashi-Niki et al ,  2004).

E64D

Glutamate and aspartate are negatively charged, structurally similar amino acids. The E64 

residue of DJ-1 is located in the loop connecting a-helix 2 and P-strand 6, on the surface of 

the monomer and far from the dimer interface (Bering et al ,  2004). E64 is poorly 

conserved; rat and mouse DJ-1 harbour a glutamine residue at this position (Figure 1.3.2). 

Bering et al  (2004) reported that the E64D missense mutation, a replacement of a 

glutamate residue for an aspartate residue, had no effect on DJ-1 dimérisation. This was 

shown by determining the crystal structure of the E64D DJ-1 mutant.

A104T

Alanine has a linear, non-polar side chain whereas threonine has a branched, polar (non

charged) side chain. The A104 residue of DJ-1 is highly conserved and located in p-strand 

7. The effect of the DJ-1 mutation A104T, a replacement of an alanine residue for a 

threonine residue, is not known (Bague et al  2003; Clark et al,  2004).

D149A

Aspartate has a negatively charged side chain whereas alanine has a non-polar side chain. 

Being charged and polar, aspartates are generally protein surface residues, frequently 

involved in binding sites (Betts and Russell, 2003). The D149 residue of DJ-1 is highly 

conserved and located in P-strand 10. The reported D149A mutation, a replacement of an 

aspartate residue for an alanine residue, is thought to affect interaction with DJ-1 binding 

proteins that affect DJ-1 function (Takahashi-Niki et al,  2004).
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Figure 1.3.2 Alignment of DJ-1 amino acid sequences across a range of species. DJ-1 is highly 
conserved between different species. The multiple sequence alignment tool MultAlin was used to 
align the DJ-1 amino acid sequence from a range of species and the multiple sequence alignment 
analysis tool ESPript was used to view the alignment (www.expasy.ch/tools). Data from the high 
resolution crystal structure reported by Wilson et al. (2003) was incorporated into ESPript to enable 
the secondary structure elements in the DJ-1 structure to be visualised above the alignment. In 
addition, the accessibility of each amino acid is indicated below the alignment in the horizontal bar: 
dark blue indicates that the residue is an accessible surface residue, cyan indicates a partially buried 
residue and white indicates a buried residue. The missense mutations reported in PARK? patients 
are also indicated below the alignment.
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E163K

Glutamate and lysine are both electrically charged amino acids: glutamate has a negatively 

charged side chain and lysine has a positively charged side chain. Glutamate amino acids, 

like other electrically charged residues, are generally surface residues, frequently involved 

in binding sites (Betts and Russell, 2003). The El63 residue of DJ-1 is highly conserved 

and located at the edge of a-helix 7. The effect of the DJ-1 mutation B163K, a replacement 

of a glutamate residue for a lysine residue, is not known (Annesi et ai, 2005).

1.4 LINKING DJ-1 TO NEURODEGENERATION ^  ^

Impairment of the ubiquitin proteasome system (UPS) and the oxidative stress response 

have been implicated in the pathogenesis of DJ-1 related PD (Chung et ai, 2003; Dawson 

and Dawson, 2003; Dekker et al, 2003; Hardy et al, 2003; Hattori et al, 2003; Cookson,

2005; Gandhi and Wood, 2005).

1.4.1 The ‘proteasome inhibition’ hypothesis
Faults in the protein degradation process were initially linked to the pathogenesis of PD 

through the E3 ligase activity of parkin. Reduced enzyme activities of mutated parkin have 

been demonstrated, resulting in an accumulation of target proteins, such as synphilin-1, 

which was directly toxic in cell culture (Ribeiro et ai, 2002). DJ-1 interacts with the 

SUMO E3 ligase PlASxa, indicating that DJ-1 is sumoylated (Takahashi et al., 2001). DJ-1 

mutations may disrupt the sumoylation process, which could influence protein function by 

changing the substrate localisation or exposing lysine residues which could allow 

ubiquitination to occur (and subsequent degradation via the UPS) (Bonifati et al, 2004).

1.4.2 The‘oxidativestress’ hypothesis c/i'vfU^X ^
Jenner et at. (2003) postulated that dopaminergic neuron loss in PD is j^ c e d  by oxidative 

stress. Oxidative stress occurs when the equilibrium between oxidation and anti-oxidation 0 ̂  

is disturbed (Beal et al, 1997). Treatment with toxic agents, such as hydrogen peroxide, i ^

paraquat, rotenone and MPP̂  (the active metabolite of l-methyl-4-phenyl-l,2,3,6- '
u'

tetrahydropyridine: MPTP), results in an excess production of reactive oxygen species 

(ROS) which leads to oxidative stress. A number of studies investigating DJ-1 function 

under oxidative stress have used such toxic agents to mimic the cellular environment in PD.
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pi shift of DJ-1 under oxidative stress

DJ-1 responds to oxidative stress by a shift in its isoelectric point (pi) and the accumulation 

of more acidic isoforms (Mitsumoto et al, 2001; Mitsumoto and Nakagawa, 2001; 

Bandopadhyay et al, 2004; Canet-Aviles et al, 2004; Taira et a l, 2004; Choi et al, 2006). 

Non-transfected M l7 and SH-SY5Y cell lysates were subjected to two-dimensional gel 

electrophoresis and anti-DJ-1 immunoblotting (Bandopadhyay et al, 2004; Canet-Aviles et 

al., 2004; Taira et a l, 2004). DJ-1 isoforms with a pl range between 6 and 7 were detected. 

Exposing the cells to hydrogen peroxide, paraquat or MPP  ̂resulted in the accumulation of 

a more acidic DJ-1 isoform (pi of 5.7 or 5.8). Similar experiments, using human brain 

homogenates from control and PD cases, detected an accumulation of acidic DJ-1 isoforms 

in PD brain which was not present in control brain (Bandopadhyay et a l, 2004; Choi et al,

2006). Accumulation of more acidic DJ-1 isoforms in the presence of ROS suggests that 

DJ-1 functions as an antioxidant, absorbing ROS from the cellular environment (Mitsumoto 

et al, 2001).

DJ-1 mitochondrial localisation is induced by oxidative stress

Contradictory studies have been reported on oxidative stress-induced mitochondrial 

localisation of DJ-1. Treating non-transfected M l7 cells with paraquat and performing 

immunofluorescence or subcellular fractionation techniques demonstrated an increase in 

mitochondrially-localised DJ-1 levels (Cane^Aviles et al, 2004; Blackinton et al, 2005). 

Immunofluorescence studies involving Ml7 cells stably transfected with epitope-tagged 

wild-type DJ-1, in addition to M17 cells over-expressing epitope-tagged wild-type DJ-1, 

also indicated an oxidative stress-induced mitochondrial localisation of DJ-1 (Canet-Aviles 

et al, 2004; Blackinton et al, 2005). However, a study reported by Zhang et a l (2005) 

contradicted these findings. Treating non-transfected SH-SY5Y cells with paraquat and 

performing subcellular fractionation did not indicate increased levels of mitochondrially- 

localised DJ-1. In addition, subjecting stable SH-SY5Y cell lines expressing epitope-tagged 

wild-type DJ-1 to paraquat treatment, followed by immunofluorescence or subcellular 

fractionation, did not indicate increased levels of mitochondrial DJ-1 (Zhang et al, 2005).

DJ-1 protection against oxidative stress-induced cell death

Cell viability assays have been performed to assess the protective effect of DJ-1 against 

oxidative stress-induced cell death. Stable DJ-1 knockdown NIH3T3 cells, which express a
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significantly reduced level of DJ-1, were generated and cultured in parallel to NIH3T3 cells 

expressing normal levels of wild-type DJ-1 (Takahashi-Niki et al, 2004). The cells were 

treated with various doses of hydrogen peroxide and cell viability was measured. NIH3T3 

cells expressing normal levels of wild-type DJ-1 were significantly more resistant to 

hydrogen peroxide-induced cell death compared with DJ-1 knockdown NIH3T3 cells. A 

similar study, involving transient DJ-1 knockdown SH-SY5Y cells and hydrogen peroxide 

or MPP^ treatment, resulted in similar findings (Taira et ai, 2004). In addition. M l7 cells, 

stably transfected with epitope-tagged wild-type DJ-1, were also shown to be resistant to 

cell death induced by oxidative stress (hydrogen peroxide, MPP^ or paraquat treatment), 

compared with vector-transfected control cells (Canet-Aviles et al, 2004).

Elimination of hydrogen peroxide by DJ-1

The ROS eliminating activity of DJ-1 expressing cells was investigated using 2’,7’- 

dichlorodihydrofluorescein diacetate (DCFH-DA), an indicator of hydroxyl free radicals, 

and flow cytometry. DJ-1 knockdown NIH3T3 cells and NIH3T3 cells expressing normal 

levels of DJ-1 were treated with DCFH-DA and analysed by flow cytometry (Takahashi- 

Niki et al, 2004). No difference in ROS detection was observed between the DJ-1 

knockdown and wild-type DJ-1 expressing cells. Treating the cells with hydrogen peroxide, 

followed by an addition of DCFH-DA and flow cytometry analysis, indicated a 

significantly higher ROS detection in the DJ-1 knockdown cells compared with the wild- 

type DJ-1 cells. This result indicated that the knockdown cells have a reduced ROS 

eliminating activity compared with wild-type DJ-1 cells. SH-SY5Y cells, transiently 

transfected with epitope-tagged wild-type DJ-1, treated with hydrogen peroxide followed 

by DCFH-DA and flow cytometry analysis, also indicated a significantly higher ROS 

elimination activity compared with vector-transfected control cells (Taira et al, 2004).

Oxidative stress-sensitive DJ-1 knockout mice

DJ-1 deficient (knockout) mice exhibiting defective locomotor activity without loss of 

dopaminergic neurons have been reported (Chen et al, 2005; Kim et al, 2005). Examining 

histology sections by tyrosine hydroxylase (TH) immunoreactivity did not indicate a 

difference in TH-positive (TH^) neurons between DJ-1 knockout mice and control mice. 

Kim et a l (2005) went on to investigate the effect of MPTP toxicity on dopaminergic

neuron cell death in DJ-1 knockout and control mice. Mice were treated with saline or
1// i  0 ^  A  i)i3i
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MPTP for fourteen days before performing anti-TH immunohistochemistry on brain 

sections. Immunostaining showed a decrease in TH^ neurons for both DJ-1 knockout and 

control mice, when comparing the saline-treated and MPTP-treated mice. However, DJ-1 

knockout mice showed a much greater relative decrease in the number of TH^ neurons after 

MPTP treatment, indicating that DJ-1 protects neurons of the substantia nigra neurons 

under conditions of oxidative stress. MPTP-induced neuronal loss was rescued by injecting 

a retroviral vector expressing DJ-I into the striatum of DJ-I knockout mice seven days 

before MPTP treatment. This result indicated that sensitivity to MPTP-induced oxidative 

stress in the DJ-I knockout mice was a direct result of their DJ-1 deficiency (Kim et al,

2005). Cell viability assays were performed using primary cell cultures to investigate 

further the protective effect of DJ-1 against oxidative stress-induced cell death. Cortical 

neurons, derived from the brains of DJ-1 knockout and control mice, were cultured in 

hydrogen peroxide-supplemented media and the number of viable cells was counted. A 

significant increase in cell death was observed in DJ-I knockout neurons compared with 

control neurons. In an attempt to rescue this effect, DJ-1 knockout neurons were transfected 

with wild-type DJ-1. Over-expressed exogenous DJ-I was found to significantly increase 

the resistance to hydrogen peroxide-induced cell death. Over-expressing DJ-1 in control 

neurons also had a protective effect on hydrogen peroxide-induced cell death.

Oxidative stress-sensitive Drosophila DJ-1 mutants

The Drosophila genome encodes two DJ-1 orthologues: D J-la and DJ-1 (3. A Drosophila 

double knockout (D J-la and DJ-1 (3) has been generated (Meulener et a l, 2005), in addition 

to single DJ-1 gene knockouts (Park et a l, 2005; Yang et a l, 2005). An oxidative stress 

sensitivity phenotype has been reported for all knockout flies. Recording the mortality rate 

of knockout flies reared on paraquat, hydrogen peroxide or rotenone supplemented food 

indicated that D J-la and DJ-la(3 knockout flies were significantly more sensitive to 

oxidative stress than control flies (Meulener et a l, 2005; Yang et a l, 2005). The climbing 

ability of DJ-1 (3 knockout flies was shown to be reduced under non-oxidative stress 

conditions (Park et a l, 2005). Rearing DJ-1 (3 knockout flies on paraquat supplemented food 

resulted in further climbing impairment, indicating an oxidative stress-sensitive locomotive 

dysfunction.
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1.5 THESIS AIMS
In summary, DJ-1 is a key protein in Parkinson’s disease and evidence suggests that DJ-1 

plays a neuroprotective role in the oxidative stress response. However, the pathogenicity of  

DJ-1 mutations identified in individuals with PD is not fully understood. The overall 

objective o f this thesis is to identify a pathogenic mechanism for the reported missense 

mutations underlying DJ-1 related PD. The first aim o f the thesis is to identify novel DJ-1 

protein interactors. This may uncover the involvement o f DJ-1 in specific cellular processes 

or pathways. The second aim is to investigate the functional significance of the DJ-1 

missense mutations reported in PD patients. Numerous studies have indicated that the 

L166P mutation disrupts the ability of DJ-1 to dimerise, resulting in a pathogenic loss, or 

reduction, o f functional DJ-1. However, the dimérisation o f DJ-1 monomers harbouring the 

more recently identified missense mutations has not been investigated in detail. Since the 

disruption o f DJ-1 dimérisation may not be the common pathogenic mechanism in DJ-1 

related PD, all DJ-1 missense mutations will be investigated for their potential to 

selectively disrupt DJ-1/accessory protein interactions. The third aim is to confirm the 

significance o f any interesting results identified in the yeast two-hybrid system by 

employing a mammalian cell system. The relevance of any findings, in terms of PD 

pathogenesis, will be explored.
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2. METHODS
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Unless otherwise stated, all centrifuge steps were performed at room temperature. All pulse 

spins were performed at 16,000 g on the bench top centrifuge.

2.1 BACTERIAL METHODOLOGY

2.1.1 M aterials

Luria-Bertani (LB) medium, TOP 10 chemically competent E. coli cells and Zeocin were 

purchased from Invitrogen Ltd (Paisley, UK). Calcium chloride dihydrate, glycerol and 

magnesium chloride hexahydrate were purchased from Sigma-Aldrich Company Ltd 

(Dorset, UK). FastPlasmid mini and Perfectprep plasmid maxi kits were purchased from 

Eppendorf UK Ltd (Cambridge, UK). Elution buffer EB was purchased from Qiagen Ltd 

(West Sussex, UK). Ampicillin was purchased from Calbiochem (Nottingham, UK). 

Chloramphenicol was purchased from Lancaster Laboratories UK. Kanamycin was 

purchased from Merck (Dorset, UK).

2.1.2 M aintenance o f bacteria

LB medium (1% (w/v) peptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) and LB agar 

medium (LB medium with the addition of 2% (w/v) agar) was prepared for routine bacterial 

cell culture. The commercial E. coli strain TOPIO (Invitrogen) was used to prepare 

laboratory stocks of competent bacterial cells. The TOPIO genotype is detailed in Table 

2.1.1. LB agar cultures were inverted and incubated overnight at 37°C and LB liquid 

cultures were incubated overnight with shaking at 37°C. For plasmid selection LB medium 

was supplemented with antibiotic (Table 2.1.2). ^

Strain

TOPIO

Genotype

F , tncrA, A{nirr-hs(IRMS-mcrBC), (|)80/acZAM15, AlacXlA, recAl, uraD139, 
A{ara-leu)7697, gallJ, galK, rpsL, (Str"̂ ), endA\, nupG, A(lacZYA-arg¥)\]\69, 
deoR, recAl, hsdR\7(r) '̂, n\],^),plioA, supE44, thi-\, gyrA96, relAl, X'.

\

Table 2.1.1 Genotype of bacterial strain TOPIO.

Antibiotic Stock concentration (mg/ml) Working concentration (pg/ml)
Ampicillin 100 100
Chloramphenicol 20 20
Kanamycin 50 50
Zeocin 100 50

Table 2.1.2 Antibiotic supplemented LB medium for plasmid selection.
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2.1.3 Preparation and transformation of competent E, coli cells
Competent E. coli cells were prepared using a modified calcium chloride method; a 

procedure reported by Cohen et al. (1972) as an efficient technique for preparing competent 

bacterial cells for transformation with plasmid DNA. Using a sterile spreading loop, E. coli 

strain TOPIO (Invitrogen) was streaked directly from a frozen stock (stored at -80°C) onto 

the surface o f a LB agar plate. Following a 12-16 h overnight incubation at 37°C, a well- 

isolated colony was transferred into a 15 ml Falcon tube containing 2 ml LB liquid 

medium. The inoculated LB was incubated overnight at 37°C with vigorous shaking. The 2 

ml overnight culture was added to a 500 ml culture flask containing 200 ml LB liquid 

medium and incubated for 2.5-3 h at 37°C with vigorous shaking. The cell density was 

monitored by determining the optical density at 600 nm (ODeoo) every 20-30 min after 2 h 

of growth. The ODôoo reading was recorded as a spectrophotometric measure o f the number 

of suspended cells/ml culture medium. When the desired ODôoo was reached, the cells were 

aseptically transferred to sterile, ice-cold 50 ml Falcon tubes. After recovery by 

centrifugation at 3,000 g and 4°C for 5 min, the cell pellets were resuspended in 10 ml of 

chilled 80 mM CaCL and 50 mM MgCL solution and stored on ice for 10 min. The 

following centrifugation/wash/store on ice step was repeated twice: the cells were subjected 

to centrifugation at 2,000 g and 4°C for 3 min, resuspended in 10 ml o f chilled 80 mM 

CaCL and 50 mM MgCL solution and stored on ice for 10 min. After an additional 

centrifugation step at 2,000 g and 4°C for 3 min, the cell pellet was resuspended in 

approximately 5 ml o f chilled 0.1 M CaCL solution. The suspension was mixed with an 

equal volume o f 50% (v/v) glycerol. Using ice-cold sterile 1.5 ml microcentrifuge tubes, 

the cells were dispensed into 200 pl aliquots and frozen immediately with liquid nitrogen. 

The tubes were stored at -80°C to maintain the competency of the cells.

The method used for bacterial transformation was based on the work o f Mandel and Riga 

(1970) and Cohen et al. (1972): subjecting CaCli-treated bacteria to a brief heat treatment 

leaves bacterial cells in a state o f transient competency allowing the uptake of plasmid 

DNA. For transformation o f competent E. coli cells, a 1.5 ml microcentrifiige tube 

containing previously prepared competent cells was thawed on ice. A 100 pl volume of 

cells was dispensed into a pre-chilled microcentrifuge tube and mixed with an addition of 

the appropriate plasmid DNA or ligation mix. The amount o f DNA added was dependent
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on factors such as the copy number o f the plasmid and age of the plasmid DNA 

preparation. The tube was stored on ice for 30 min. After the ice incubation the cells were 

heat-shocked by placing the tube in a pre-heated block at 42°C for 30-45 sec, followed by a 

rapid transfer to an ice bath for 2 min. A 300 pi volume o f LB liquid medium was added 

and the cultures were incubated for 1 h at 37°C with vigorous shaking. Incubation in 

antibiotic-ffee medium allowed the bacteria to recover and express the antibiotic resistance 

gene encoded by the plasmid, enabling the identification o f transformants within the 

bacterial population. The entire volume of culture was transferred to LB agar supplemented 

with the appropriate antibiotic using a flamed pipette tip and spread over the surface of the 

agar plate using a sterile glass spreader. The plates were inverted and incubated at 37°C for 

12-16 h.

2.1.4 Purification of plasmid DNA

Sm all-scale preparations o f  plasm id D N A  (m inipreps)

The FastPlasmid Mini kit (Eppendorf) was used to obtain minipreps o f plasmid DNA. 

Plasmid DNA was purified using a single solution to resuspend the cell pellet, lyse the cells 

and isolate DNA all in one step. A single bacterial colony from a selective LB agar plate 

was transferred to a 15 ml Falcon tube containing 2 ml LB liquid medium and the 

appropriate antibiotic. The culture was incubated at 37°C with vigorous shaking for 

12-16 h. The culture was poured into a 1.5 ml microcentrifuge tube and subjected to 

centrifugation at 16,000 g for 1 min. The supernatant was removed and the bacterial pellet 

was resuspended in 400 pl pre-chilled lysis solution (containing 60 mg lysozyme and 

RNase solution) by pipetting up and down. When the pellet was completely resuspended 

the lysate was incubated at room temperature for 3 min. The lysate was transferred to a spin 

column and subjected to centrifugation at 16,000 g for 1 min. An addition o f 400 pl wash 

buffer (isopropanol-based) to the column was followed by a centrifugation step at 16,000 g 

for 1 min. The flow-though was discarded and the column was subjected to a final 

centrifugation at 16,000 g for 1 min to dry the column. The column was placed in a fresh 

microcentrifuge tube and the DNA was eluted by the addition o f 50 pl elution buffer EB 

(Qiagen; 10 mM Tris-HCl, pH 8.5) and centrifugation at 16,000 g for 1 min. The miniprep
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was stored at -20°C. The yield varied from -200-400 ng/p.1 as assessed by UV 

spectrophotometry.

L arge-scale preparations o f plasm id D N A  (m axipreps)

Maxipreps o f plasmid DNA were obtained by the alkaline lysis method o f Bimboim and 

Doly (1979) coupled with the binding o f plasmid DNA to a matrix, using the Perfectprep 

Plasmid Maxi kit (Eppendorf). A single bacterial colony from a selective LB agar plate was 

transferred to a 15 ml Falcon tube containing 2 ml LB medium and the appropriate 

antibiotic. The culture was incubated at 37°C with vigorous shaking for -8  h. 100 pl o f the 

culture was aseptically transferred into a sterile flask containing 100 ml selective LB liquid 

medium (for low copy plasmids 200 ml selective LB was used) and grown at 37°C for a 

further 12-16 h with vigorous shaking. The bacterial cells were harvested by centrifugation 

at 3,000 g at 4°C for 30 min and vigorously resuspended in 10 ml pre-chilled solution 1 

(resuspension buffer: contains Tris-HCl, pH 8; EDTA) using an electronic pipette. A 10 ml 

volume o f solution 2 (lysis buffer: contains NaOH and SDS) was added to the resuspended 

cells and the solution was mixed by inverting six times. An incubation o f 5 min at room 

temperature was followed by the addition of 10 ml ice-cold solution 3 (neutralisation 

buffer: contains acetic acid). The lysate was mixed thoroughly but gently to ensure an even 

precipitation within the mixture and incubated on ice for 20 min to enhance precipitation. 

The lysate was subjected to centrifugation at 3,000 g at 4°C for 30 min and the resultant 

supernatant was transferred to a fresh 50 ml tube containing 20 ml pre-chilled, resuspended, 

DNA binding matrix. After a thorough mix the solution was subjected to centrifugation at

3,000 g at 4°C for 30 min to pellet the matrix with the bound DNA. The supernatant was 

discarded and the pellet was resuspended in 9 ml purification solution (ethanol-based). A 

spin column was inserted into a 50 ml tube and the resuspended matrix-bound DNA 

mixture was added. Next, 9 ml of purification solution was used to wash residual matrix 

from the pellet resuspension tube and this was also transferred to the column. After a 

centrifugation step at 2,500 g for 5 min the filtrate was removed and an additional 9 ml 

purification solution was added. This centrifugation step was then repeated and the filtrate 

removed. The column was subjected to a final centrifugation to ensure that the column was 

completely dry. The column was transferred to a fresh 50 ml tube and 3 ml elution buffer 

(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) was added. The column was centrifuged at
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2,500 g for 5 min to elute the DNA from the matrix. The eluate was transferred to a 10 ml 

polypropylene centrifuge tube followed by the addition o f 70 pl 5M NaCl. After mixing, 

6 ml 96% (v/v) ethanol was added. After additional mixing, the tube was centrifuged at

14.000 g at 4°C for 30 min. The supernatant was carefully removed and the DNA pellet 

was resuspended in 500 pl H2O. The resuspended pellet was transferred into a 1.5 ml 

microcentrifuge tube containing 950 pl 96% (v/v) ethanol and 50 pl 3 M sodium acetate for 

an additional ethanol precipitation. The DNA pellet formed upon centrifugation at 16,000 g 

for 5 min was washed with 500 pl 80% (v/v) ethanol. After a centrifugation step at

16.000 g for 1 min the supernatant was removed and the tube was centrifuged again to 

remove remnant ethanol. The pellet was air-dried for 2-5 min and re-dissolved in 200 pl of 

elution buffer EB (Qiagen; 10 mM Tris-HCl, pH 8.5). To aid re-dissolving o f the pellet, the 

tube was incubated at 37°C with vigorous shaking for 30 min. After a pulse spin the DNA 

was transferred to a fresh 1.5 ml microcentrifuge tube and stored at -20°C. To determine 

the yield, DNA concentration was determined by UV spectrophotometry.

D NA  yield  determ ination  by spectrophotom etry

For quantifying the amount of DNA present in a miniprep or maxiprep o f plasmid DNA, 

readings were taken at 260 nm. For double-stranded DNA an OD260 o f 1 corresponds to an 

approximate yield o f 50 pg/pl.

2.2 DNA MANIPULATION

2.2.1 Materials
Agarose, DNA molecular weight marker, pcDNA3.1 directional TOPO-cloning kit, Pfx 

DNA polymerase supermix, 25:24:1 (v/v) phenohchlorofbrm:isoamyl alcohol and SYBR 

Safe DNA gel stain were purchased from Invitrogen Ltd (Paisley, UK). Advantage 2 DNA 

polymerase kit and poly(A)+ RNA (human cerebellum, frontal cortex, hippocampus and 

spinal cord) were purchased from Clontech (Berks, UK). Acetic acid, bromophenol blue, 

ethylenediaminetetraacetic acid disodium salt (EDTA), glycogen from oyster (type II), 

sodium acetate anhydrous, sucrose and tris(hydroxymethyl)methylamine (Tris-base) were 

purchased from Sigma-Aldrich Company Ltd (Dorset, UK). Sephaglas BandPrep kit was 

purchased from Amersham Biosciences (Bucks, UK). Big Dye Terminator v3.1 Cycle
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Sequencing mix, buffer with EDTA, Hi-Di formamide, POP-6 polymer, sample tubes and 

septa were purchased from Applied Bio systems (ABI; Warrington, UK). Ethanol was 

purchased from BDH Laboratory Supplies (Poole, UK). Elution buffer EB was purchased 

from Qiagen Ltd (West Sussex, UK). cDNA clones were purchased from RZPD (Berlin, 

Germany). PfuTurbo and PfuUltra DNA polymerase were purchased from Stratagene 

(Cambridge, UK). Restriction enzymes were purchased from New England Biolabs 

(Ipswich, UK). dNTP mix was purchased from Promega UK Ltd (Southampton, UK). Calf 

intestinal phosphatase (CIP) and T4 DNA ligase were purchased from Roche Diagnostics 

Ltd (West Sussex, UK).

2.2,2 Polymerase chain reaction (PCR)
Human brain cDNA (Clontech) and cDNA clones (RZPD) (Section 2.5; Table 2.5.1) or 

previously constructed plasmids were used as template DNA for PCR amplification of 

specific DNA sequences. For all PCR amplifications the complete reaction volume was 

mixed and subjected to a pulse spin before loading on the Hybaid PCR Express thermal 

cycler. Clontech Advantage 2 DNA polymerase was used to amplify short cDNA fragments 

(<1 kb). Advantage 2 polymerase is a titanium Taq polymerase which is combined with a 

minor amount o f proof reading polymerase. Stratagene PfuUltra DNA polymerase, a 

mutant form of Pfu DNA polymerase, was used to amplify longer cDNA fragments and 

plasmid DNA (>1 kb) with high fidelity. Invitrogen Accuprime Pfx DNA polymerase, 

possessing a proofreading 3’ to 5’ exonuelease activity which exceeds that o f Pfu, was an 

additional high-fidelity enzyme used to amplify large DNA targets (>4 kb). Each 

polymerase type was supplied with a specific reaction buffer (Table 2.2.1).

PCR reaction buffer Components
Advantage 2 reaction 
buffer, 10 x

150 mM KOAc, 35 mM Mg(0 Ac)2, 37.5 pg/ml BSA, 0.05% (v/v) Tween 
20, 0.05% (v/v) Nonidet-P40, 400 mM Tricine-KOH (pH 8.7)

Pfu reaction buffer, 
10 X

100 mM KCl, 20 mM MgS0 4 , 100 mM (> ^ 4)2804 , 1% (v/v) Triton X-100, 
1 mg/ml BSA, 200 mM Tris-HCl (pH 8 .8)

Pfx DNA polymerase 
supermix, 1.1 x

Thermococcus species KOD polymerase complexed with anti-KOD 
antibodies, 30.8 mM (NH4)2S0 4 , 11 mM KCl, 1.1 mM MgS04 ,330 pM 
dNTPs, 66 mM Tris-S04  (pH 8.4).

Table 2.2.1 Buffer recipes for DNA polymerases.
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The five types o f PCR reactions performed are tabulated below:

PCR reaction 1 : Advantage 2 DNA polymerase PCR

PCR component Stock
concentration

Volume added in a 
50 pl reaction (pl)

Working
concentration

cDNA ~0.2-0.5 pg/pl 0.5 -2-5 ng/pl
Primer, forward 10 pmol/pl 1 0.2 pmol/pl
Primer, reverse 10 pmol/pl 1 0.2 pmol/pl
Advantage 2 reaction buffer 10 X 5 1 X

Advantage 2 DNA polymerase 50 X 1 1 X

dNTP mix 10 mM each 1 0.2 mM each
H2O 40.5

PCR reaction 2: PfuUltra DNA polymerase PCR, cDNA template

PCR component Stock
concentration

Volume added in a 
50 pl reaction (pl)

Working
concentration

cDNA -0.2-0.5 pg/pl 0.5 -2-5 ng/pl
Primer, forward 10 pmol/pl 1 0.2 pmol/pl
Primer, reverse 10 pmol/pl 1 0.2 pmol/pl
PfuUltra reaction buffer lOx 5 1 X

PfuUltra DNA polymerase 2.5 U/pl 1 0.05 U/pl
dNTP mix 10 mM each 1 0.2 mM each
H2O 40.5

PCR reaction 3: PfuUltra DNA polymerase PCR, plasmid DNA template

PCR component Stock
concentration

Volume added in a 
50 pl reaction (pl)

Working
concentration

Plasmid DNA 0.1 pg/pl 1 2 ng/pl
Primer, forward 10 pmol/pl 1 0.2 pmoPpl
Primer, reverse 10 pmol/pl 1 0.2 pmol/pl
PfuUltra reaction buffer 10 X 5 1 X

PfuUltra DNA polymerase 2.5 U/pl 1 0.05 U/pl
dNTP mix 10 mM each 1 0.2 mM each
H2O 40

PCR reaction 4: Accuprime Pfx DNA polymerase PCR, cDNA template

PCR component Stock
concentration

Volume added in 
a 25 pl reaction

Working
concentration

cDNA -0.2-0.5 pg/pl 1.5 -12-30 ng/pl
Primer, forward 10 pmol/pl 1 0.4 pmol/pl
Primer, reverse 10 pmol/pl 1 0.4 pmol/pl
Pfx DNA polymerase (within 
supermix) 2.2 X  10'  ̂U/pl 21.5 1.9 X  10'  ̂U/pl
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PCR reaction 5; Accuprime Pfx DNA polymerase PCR, plasmid DNA template

PCR component Stock
concentration

Volume added in a 
25 pl reaction (pl)

Working
concentration

Plasmid DNA 0.1 pg/pl 1.5 6 ng/pl
Primer, forward 10 pmol/pl 1 0.4 pmol/pl
Primer, reverse 10 pmol/pl 1 0.4 pmol/pl
Pfx DNA polymerase 
(within supermix) 2.2 X  10'  ̂U/pl 22 1.9 X  10-" U/pl

2.2.3 Agarose gel electrophoresis of DNA
Agarose gel electrophoresis was used to separate, identify and purify DNA fragments. Tris- 

acetate EDTA (TAE) electrophoresis buffer (40 mM Tris-base, 20 mM acetic acid, 1 mM 

EDTA, pH 8) was prepared and used to make an appropriate percentage agarose gel 

solution. SYBR Safe DNA gel stain (Invitrogen), a cyanine dye which binds to the minor 

groove of dsDNA, was added to a slightly cooled agarose solution at a 1 x concentration 

and mixed thoroughly. The warm solution was poured into a gel plate and gel combs were 

positioned. The set gel was mounted in an electrophoresis tank filled with electrophoresis 

buffer and the combs were removed. 2 pl bromophenol blue loading buffer (0.25% (w/v) 

bromophenol blue, 40% (w/v) sucrose in H2O) was mixed with each sample prior to gel 

loading. Samples were loaded against 1 pg 1 kb DNA ladder (Invitrogen). A routine 1.5% 

(w/v) gel would run at 100 V for 35 min. Stained gels were viewed and photographed using 

transmitted UV light on an InGenius gel doc system (Syngene). When a band from a gel 

was recovered for cloning purposes a Bio-Rad transilluminator was used to visualize the 

band and aid the recovery.

2.2.4 Purification of DNA fragments from agarose gels
DNA fragments o f interest were purified by a simple and quick procedure using the 

Sephaglas BandPrep Kit (Amersham Biosciences). After performing agarose gel 

electrophoresis on the PCR product or the DNA sample o f interest, the SYBR Safe-stained 

gel was placed on a Bio-Rad transilluminator and the DNA band o f interest was located 

using transmitted UV light. A slice of agarose containing the band o f interest was cut out 

using a sterile scalpel and transferred to a fresh 1.5 ml microcentrifiige tube. The weight of
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the slice was determined. For gel slices less than 250 mg a 250 |il volume o f gel solubilizer 

(a buffered solution containing Nal) was added to the tube. For gel slices weighing more 

than 250 mg an additional 1 p.1 gel solubilizer was used for each mg o f agarose. The tube 

was subjected to a 5-10 min incubation at 60°C with vigorous shaking to dissolve the gel 

slice. The Sephaglas BP, a glass matrix, was resuspended by shaking the container and a 5 

pl volume was added to the dissolved gel slice. The mixture was incubated for 5 min at 

room temperature, with gentle mixing to resuspend the Sephaglas. After incubation, the 

tube was subjected to a brief centrifugation at 16,000 g for 1 min and the resultant 

supernatant was discarded using a pipette. The centrifugation step was repeated to aid 

removal o f any residual liquid, taking care to leave the Sephaglas pellet undisturbed. The 

Sephaglas pellet was vigorously resuspended in 80 pl wash buffer (ethanol-based) by 

pipetting up and down several times. A centrifugation step at 16,000 g for 1 min was 

followed by the removal of the supernatant. The wash step was repeated twice for a total of 

three washes; tapping the tube was sufficient for pellet resuspension for the final two 

washes. Any residual wash buffer was removed with a PIO pipette before leaving the pellet 

to air-dry for 5 min at room temperature. The DNA was eluted from the Sephaglas pellet by 

the addition o f 25 pl elution buffer (1 mM EDTA, 10 mM Tris-HCl, pH 8.0) followed by a 

37°C incubation for 10 min with vigorous shaking. The tube was subjected to 

centrifugation at 16,000 g for 5 min and the supernatant containing the eluted DNA was 

transferred to a fresh 1.5 ml microcentrifiige tube, being careful not to take up any glass 

beads.

Before using the purified DNA for subsequent enzymatic reactions, the molecular weight 

and approximate yield was checked by loading 5 pl o f the eluant on a 1.5% (w/v) agarose 

gel and performing electrophoresis (see Section 2.2.3). In preparation for TOPO-cloning 

(Section 2.2.12) the DNA was eluted from the Sephaglas pellet by the addition o f 20 pl 

elution buffer.

2.2.5 Restriction enzyme digestions

Gel purified  PC R  product restriction enzym e d igestions

For digestion of gel purified PCR products, the remaining 20 pl o f eluant (after loading 5 pl 

on an agarose gel) was used in a 25 pl restriction enzyme digest. The gel purified DNA was



METHODS 56

mixed with 2.5 |l i 1 10 x enzyme buffer, 1 jii enzyme (-10  units depending on the enzyme 

used) and 1.5 |l i 1 H2O. The restriction enzyme reaction was mixed, subjected to a pulse spin 

and incubated at 37°C for 1 h.

Plasm id D N A  restriction  enzym e digestions

For digestion o f plasmid DNA, a restriction enzyme digestion volume o f 20 p.1 containing

1 pg DNA was used. A 2 pl volume o f DNA (0.5 pg/pl) was mixed with 15 pl H2O and

2 pl o f the appropriate 10 x enzyme buffer in a 1.5 ml microcentrifuge tube. For a double 

restriction enzyme digest, 0.5 pl o f each restriction enzyme (~5 units total for each enzyme) 

was added. After addition o f the restriction enzyme the tube contents was mixed, subjected 

to a pulse spin and incubated at 37°C for 1 b.

2.2.6 Restriction enzyme digest product purification by 

phenol/chloroform extraction
Before performing a ligation reaction using restriction enzyme digested DNA, a 25:24:1 

(v/v) phenol:chloroform:isoamyl alcohol extraction was performed to inactivate and 

remove unwanted enzyme molecules. The volume o f the restriction enzyme digest reaction 

product was increased to 100 pl with dH20 . An equal volume of 

pbenol:cbloroform:isoamyl alcohol was added and the tube contents was mixed until an 

emulsion formed. The mixture was subjected to centrifugation at 16,000 g for 15 min. The 

resulting aqueous phase was transferred to a fresh microcentrifiige tube containing 10 pl

3 M sodium acetate, 250 pl 96% (v/v) ethanol and 1 pl glycogen (1 pg), thoroughly mixed 

and chilled on dry ice for 30 min. The DNA was recovered by centrifugation at 16,000 g 

for 30 min. The supernatant was discarded by careful pipetting. The DNA pellet was 

washed by adding 250 pl 80% (v/v) ethanol and centrifuged at 16,000 g for 1 min. The 

ethanol was discarded and an additional centrifugation at 16,000 g for 1 min was carried 

out to aid removal o f any residual ethanol. Following air-drying for 5 min, the pellet was 

resuspended in an appropriate volume o f elution buffer EB (10 mM Tris-HCl, pH 8.5). For 

the purification o f vector DNA for subsequent ligation reactions, the pellet was 

resuspended in 50 pl elution buffer EB. DNA fragments to be inserted into a vector during 

a ligation reaction were resuspended in 10 pl elution buffer EB.
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2.2.7 Ligation of DNA fragments into cloning vectors
After performing a restriction enzyme digest and phenol/chloroform extraction on both 

DNA insert and cloning vector, a 7 pl volume o f DNA insert was added to a 1.5 ml 

microcentrifuge tube followed by 1 pl linearized vector DNA. The DNAs were incubated at 

4°C with 1 pl bacteriophage T4 DNA ligase (1 unit) in 1 x ligation buffer (66 mM Tris- 

HCl, 5 mM MgCl], 1 mM dithioerythritol, 1 mM ATP, pH 7.5) for 12-16 h in a 10 pl 

reaction volume.     -

2.2.8 Procedures performed to promote a successful ligation 

C alf intestinal phosphatase (CIP) treatm ent

To prevent recircularization o f restriction-digested vector DNA during a ligation reaction, 

calf intestinal phosphatase (CIP) treatment was performed on the digested vector DNA 

prior to the ligation reaction. CIP removes 5’ phosphate groups, thereby inhibiting the 

formation o f phosphodiester bonds between the ends o f linearized vector molecules. After 

the restriction enzyme digest o f the vector (37°C for 1 h), 1 pl CIP (1 unit) was added to the 

20 pl reaction volume followed by 1 pl o f the appropriate 10 x restriction enzyme digestion 

buffer and 8 pl H2O. The tube contents was mixed, subjected to a pulse spin and incubated 

at 37°C for 30 min.

Post-ligation  reaction: restriction enzym e digestion  to rem ove recircularized  

vector m olecules

When performing ligations with double digested vectors (i.e. those cut with two different 

restriction enzymes), recircularized vector molecules can be present in the ligation reaction, 

due to incomplete digestion o f vector DNA prior to the ligation reaction. Recircularized 

vector can be removed by performing an additional restriction enzyme digest after the 

ligation reaction has been carried out. This method relies upon identifying a restriction 

enzyme site which is (i) present within the MCS region o f the vector and lies between the 

two restriction sites used for cloning and (ii) not present within the insert DNA. Digesting a 

ligation reaction product with such an enzyme would linearize empty vectors and leave 

recombinant plasmids uncut. Linearizing empty vectors prevents non-recombinant DNA 

from conferring antibiotic resistance in the host bacterial cells upon transformation, due to
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the poor transformation efficiency of linear DNA. An 8 pl volume o f the ligation product 

was digested with 1 unit o f the appropriate restriction enzyme in 1 x restriction enzyme 

buffer at 37°C for 1 h.

2.2.9 Transformation of E, coli with the ligation reaction product

Ligation products were transformed into E. coli using 10 pl restriction enzyme digested 

ligation product (Section 2.1.3). To enable a transformation efficiency comparison, 2 pl of 

the uncut ligation product was used for an independent transformation. Minipreps of 

potential recombinant plasmids were made as described in Section 2.1.4. A restriction 

enzyme digest was performed to check for inserts, using miniprep DNA and the appropriate 

restriction enzymes (Section 2.2.5). A 5 pl volume o f miniprep DNA (~1 pg) was mixed 

with 1 pl 10 X  enzyme buffer, 3 pl H2O and 1 pl restriction enzyme (1 unit) and subjected 

to a pulse spin. The restriction enzyme reaction was incubated at 37°C for 1 h. After the 

digest the total reaction volume was loaded on an agarose gel and subjected to 

electrophoresis to check for inserts of the correct size (Section 2.2.3).

2.2.10 Dideoxy-mediated DNA sequencing
DNA sequencing was performed using the dideoxy-mediated chain termination method 

(Sanger et al., 1977). The BigDye terminator v3.1 cycle sequencing ready reaction mix 

(ABI), a reagent containing AmpliTaq DNA polymerase, dNTPs and ddNTPs, was mixed 

with the appropriate DNA template and oligonucleotide primer to form the sequence 

reaction mix. Sequences of oligonucleotide primers used for sequencing reactions are 

shown in Table 2.2.2. A 5.5 pl volume o f dHiO and 2.5 pl BigDye mix were added to a 0.2 

ml tube. A 5 pmol/pl oligonucleotide primer dilution was prepared from the 100 pmol/pl 

stock and 1 pl was added to the tube. For template DNA, 0.5 pg (1 pl o f a 0.5 pg/pl stock) 

was added using non-PCR pipettes to complete the 10 pl reaction mixture. The tube 

contents were mixed, subjected to a pulse spin, placed on the Hybaid PCR machine and 

subjected to the following thermocycler conditions: an initial 96°C dénaturation (3 min) 

was followed by 35 cycles o f denaturing at 96°C (50 sec), annealing at 55°C (50 sec) and 

extension at 60°C (50 sec).
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Sequencing Template Direction Sequence (5 ' - 3 ' )
T7 pcDNA3.1 F TAATACGACTCACTATAGGG
SP6 pSPORT-DJBP clone F ATTTAGGTGACACTATAG
BOH pcDNA3.1 R TAGAAGGCACAGTCGAGG
M13R pSPORT-DJBP clone R TGTAAAACGACGGCCAGT
GFPSEQ EGFP-Cl F CATGGTCCTGCTGGAGTTCGTG
DSRRev DsRedl R ACTCCTTGATGACGTTC
GAL4AD GAL4AD F AATACCACTACAATGGATGATGTAT
LEXS LexA F CAGCAGAGCTTCACCATTGAAGGG
GAL4BD GAL4 DNA-BD F TCATCGGAAGAGAGTAGTAACAAAG
pACTM2 pACT2 R TTCAGTATCTACGATTCATAGATCT
HcRedCF pHcRedl-Cl F CTGACCATGCCCGGCTTCCACTTCA
HcRedCR pHcRedl-Cl R AACAACAACAATTGCATTCATTTTA
pGADT7RecR pGADT7-Rec R AGATGGTGCACGATGCACAG
DJlseql DJ-1 F TGCAGGTCCTACTGCTC
DJlseqREV DJ-1 R TACAGGGATGACCGTCT
EGFPN pEGFP-Nl R CGTATGTTCATCACCTT

Table 2.2.2 Sequencing primers. The sequence, direction and template used for each primer is 
shown. F; forward; R: reverse.

2.2.11 Sequencing reaction product purification by phenol/chloroform 

extraction
Prior to loading the sequencing reaction products onto the ABI Prism 310 Genetic 

Analyzer, aqueous solutions of nucleic acids were extracted using 25:24:1 (v/v) 

phenol:chloroform:isoamyl alcohol. Extraction with phenol:chloroform:isoamyl alcohol 

was performed to remove unwanted proteins from the nucleic acid solution which interfere 

with the electrophoresis procedure on the sequencing gel. The 10 pl sequencing reaction 

product was transferred to a fresh 1.5 ml microcentrifuge tube and the volume was 

increased to 100 pl with H2O. An equal volume o f phenol:chloroform:isoamyl alcohol was 

added and the tube contents were mixed until an emulsion formed. The mixture was 

subjected to centrifugation at 16,000 g for 15 min. The resulting aqueous phase was 

transferred to a fresh microcentrifiige tube containing 20 pl 3M sodium acetate (pH 5.2), 

500 pl 96% (v/v) ethanol and 1 pl glycogen (1 pg), thoroughly mixed and subjected to 

centrifugation at 16,000 g for 15 min. The supernatant was discarded by careful pipetting. 

The DNA pellet was washed by adding 250 pl 80% (v/v) ethanol and centrifuged at

16,000 g for 1 min. The ethanol was removed and an additional centrifugation at 16,000 g
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for 1 min was carried out to aid removal of residual ethanol. Following air-drying for 5 

min, the pellet was resuspended in 20 pi Hi-Di formamide (ABI). To ensure complete 

resuspension o f the pellet, the tube was incubated for 5 min with vigorous shaking. 

Following centrifugation at 16,000 g for 1 min the supernatant was transferred to a 0.5 ml 

sample tube compatible with the ABI Prism 310 Genetic Analyzer and sealed with a rubber 

septum. The tube contents was denatured by incubation at 96°C for 2 min, chilled on ice 

and loaded onto the ABI Prism 310 Genetic Analyzer. The 310 capillary was filled with 

POP-6 polymer and a 10 x Genetic Analyzer buffer with EDTA (ABI) was used to run the 

samples through the polymer-filled capillary. Results were analyzed using the ABI PRISM 

310 sequencing analysis program. Sequence analysis and alignment was performed using 

Sequencher software (Gene Code Corporation).

2.2.12 Directional TOPO-cloning
The pcDNA3.1 directional TOPO-cloning kit (Invitrogen) was used to clone proofreading 

DNA polymerase-amplified, and subsequently blunt-ended, PCR products into the 

pcDNA3.1 plasmid vector. Specific forward and reverse PCR primers without restriction 

enzyme sites were designed to facilitate Topoisomerase I-mediated cloning, as opposed to 

T4 DNA ligase cloning. A single-stranded overhang o f four bases (GTGG), complementary 

to the 5’ end o f the top strand o f the TOPO PCR product, was engineered into the TOPO 

vector pcDNA3.1. The vector overhang displaces the sequence o f the bottom strand of the 

PCR product at the 3 ’ end, resulting in the efficient cloning o f PCR products in the correct 

orientation. To set up a TOPO-cloning reaction, 4 pi gel-purified blunt-ended PCR product 

was mixed with 1 pi salt solution (1.2 M NaCl, 0.06 M MgCli) and 1 pi pcDNA3.1 plasmid 

vector. After a pulse spin the reaction was incubated for 30 min. The complete reaction 

volume was used for transforming E, coli (Section 2.1.3).

2.2.13 In vitro site-directed mutagenesis
Missense mutations o f DJ-1 were introduced by PCR-mediated site-directed mutagenesis 

using PfuTurbo DNA polymerase (Stratagene). DJ-1 cloned into pACT2, pGLex or 

pcDNA3.1(+)/FLAG were used as templates for mutagenesis PCR. For each point mutation 

a pair of complementary mutagenesis oligonucleotide primers were designed (Table 2.2.3 

and Table 2.2.4). The primers contained the desired mutation which was flanked by
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unmodified nucleotide sequence. The oligonucleotide primer pairs were designed to anneal 

to the same sequence on opposite strands of the plasmid. PfuTurbo DNA polymerase was 

provided with a pre-made buffer; 10 x Pfu DNA polymerase reaction buffer (Table 2.2.1).

DJ-1
mutant

M26I

E64D

R98Q

A104T

K130R

D149A

E163K

L166P

Mutagenesis primer sequence

5 ' - CCTGTAGATGTCATAAGGCGAGCTGGG-3 
5 ' -CCCAGCTCGCCTTATGACATCTACAGG-3

5 ' -GATGCAAAAAAAGATGGACCATATGAT-3 
5 ' -ATCATATGGTCCATCTTTTTTTGCATC-3

5 ' -GAGCAGGAAAACCAGAAGGGCCTGATA-3 
5 ' -TATCAGGCCCTTCTGGTTTTCCTGCTC-3

5 ' -GGCCTGATAGCCACCATCTGTGCAGGT-3 
5 ' -ACCTGCACAGATGGTGGCTATCAGGCC-3

5 ' -CACCCTCTTGCTAGGGACAAAATGATG-3 
5 ' -CATCATTTTGTCCCTAGCAAGAGGGTG-3

5 ' - CGTGTGGAAAAAGCCGGCCTGATTCTT- 3  
5 ' -AAGAATCAGGCCGGCTTTTTCCACACG-3

5 ' -GGGACCAGCTTCAAGTTTGCGCTTGCA-3 
5 ' -CCCTGGTCGAAGTTCAAACGCGAACGT-3

5 ' -TTCGAGTTTGCGCCTGCAATTGTTGAA-3 
5 ' -TTCAACAATTGCAGGCGCAAACTCGAA-3

Table 2.2.3 Primer sets used for site-directed mutagenesis of DJ-1. The forward primer is 
shown above the reverse primer for each mutant. The three letter sequence underlined indicates the 
site of nucleotide change.

DJ-1
mutant Mutagenesis primer sequence

K4R 5 ' -TTCATGGCTTCCAGGAGAGCTCTGGTC-3 '  
5 ' -GACCAGAGCTCTCCTGGAAGCCATGAA-3'

K12R 5 ' -GTCATCCTGGCTAGGGGAGCAGAGGAA-3 '  
5 ' -TTCCTCTGCTCCCCTAGCCAGGATGAC-3'

K32R 5 ' -CGAGCTGGGATTAGGGTCACCGTTGCA-3 '  
5 ' -TGCAACGGTGACCCTAATCCCAGCTCG-3'

K41R 5 ' -GGCCTGGCTGGAAGGGACCCAGTACAG-3 '  
5 ' -CTGTACTGGGTCCCTTCCAGCCAGGCC-3'

K62R 5 ' - CTTGAAGATGCAAGGAAAGAGGGACCA-3 '  
5 ' -TG GTCCCTCTTTCCTTGCATCTTCAAG -3'

K63R 5 ' - GAAGATGCAAAAAGGGAGGGACGATAT- 3 '  
5 ' -ATA TG G TCC CTCC CTTTTTG CA TCTTC-3'

K62/63R 5 ' - CTTGAAGATGCAAGGAGGGAGGGACGATAT- 3 '  
5 ' -ATATGGTCCCTCCCTCCTTGCATCTTCAAG-3'

K89R 5 ' -TCTGCTGCTGTGAGGGAGATACTGAAG-3 '  
5 ' -CTTCAGTATCTCCCTCACAGCAGCAGA-3'
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K93R

K99R

K122R

K132R

K148R

K175R

K182R

K188R

5 ' -AAGGAGATACTGAGGGAGCAGGAAAAC-3 '  
5 ' -G TTTTCCTG C TCCC TCAG TATC TCCTT-3'

5 ' - CAGGAAAACCGGAGGGGCCTGATAGCC- 3 '  
5 ' -GGCTATCAGGCCCCTCCGGTTTTCCTG-3'

5 ' - GGTTTTGGAAGTAGGGTTACAACACAC- 3  
5 ' -GTGTGTTGTAACCCTACTTCCAAAACC-3

5 ' - CTTGCTAAAGACAGGATGATGAATGGA-3 '  
5 ' -TCCATTCATCATCCTG TCTTTAGCAAG -3'

5 ' -AATCGTGTGGAAAGGGACGGCCTGAAT-3 '  
5 ' -ATTCAGGCCGTCCCTTTCCACACGATT-3'

5 ' - GCCCTGAATGGCAGGGAGGTGGCGGCT- 3 '  
5 ' -AGCCGCCACCTCCCTGCCATTCAGGGC-3'

5 ' - GCGGCTCAAGTGAGGGCTCCACTTGTT- 3 '  
5 ' -AACAAGTGGAGCCCTCACTTGAGCCGC-3'

5 ' -CCACTTGTTCTTAGGGACTAGAGCAGC-3 '  
5 ' -GCTGCTCTAGTCCCTAAGAACAAGTGG-3'

Table 2.2.4 Additional mutagenesis primers. Each DJ-1 lysine residue was mutated to an 
arginine residue using site-directed mutagenesis. The forward primer is shown above the reverse 
primer for each mutant. The underlined sequence indicates the site of nucleotide change.

M utagenesis P C R  reactions

For each primer pair, a PCR reaction was assembled in a 0.2 ml microcentrifuge tube as 

detailed in Table 2.2.5. After mixing, the reactions were subjected to a pulse spin, placed in 

the Hybaid thermal cycler and PCR was performed using the following conditions: a 94°C 

dénaturation (2 min) was followed by 18 cycles o f denaturing at 94°C (1 min), annealing at 

60°C (1 min) and extension at 68°C. An extension time o f 2 min per kb was used for vector 

targets <10 kb.

PCR component Stock
concentration

Volume added in a 
50 pi reaction (pi)

Working
concentration

Plasmid DNA 50 ng/pl 1 1  ng/pl
Mutagenesis primer, forward lOpmol/pl 1.25 0.25 pmol/pl
Mutagenesis primer, reverse lOpmol/pl 1.25 0.25 pmol/pl
Pfu reaction buffer lOx 5 1 X

PfuTurbo DNA polymerase 2.5 U/pl 1 0.05 U/pl
dNTP mix 10 mM each 1 0.2 mM each
H2O 39.5

Table 2.2.5 Mutagenesis PCR. Volumes of PCR components used to amplify plasmid DNA with 
PfuTurbo DNA polymerase in a mutagenesis reaction are shown.
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Dpnl d igestion o f the m utagenesis PC R  products

To remove non-mutated plasmid DNA from the mutagenesis reaction product a Dpnl digest 

was performed. Dpnl recognises and cuts methylated DNA from E. coli. Since only the 

non-mutated template DNA in a mutagenesis reaction is methylated, the new PCR products 

incorporating the mutation synthesized by PfuTurbo polymerase are not digested. 1 pi Dpnl 

(20 U/pl) was added to the 50 pi mutagenesis PCR product and the digest was performed at 

37°C for 1 h.

E lectrophoresis o f the Dpnl digested m utagenesis P C R  product

10 pi Dpnl digested mutagenesis PCR product was loaded on a 1.5% (w/v) agarose gel and 

electrophoresed at 100 V for 30 min. The detection o f linear DNA migrating at a molecular 

weight similar to the size o f the vector and insert would indicate the presence o f mutated 

DNA due to the action of Dpnl removing all non-mutated DNA.

T ransform ation o f E. coli w ith Dpnl d igested m utagenesis P C R  product

3.5 pi Dpnl digested PCR product was used to transform E. coli cells (Section 2.1.3) and 

minipreps of the mutant construct were prepared (Section 2.1.4).

C onfirm ation o f the incorporated m utation by D N A  sequencing

The inserts o f all constructs were sequenced to confirm the incorporation of the correct 

mutation and to ensure that there were no other unwanted sequence changes (Section 

2 .2.10).

2.3 YEAST METHODOLOGY

2.3.1 Materials
Amino acid dropout (DO) supplements, glycerol stocks o f Saccharomyces cerevisiae yeast 

strains AH 109 and Y 190, Matchmaker library construction and screening kits, minimal 

synthetic dropout (SD) base, poly(A)+ RNA (human frontal cortex) and yeast extract 

peptone dextrose (YPD) medium were purchased from Clontech (Berks, UK). Adenine, 3- 

amino-1,2,4-triazole (3-AT), dimethylformamide (DMF), dimethyl sulphoxide (DMSG), 

DNA from herring sperm, lithium acetate, lyticase from Arthrobacter luteus, glass beads 

(425-600 pm), magnesium sulphate heptahydrate, polyethylene glycol (PEG) molecular 

weight 3350, p-mercaptoethanol and tris(hydroxymethyl)methylamine-
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ethylenediaminetetraacetic acid disodium salt (Tris-EDTA) were purchased from Sigma- 

Aldrich Company Ltd (Dorset, UK). Di-sodium hydrogen orthophosphate dihydrate, 

potassium chloride, sodium dihydrogen orthophosphate dihydrate and 5-bromo-4-chloro-3- 

indolyl-P-D-galactopyranoside (X-gal) were purchased from BDH Laboratory Supplies 

(Poole, UK). QIAprep Miniprep kits were purchased from Qiagen Ltd (West Sussex, UK). 

A glycerol stock o f S. cerevisiae yeast strain L40 was purchased from Invitrogen Ltd 

(Paisley, UK). Total RNA was provided by Dr Ann Kingsbury (Reta Lila Weston Institute 

of Neurological Studies, London, UK).

Y east tw o-hybrid  vectors

Yeast two-hybrid (YTH) vectors (GAL4- and LexA-based) are detailed in Table 2.3.1. 

pGBKTV, pACT2 and pGADT7-Rec vectors were purchased from Clontech (Berks, UK). 

The pYTH16 vector was a gift from Dr Julia White, Glaxo Wellcome Medicines Research 

Centre, Herts, UK. pGLex-DJ-1 and pGADGHx-PIASxa were gifts from Professor 

Hiroyoshi Ariga, Hokkaido University, Sapporo, Japan.

2.3.2 Maintenance of yeast 

Y east m edia

YPD medium (2% (w/v) peptone, 1% (w/v) yeast extract and 2% (w/v) glucose) and YPD 

agar medium, supplemented with adenine (60 mg/1), was prepared for routine yeast culture. 

Minimal SD base (0.67% (w/v) yeast nitrogen base without amino acids and 2% (w/v) 

glucose) and minimal SD agar base, with the addition o f the appropriate DO amino acid 

supplement and adenine (60 mg/1), was prepared for nutritional selection o f yeast. Agar- 

based medium is chemically equivalent to the liquid-based form with the addition of 2% 

(w/v) agar. Supplementing the medium with adenine inhibits the endogenous synthesis of 

adenine via a blocked biosynthesis pathway. Yeast strain mutations adel or ade2 disrupt 

the biosynthesis pathway, resulting in the accumulation o f 5-aminoimidazole ribotide, an 

adenine biosynthesis intermediate which oxidises to form a red pigment, resulting in pink 

or red coloured colonies.

Y east strains and their recovery from  frozen glycerol stocks

Genotype information on the S. cerevisiae yeast strains AH 109, L40 and Y190 is detailed 

in Table 2.3.2. The frozen glycerol stock was used to streak YPD plus adenine agar plates
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using a sterile spreading loop. The plate was incubated at 30°C until colonies reached a 

diameter o f ~2 mm. The plate was sealed with parafilm, stored at 4°C and used as a 

working stock plate for up to two months. A fresh working stock plate was streaked every 

2-3 months.

Vector Promoter and fusion Yeast selection Bacterial selection

pGBKT7 ADH1,GAL4 DNA-BD TRPl Kanamycin

pYTH16 ADHl, GAL4 DNA-BD TRPl Ampicillin

pGLex ADHl, LexA DNA-BD TRPl Chloramphenicol

pACT2 ADH1,GAL4AD LEU2 Ampicillin

pGADGHx ADH1,GAL4 AD LEU2 Ampicillin

pGADT7-Rec ADH1,GAL4 AD LEU2 Ampicillin

Table 2.3.1 YTH bait and prey vectors. The encoded fusion, the promoter controlling fusion 
expression and bacterial and yeast selection is stated. GAL4 DNA-BD: GAL4 (1-147) DNA 
binding domain; GAL4 AD: GAL4 (768-881) activation domain.

Strain Genotype

L40 MATa, his3-200, trpl-901, leu2-3, 112, ade2, LYS2::(lexAop)4-HIS3, 
URA3::(lexAop)8-lacZ, GAL4

Y190 MATa, ura3-52, his3-200, trpl-901, leu2-3, -112, gal4A, galSOA, 
LYS2: :GAL1 yy ŝ^ALl TATAHIS3, URA3: :GAL1 uasGALI

AH109
MATa, ura3-52, his3-200, trpl-901, leu2-3, -112, gal4A, galSOA, 
LYS2::GAL1 uas-GALItata~HIS3, GAL2uasGAL2tataADE2, 
URA3: :MEL1 uasMELI fATAlacZ

Table 2.3.2 The genotypes of yeast strains L40, Y190 and AH109.

2.3.3 Transformation of competent yeast cells
A lithium acetate/single-stranded DNA/polyethylene glycol (LiAc/SS-DNA/PEG) method, 

based on the optimized protocol reported by Gietz et al. (1995), was used to transform 

competent S. cerevisiae yeast cells.

Preparation o f  com petent yeast cells

A 500 ml culture flask containing 100 ml of YPD plus adenine was inoculated with a single 

yeast colony picked from a freshly streaked stock plate using a sterile spreading loop. The 

culture was subjected to an overnight incubation at 30°C with vigorous shaking. After
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12-16 h the optical density was measured at 600 nm (ODôoo)- An appropriate volume of 

culture was used to inoculate freshly prepared pre-warmed YPD plus adenine, resulting in 

an ODôoo o f 0.2-0.3. The growth of the culture was continued for two cell divisions, 

resulting in a mid-phase culture with a cell density o f approximately 1 x 10  ̂cells/ml (ODgoo i  ̂

= 0.6-0.7). The doubling time was dependant on the S. cerevisiae strain used (L40: -2.5 h; 

AH109: 3-4 h; Y190: -3  h). The cells were aseptic ally transferred to sterile 50 ml falcon 

tubes and harvested by centrifugation at 2,000 g for 3 min. The cell pellets were 

resuspended in 25 ml of sterile water and subjected to centrifugation at 2,000 g for 3 min. 

Following the removal o f the supernatant, the cells were washed by resuspending the cell 

pellet in 1 X  TE/LiAc (10 mM Tris-HCl, 1 mM EDTA, 100 mM LiAc) and subjected to 

centrifugation at 2,000 g for 3 min. The TE/LiAc wash was repeated before resuspending 

the cells in 1 x TE/LiAc to give a cell density o f -1  x 10  ̂ cells/ml. The resuspension 

volume was dependant on the number of transformations being performed (Table 2.3.3).

No. of transformations Volume of over day 
growth culture (ml)

Volume of 1 X  TE/LiAc used 
to resuspend cells (ml)

10 100 1
20 200 2
30 300 3
40 400 4
50 500 5

Table 2.3.3 Yeast transformations. The volume of over day culture medium used and the volume 
of 1 X  TE/LiAc used to resuspend cells was dependant on the number of transformations performed.

T ransform ation o f  com petent yeast cells

Aliquots o f 100 pi (containing -1  x 10̂  competent cells) were dispensed into 1.5 ml 

microcentrifuge tubes containing 2 pi bait plasmid (1 pg), 2 pi prey plasmid (1 pg) and 5 pi 

denatured herring sperm DNA (50 pg; denatured by boiling for 5 min). An addition of 600 

pi PEG solution (40% (w/v) PEG, 1 x TE/LiAc) was followed by thorough mixing. The 

tubes were incubated at 30°C for 30 min, heat-shocked at 42°C for 20 min and subjected to 

a pulse spin. The PEG supernatant was removed and the cell pellet was resuspended in 100 

pi sterile water. For the selection o f HIS3  ̂ transformants, the transformations were spread 

onto minimal agar plates lacking leucine, tryptophan and histidine (SD/-Leu/-Trp/-His),
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supplemented with an appropriate amount o f 3-am ino-1,2,4-triazole (3-AT) to suppress 

basal expression o f HISS (in the range o f 2 - 5 mM 3-AT). In preparation for LacZ freeze- 

fracture assays (Section 2.3.4), the transformations were spread onto minimal agar plates 

lacking leucine and tryptophan (SD/-Leu/-Trp). For protein extraction from yeast, in 

particular the bait protein pGLex-DJ-1, transformations were spread onto minimal agar 

plates lacking tryptophan (SD/-Trp) (Section 2.3.5).

2 .3 .4  LacZ  fr ee ze -fra c tu re  assay

An adapted protocol o f the LacZ freeze-fracture assay (Breedon and Nasmyth, 1985) was 

used to detect p-galactosidase activity in the yeast reporter strain L40. P-galactosidase 

activity was assayed using the chromogenic substrate known as 5-bromo-4-chloro-3- 

indolyl-p-D-galactopyranoside (X-gal), a lactose analogue which is broken down by P- 

galactosidase to galactose and indolyl-blue (dichloro-dibromo-indigo), forming a blue 

water-insoluble precipitate. Firstly, a 100 mg/ml X-gal solution was prepared by dissolving 

X-gal in dimethylformamide (DMF). Once dissolved, the appropriate volume of Z buffer 

(60 mM Na2HP0 4 .2H2 0 , 40 mM NaH2P0 4 .2H20 , 10 mM  KCl, 1 mM MgS04 .7H20 , 

pH 7.0) was added, resulting in a 1 mg/ml X-gal solution. A 2.7 ml volume of the reducing 

agent P-mercaptoethanol was added per litre o f Z buffer used (38.6 mM 

P-mercaptoethanol). Colonies grown on selective Y P D ^ g ar plates, preferably no greater ^  

than 2 mm in size, were transferred onto W hatman’s No. 54 paper (90 mm circle) using a 

replica plating block. The filters were immersed in liquid nitrogen for 5 sec and left to thaw 

at room temperature, colony side uppermost. Once thawed, the filter was re-immersed in 

liquid nitrogen for a final freeze-thaw cycle to ensure the cells were permeabilized. The 

thawed filters were placed in the lid o f a Petri dish containing 2 ml o f 1 mg/ml X-gal 

solution. Care was taken to exclude air bubbles from beneath the filters, ensuring an even 

saturation across the surface o f the filter paper. The filter was covered with the base o f the 

Petri dish and incubated at 37°C for up to 4 h. The time taken for blue coloration to appear 

was dependant on the strength o f the interactions being tested. The reaction was terminated 

by removing the plates from the incubator and drying the filters in the fume hood.
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2.3.5 Preparation of yeast protein extracts
Protein extracts were prepared from transformed yeast cells using a 1% (v/v) Triton X-100 

lysis buffer. After spreading a transformation onto minimal agar, the plate was incubated at 

30°C for three days. An overnight culture was prepared by transferring a transformed 

colony from the agar transformation plate to a 15 ml Falcon tube containing 5 ml minimal 

liquid medium. After a 12-16 h 30°C incubation with vigorous shaking the cultures were 

subjected to centrifugation at 3,000 g and 4°C for 10 min to recover the cells. The 

supernatant was poured off and the pellet was resuspended in 500 pi pre-chilled 1% (v/v) 

Triton X-100 lysis buffer (150 pM NaCl, 10 pM Tris-HCl, pH 8, 1 x Complete protease 

inhibitor cocktail, in PBS). The cell suspension was transferred to a pre-chilled 1.5 ml 

microcentrifiige tube containing 50-100 pi glass beads (Sigma, 425-600 pm). The cells 

were disrupted by high speed vortexing for 10 min. After a centrifugation at 16,000 g for 2 

min the cell extract was transferred to a pre-chilled 1.5 ml microcentrifiige tube and stored 

at -20°C until SDS-PAGE analysis (Section 2.4.9).

2.3.6 Yeast two-hybrid library construction and screening
The Matchmaker library construction and screening kit (Clontech) was used to generate and 

screen two-hybrid cDNA libraries. All reagents, oligonucleotide primers, vectors and spin 

columns used to generate and screen a cDNA library were provided with the kit (apart from 

dimethyl sulphoxide (DMSO) and herring sperm DNA, both from Sigma). Oligonucleotide 

primer sequences are detailed in Table 2.3.4. Total RNA derived from the substantia nigra 

of (i) a Parkinson's disease (PD) patient and (ii) a healthy control individual was provided 

by the Queen Square Brain Bank for Neurological Disorders (Institute o f Neurology, 

London, UK). Total RNA was used as a template only for oligo(dT)-primed first-strand 

synthesis reactions due to the small percentage o f mRNA present in the sample. Frontal 

cortex poly(A)+ RNA (Clontech) was used as a template for both oligo(dT)- and random- 

primed first-strand synthesis reactions. The resultant oligo(dT)- and random-primed PCR 

products were purified and then mixed to generate an optimal range o f cDNAs represented 

in the library.
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G enerating a cD N A  library

• First-strand cDNA synthesis using an oligo(dT) primer

A 2 )il volume o f total RNA (~2 p,g) or 1 pi poly(A)+ RNA (1 pg) was pipetted into a 

sterile 0.2 ml microfuge tube. 1 pi CDS III oligo(dT) primer (10 pmol) was added to the 

RNA and the volume was increased to 4 pi with dHiO. The tube contents was mixed gently 

and subjected to a pulse spin. The sample was incubated at 72°C for 2 min and chilled on 

ice. After a pulse spin the following was added to the tube: 1 x first-strand buffer (6 mM 

MgCl], 75 mM KCl, 50 mM Tris, pH 8.3) 2 mM dithiothreitol (DTT), 1 mM (each) dNTP 

mix and 1 unit Moloney murine leukemia virus (MMLV) reverse transcriptase. The 

resultant 9 pi was mixed gently by tapping and subjected to a pulse spin. After incubation 

at 42°C for 10 min a 1 pi volume o f SMART III primer (10 pmol) was added to the sample. 

The 10 pi sample was subjected to a pulse spin and incubated at 42°C for 1 h. The first- 

strand oligo(dT)-primed cDNA product was stored at -20°C if  not immediately used for 

long distance PCR (see below).

• First-strand cDNA synthesis using a random primer

A 1 pi volume o f poly(A)+ RNA (1 pg) was pipetted into a sterile 0.2 ml microfuge tube. 

1 pi random primer CDS III/6 and 2 pi H2O were added to the RNA. The tube contents was 

mixed gently and subjected to a pulse spin. The sample was incubated at 72°C for 2 min 

and chilled on ice. The first-strand cDNA synthesis reaction was prepared as described 

above, resulting in a 9 pi reaction volume. The sample was incubated at 25°C for 10 min 

before an additional incubation at 42°C for 10 min. 1 pi SMART III primer (10 pmol) was 

added to the sample. The 10 pi sample was subjected to a pulse spin and incubated at 42°C 

for 1 h. The first-strand random-primed cDNA product was stored at -20°C if  not 

immediately used for long distance PCR (see below).

• Amplification of double-stranded cDNA by long distance PCR (LD-PCR)

The first-strand cDNA product was used as a template for double-stranded (ds) cDNA 

amplification by long distance PCR (LD-PCR) using the Advantage 2 PCR kit (included in 

the Matchmaker library construction and screening kit; Clontech). A PCR reaction was 

prepared by mixing 2 pi o f first-strand cDNA product with 1 x Advantage 2 PCR buffer 

(15 mM KOAc, 3.5 mM Mg(0 Ac)2, 3.75 pg/ml BSA, 0.005% Tween-20, 0.005% Nonidet
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P-40, 40 mM Tricine-KOH, pH 8.7), 0.2 mM dNTP mix, 0.2 pM 5’ PCR primer, 0.2 pM 

3’ PCR primer, 0.5 M GC-Melt solution and 1 x Advantage 2 Polymerase Mix (Titanium 

Taq DNA polymerase, proofreading polymerase and TaqStart antibody in 1% glycerol,

1.5 mM KCl, 1 pM EDTA, 0.3 mM Tris-HCl, pH 8). The final reaction volume was made 

up to 100 pi with dH20 . The PCR reaction was mixed thoroughly by tapping and subjected 

to a pulse spin before placing the sample tubes in a preheated (95°C) thermal cycler. The 

following PCR program was initiated: a 95°C dénaturation (30 sec) was followed by 25 

cycles of dénaturation at 95°C (10 sec) and annealing/extension at 68°C (6 min). An 

additional incubation at 68°C for 6 min proceeded the 25 cycles to complete the reaction. A 

5 pi aliquot o f the PCR product was analyzed alongside 1 pg o f a 1 kb DNA ladder on a 

1.5% (w/v) agarose/ethidium bromide gel to check for the quality o f the synthesized cDNA 

library.

• Column purification of ds cDNA

Chroma Spin TE-400 columns (Clontech) were used to purify ds cDNA. The column was 

inverted before use to resuspend the gel matrix. The column was fitted into a 1.5 ml 

microcentrifiige tube and subjected to centrifugation at 1,000 g for 5 min. The 1.5 ml tube 

containing column equilibration buffer was discarded and the column was inserted into a 

fresh 1.5 ml microcentrifiige tube. The ds cDNA sample remaining from the gel loading 

(-95 pi) was added to the centre o f the column and the sample was centrifuged at 1,000 g 

for 5 min. The column was discarded and the purified sample was collected in the 1.5 ml 

tube. The oligo(dT)- and random-primed reactions were pooled at this stage. The purified 

sample was subjected to a sodium acetate/ethanol precipitation. 250 pi ethanol (96%) and 

10 pi sodium acetate (3 M) were added to the purified sample, gently mixed and chilled on 

dry ice for 1 h. The DNA was recovered by centrifugation at 16,000 g for 20 min. The 

supernatant was discarded by careful pipetting and an additional centrifiigation at 16,000 g 

for 1 min was carried out to aid the removal of residual ethanol. Following air-drying for 5 

min, the pellet was resuspended in 20 pi dHzO and mixed gently. The column-purified 

sodium acetate/ethanol-precipitated cDNA was stored at -20°C until the two-hybrid library 

construction.
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C onstructing and screening a tw o-hybrid cD N A  library

• Preparation of competent L40 yeast cells

100 ml YPD plus adenine inoculated with a single colony o f L40 picked from a freshly 

streaked stock plate was incubated overnight at 30°C with shaking. The ODeoo of the 

overnight culture was determined. 200 ml fresh pre-warmed YPD plus adenine was 

inoculated with the overnight culture to give an GDgoo o f -0.25. A further incubation at 

30°C with shaking for 3 h resulted in an ODeoo o f -0 .7  (a mid-log phase culture). The cells 

were harvested by centrifugation 1,000 g for 5 min and resuspended in 50 ml sterile H2O. 

The cells were pelleted at 1,000 g for 5 min and resuspended in 3 ml 1.1 x TE/LiAc 

(11 mM Tris-HCl, 1.1 mM EDTA, 111 mM LiAc). -1 .5  ml resuspended cells were 

transferred to 2 x 1.5 ml microcentrifuge tubes. The cells were further washed by pelleting 

at 16,000 g for 15 sec and resuspended in 600 pi 1.1 x TE/LiAc.

• Co-transformation of L40 with ds cDNA, pGADT7-Rec and pGLex-DJ-1

600 pi cells suspended in 1.1 x TE/LiAc were added to a 1.5 ml microcentrifuge tube 

containing 20 pi thawed ds cDNA (the column-purified product), 6 pi 5'mul-linearized 

pGADT7-Rec vector (3 pg), 10 pi pGLex-DJ-1 (5 pg) and 20 pi denatured herring sperm 

DNA (200 pg). The DNA and added cells were mixed by tapping and inverting the tube.

2.5 ml PEG solution (40% (v/v) PEG, 1 x TE, 1 x LiAc) was added to a 15 ml tube. The 

contents of the DNA/cell mixture tube was transferred to the PEG solution, thoroughly 

mixed and incubated at 30°C for 45 min. The cells were mixed every 15 min. 160 pi 

DMSO was added and the tube contents was mixed. The cells were heat-shocked in a 42°C 

water bath for 20 min, with mixing every 10 min. Following heat-shock the cells were 

subjected to centrifugation at 1,000 g for 1 min and resuspended in 3 ml YPD Plus liquid 

medium (Clontech). The cells were incubated at 30°C for 90 min with shaking. Following 

the 30°C incubation the cells were subjected to centrifugation at 1,000 g for 1 min and 

resuspended in 6 ml 0.9% (w/v) NaCl solution.

• Transformation efficiency

A 30 pi aliquot from the 6 ml cell suspension (0.9% (w/v) NaCl solution) was made up to 

750 pi with 0.9% (w/v) NaCl solution and 150 pi was spread onto two SD/-Leu and two
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SD/-Leu/-Trp selection plates. The plates were incubated at 30°C for 2-3 days until 

colonies appeared.

• Selection of co-transformants expressing interacting proteins

The remaining volume o f the 6 ml cell suspension was spread on 150 mm SD/-Leu/-Trp/ 

-His agar plates plus 2.5 or 5 mM 3-AT. 300 pi o f cell suspension was spread on each plate, 

resulting in 20 library plates. These plates were incubated at 30°C and checked for colonies 

for up to 10 days post plating.

• Co-transformation of L40 with control plasmids 

Positive control:pGLex-DJ-1 andpACT2-D J-l

50 pi cells suspended in 1.1 x TE/LiAc were added to a 1.5 ml microcentrifuge tube 

containing 2 pi pGLex-DJ-1 (1 pg), 2 pi pACT2-DJ-l (1 pg) and 5 pi denatured herring 

sperm DNA (50 pg). The DNA and added cells were mixed before adding 500 pi PEG 

solution (40% (w/v) PEG, 1 x TE, 1 x LiAc). After mixing, the tube was incubated at 30°C 

for 45 min, shaking every 15 min. 20 pi DMSO was added and the tube contents was 

mixed. The cells were heat-shocked at 42°C for 20 min, mixing the cells every 10 min. 

Following the heat-shock the cells were subjected to centrifugation at 16,000 g for 15 sec 

and resuspended in 1 ml YPD Plus liquid medium. The cells were incubated at 30°C for 90 

min with shaking. Following the 30°C incubation the cells were subjected to centrifugation 

at 16,000 g for 15 sec and resuspended in 1 ml 0.9% (w/v) NaCl solution.

Negative control:pGLex-DJ-1 andpACT2 vector

50 pi cells suspended in 1.1 x TE/LiAc were added to a 1.5 ml microcentrifuge tube 

containing 2 pi pGLex-DJ-1 (1 pg), 2 pi pACT2 vector (1 pg) and 5 pi herring sperm DNA 

(50 pg; denatured). The DNA and cell mix was processed as for the positive control 

detailed above.

• Selection for control plasmids

500 pi o f the positive control transformation and 500 pi o f the negative control 

transformation was spread onto two halves o f a SD/-Leu/-Trp/-His plus 2.5 or 5 mM 3-AT 

150 mm agar plate. The remaining 500 pi o f each control was used to spread two SD/-Leu/- 

Trp agar plates.
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2.3.7 Analysis of putative positive clones from YTH screens 

R etesting yeast phenotypes by replica plating

The colonies which grew on SD/-Leu/-Trp/-His library plates were restreaked on SD/-Leu/- 

Trp agar (selecting for both bait and library plasmids). After 2-3 days o f growth at 30°C, 

the colonies were replica plated onto fresh SD/-Leu/-Trp agar. The colonies were 

transferred onto Whatman’s No.54 paper (90 mm circle) which was placed onto fresh 

SD/-Leu/-Trp agar and gently smoothed over. The filter was removed carefully leaving 

remnants o f colonies on both the agar and filter. The replica plate was incubated at 30°C for 

2-3 days. A LacZ freeze-fracture assay was performed on the filter to reveal 

p-galactosidase-positive clones (Section 2.3.4). If the initial library co-transformants 

contained more than one library plasmid a mixture o f white and blue colonies would result 

from the LacZ  freeze-fracture assay due to the segregation o f clones. The true positives 

which contain bait and prey plasmids which encode interacting proteins would turn blue 

due to activation o f the LacZ reporter gene. The X-gal filter was used together with the 

replica plate to select the true positives on the replica plate for preparing minipreps of the 

library plasmid.

Isolation o f  P lasm id D N A  from  Yeast

The QIAprep Miniprep kit (Qiagen) was used to obtain minipreps o f plasmid DNA from 

yeast. A yeast colony from the replica plate was picked using a sterile spreading loop and 

resuspended in a 15 ml tube containing 2 ml Minimal SD Base and the appropriate DO 

supplement (SD/-Leu/-Trp). The culture was incubated at 30°C with vigorous shaking for 

12-16 h. The culture was shaken to ensure complete resuspension of cells before being 

poured into a 1.5 ml microcentrifiige tube containing 50-100 jil glass beads (425-600 pm). 

The culture was subjected to centrifugation at 16,000 g for 1 min and the supernatant was 

removed. A 250 pi volume of pre-chilled resuspension buffer PI (10 mM EDTA, 100 

pg/ml RNase A, 50 mM Tris-HCl, pH 8.0) and 10 pi lyticase (5 U/pl) was added and the 

yeast pellet was resuspended by subjecting the tube contents to a 37°C incubation with 

shaking for 10 min, followed by vigorous shaking for 20 min using a high speed vortexer 

(IKA Vibrax VXR). After an additional incubation with shaking for 5 min at 37°C, the tube 

was removed from incubation and left to stand for 5 min to allow the beads to settle. The
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supernatant was transferred to a fresh 1.5 ml microcentrifuge tube containing 250 pi lysis 

buffer P2 (200 mM NaOH 1% (w/v) SDS) and mixed by gently inverting the tube. The 

lysis reaction was allowed to proceed for 5 min at room temperature before adding 350 pi 

neutralisation buffer N3 (3 M potassium acetate, pH 5.5). After inverting the tube to mix, 

the cloudy lysate was centrifuged at 16,000 g for 10 min. The cleared lysate was transferred 

to a QIAprep column and subjected to centrifugation at 16,000 g for 1 min. The flow

through was discarded and the column was washed with 750 pi wash buffer PE (containing 

ethanol). The addition o f wash buffer was followed by a centrifugation step at 16,000 g for 

1 min, discarding o f the flow-through, and an additional centrifugation step at 16,000 g for 

1 min to remove any residual wash buffer. The QIAprep column was placed in a fresh 1.5 

ml microcentrifuge tube and the DNA was eluted by the addition o f 20 pi elution buffer EB 

(10 mM Tris-HCl, pH 8.5) and centrifugation at 16,000 g for 1 min.

T ransform ation o f  the yeast-purified  plasm id D N A  into E, coli

To grow stocks o f prey plasmids, 10 pi yeast-purified plasmid DNA was transformed into 

E. coli following the protocol described in Section 2.1.3. To select for transformants 

containing the library plasmid the transformation was plated on LB agar containing 

ampicillin. The FastPlasmid Mini Kit (Eppendorf) was used to obtain minipreps of plasmid 

DNA ffomE. coli following the protocol described in Section 2.1.4.

R estriction  enzym e digest o f  E, co//-purified p lasm id D N A

The size o f the cDNA insert within the library vector pGADT7-Rec was revealed by 

performing a restriction enzyme digest on E. co//-purified minipreps o f plasmid DNA. 5 pi 

miniprep DNA (-1-2 pg) was mixed with 3 pi H2O and 1 pi 10 x NEB Buffer 4 in a 1.5 ml 

microcentrifuge tube. Restriction enzymes Ndel and Xho\ (0.5 pi of each enzyme at 20 

U/pl) were added and after a mix and pulse spin the reaction was incubated for 1 h at 37°C. 

The entire reaction volume was loaded onto a 1.5% (w/v) agarose gel and run for 30 min at 

100 V against a 1 kb DNA ladder (Invitrogen).

Sequencing the cD N A  inserts

The sequences o f the GAL4 AD F and pGADT7-Rec R sequencing primers are detailed in 

Table 2.3.4. The GAL4 AD F sequencing primer was used to sequence the cDNA insert in 

the forward direction. The GAL4 AD F sequencing read was used to reveal the identity of
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the insert and whether an identified coding region was in-frame with the GAL4 AD. The 

pGADT7-Rec R sequencing primer was used to sequence the cDNA insert in the reverse 

direction. The identity o f the cDNA insert was established using the Basic Local Alignment 

Search Tool (BLAST; www.ncbi.nlm.nih.gov).

Primer name Sequence
SMART III 5 ' -AAGCAGTGGTATCAA.CGCAGAGTGGCCATTATGGCCGGG-3 '

CDS III 5 ' -ATTCTAGAGGCCGAGGCGGCCGACATG-dT3oVN-3 '

CDS III/6 5 ' -ATTCTAGAGGCCGAGGCGGCCGACATG-NNNNNN-3'

5 'PCR 5 ' -TTCCACCCAAGCAGTGGTATCAACGCAGAGTGG-3'

3 'PC R 5 ' -GTATCGATGCCCACCCTCTAGAGGCCGAGGCGGCCGACA-3'

GAL4 A D F 5 ' -AATACCACTACAATGGATGATGTAT-3'

pGADT7-Rec R 5 ' -AATTGAGATGGTGCACGATGCACAG-3'

Table 2.3.4 Oligonucleotide sequencing primers used to identify cDNA clones. Sequences of 
the primers involved in first-strand cDNA synthesis, ds cDNA synthesis and sequencing the cDNA 
inserts within the library vector pGADT7-Rec are shown. N = A, G, C or T; V = A, 0  or C

2.4 CULTURING OF HEK293 CELLS AND PROTEIN METHODS

2.4.1 Materials
ECL detection kit, Rainbow molecular weight marker, calmodulin and IgG Sepharose and 

were purchased from Amersham Biosciences (Bucks, UK). Acrylamide/N,N’- 

methylenebisacrylamide (acrylamide/bisacrylamide), Bradford reagent. Poly-prep 

chromatography columns and Tris/glycine/SDS Buffer were purchased from Bio-Rad 

Laboratories UK Ltd (Herts, UK). Cryogenic vials were purchased from Coming 

(Leicestershire, UK). Acetic acid, coverslips and methanol were purchased from BDH 

Laboratory Supplies (Poole, UK). DMEM, goat anti-rabbit Alexa Fluor 488 antibody, goat 

anti-mouse Alexa Fluor 594 antibody, horse semm, NuPAGE Bis-Tris pre-cast gels, LDS 

loading buffer, reducing agent, MOPS-SDS running buffer and TO-PRO-3 were purchased 

from Invitrogen Ltd (Paisley, UK). Perfect protein marker was purchased from Merck 

(Dorset, UK). Polyvinylidene fluoride (PVDF) transfer membrane was purchased from 

Millipore UK Ltd (Herts, UK). Foetal bovine serum (FBS) was purchased from PAA 

Laboratories Ltd (Somerset, UK). Effectene transfection reagent kit was purchased from

http://www.ncbi.nlm.nih.gov
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Qiagen Ltd (West Sussex, UK). Protease inhibitor cocktail tablets were purchased from 

Roche Diagnostics Ltd (West Sussex, UK). Goat anti-mouse and goat anti rabbit IgG HR? 

were purchased from Santa Cruz Biotechnology Inc. (Middlesex, UK). Ammonium 

chloride, ammonium persulphate, anti-FLAG M2 agarose, bovine serum albumin (BSA), 

calcium chloride, Coomassie Blue R-250, 1,3-diazole (Imidazole), dimethyl sulphoxide 

(DMSO), dithiothreitol (DTT), ethylene glycol-bis (p-aminoethyl ether)-A,A,A',A- 

tetraacetic acid (EGTA), FLAG peptide, gentamicin (G-418), glycerol, glycine, goat anti- 

Rabbit IgG (whole molecule)-TRITC antibody, magnesium acetate, P-mercaptoethanol, 

octylphenyl-polyethylene glycol (Nonidet P-40), paraformaldehyde, penicillin- 

streptomycin solution, phosphate buffered saline (PBS) tablets, polyethylene glycol 

sorbitan monolaurate (Tween-20), poly-L-lysine, sodium chloride, sodium dodecyl sulphate 

(SDS), N,N,N',N'-tetramethylethylenediamine (TEMED), tris(hydroxymethyl)methylamine 

(Tris-base), 4-(l,l,3,3-tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) and 

trypsin solution were purchased from Sigma-Aldrich Company Ltd (Dorset, UK). Gel- 

Saver II tips were purchased from Starlab UK (Bucks, UK). Mounting slides were 

purchased from VWR International Ltd (Poole, U.K.). Vectashield mounting medium was 

purchased from Vectorlabs (Peterborough, UK).

A ntibodies

Monoclonal anti-FLAG (M2) antibody and monoclonal anti-a-tubulin (DM lA) were 

purchased from Sigma-Aldrich Company Ltd (Dorset, UK). Polyclonal anti-LexA antibody 

and monoclonal anti-V5 antibody were purchased from Invitrogen Ltd (Paisley, UK). 

Monoclonal anti-c-Myc (9E11) antibody was purchased from Abeam Ltd (Cambs, UK). 

Polyclonal anti-TAP antibody was purchased from Open Bio systems (Cambs, UK). 

Monoclonal anti-DJ-1 antibody was purchased from Stressgen Biotechnologies (Victoria, 

Canada) and polyclonal anti-DJ-1 antibody (#2134) was purchased from New England 

Biolabs (Herts, UK).

Cell lines

Human Embryonic Kidney (HEK) 293 cells were obtained from the European Collection of 

Cell Cultures (Dorset, UK). HEK293T cells were a gift from Dr E. Deas (The Institute of 

Cancer Research, Fulham, London, UK).



METHODS 77

2.4.2 The cell culture laboratory and equipment
All cell handling was performed in a class II laminar flow hood. Sterile techniques were 

adopted to prevent contaminating microorganisms entering the cultures. The cell culture 

incubator was maintained at 37°C and supplied with 5% CO2 at all times. An inverted 

microscope was used to monitor cells in culture. A Denley BS400 centrifuge was used to 

spin down cells and a water bath was used to warm media to 37°C prior to use. Tissue 

culture (TC) flasks with a 75 cm  ̂base (T-75 flasks) were used for routine cell culture of 

adherent cells. TC dishes were used for routine transfections.

2.4.3 Preparation of cell culture medium
HEK293 and HEK293T cells were cultured in Dulbecco’s modified Eagles medium 

(DMEM; 4500 mg/L glucose, L-glutamine, pyruvate) supplemented with 10% (v/v) foetal 

bovine serum (FBS) and 1% (v/v) penicillin/streptomycin (pen/strep; 10,000 U/ml 

penicillin and 10 mg/ml streptomycin). Once prepared the medium was stored at 4°C and 

pre-warmed to 37°C before use. In the subsequent text serum- and antibiotic-supplemented 

DMEM is referred to as DMEM.

2.4.4 Thawing of cryopreserved cells
The cryopreserved cells were removed from -150°C storage and rapidly thawed in a 37°C 

water bath. The cells were resuspended in 1 ml DMEM and transferred to a tissue culture 

flask containing 20 ml DMEM. The flask was agitated before incubation at 37°C.

2.4.5 Subculturing of HEK293 and HEK293T cells
The confluency o f the cell monolayer on the flask base surface was estimated by 

observation using an inverted optical microscope. The cells were routinely passaged at a 

confluency o f -70-80%. The pancreatic protease trypsin in combination with the chelating 

agent EDTA was used to detach the cells from each other and from the surface o f the flask. 

The DMEM from a flask containing a -70-80% confluent cell monolayer was removed 

using a sterile pipette. 1 ml pre-warmed trypsin solution (0.25% (w/v) trypsin, 0.02% (w/v) 

EDTA) was added and the cells were incubated for -3  min at room temperature. The flask 

was agitated to aid the detachment of cells. Trypsin was deactivated by the addition of 10 

ml DMEM. The cells were washed with the added DMEM by pipetting up and down with a
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sterile pipette. The cell suspension was removed and transferred to a sterile 15 ml Falcon 

tube and subjected to centrifugation at 500 g for 3 min. The supernatant was discarded and 

10 ml DMEM was used to resuspend the pellet. An appropriate volume of the cell 

suspension was used to inoculate a sterile flask containing DMEM to obtain the desired cell 

density. The resulting volume o f the inoculated DMEM was 20 ml. For HEK293T cells a 

split ratio o f 1:10 was performed every 72 h. For HEK293 cells a split ratio o f 1:5 was 

performed every 48-60 h.

2.4.6 Cryopreservation of cells
Cells for cryopreservation were harvested in the log phase o f growth (60-70% confluent). 

The cells were trypsinized and washed with 10 ml DMEM followed by centrifugation at 

500 g for 3 min. The pellet was resuspended in 1 ml 10% (v/v) dimethyl sulphoxide 

(DMSO) in FBS and transferred to a 2 ml cryogenic polypropylene vial. The cryoprotect 

properties o f DMSO protect the cells from disruption during the freeze/thaw process. The 

vial was placed in a quick-freeze container and frozen at -80°C overnight. Following 

freezing, the vial was transferred to a -150°C freezer for long-term storage.

2.4.7 Transfection of cells with plasmid DNA
Effectene - a lipid-based transfection reagent - was used to perform transient transfections 

of adherent cells. Pre-transfection, cells were subcultured and a 2 ml volume o f cell 

suspension was used to seed 40 mm TC dishes. The cells were incubated at 37°C for ~8 h 

and transfected when the dishes were -60% confluent. A total o f 0.8-1 pg DNA was 

pipetted into a sterile 1.5 ml microfuge tube. 12 pi Enhancer was added to the DNA 

followed by an addition o f 60 pi Buffer EC. The DNA-Enhancer mixture was thoroughly 

mixed by pipetting up and down. The ratio o f DNA to Enhancer enabled efficient 

condensation o f DNA with Enhancer to occur. A 15 pi volume o f Effectene transfection 

reagent was added to the DNA-Enhancer mixture and the complete mixture was thoroughly 

mixed. The samples were incubated for 5-10 min at room temperature to allow the 

formation o f Effectene-DNA complexes. After a final mix, the entire volume of the 

transfection mixtures were added drop-wise onto the cells in the 40 mm dishes. The dishes 

were gently swirled to ensure a uniform distribution o f the transfection mixture. The cells 

were incubated at 37°C for 12-16 h. For transfections involving 100 mm TC dishes the
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protocol was adjusted. A 10 ml volume o f cell suspension was used to seed 100 mm dishes 

and a total o f 2 pg DNA, 16 pi Enhancer, 280 pi Buffer EC and 50 pi Effectene were used 

in the transfection mix.

2.4.8 Extraction of proteins from transfected HEK293T cells

All stages in protein extraction and the subsequent co-purification procedure were 

performed at 4°C

Cell lysis and preparation  o f cell lysate

24 h post-transfection, the media from the dishes was carefully drained and the cells were 

washed by the addition o f 1.5 ml 1 x phosphate buffered saline (PBS; 10 mM phosphate 

buffer containing KH2PO4 and K2HPO4, 2.7 mM KCl, 0.137 M NaCl, pH 7.4). The cells 

were transferred to chilled 1.5 ml microfuge tubes and subjected to centrifugation at 

1,000 g at 4°C for 2 min. The supernatant was removed and the cells were lysed by the 

addition o f 550 pi pre-chilled 1% (v/v) Nonidet P-40 or 1% (v/v) Triton X-100 lysis buffer 

(150jjlM NaCl, 10 pM Tris-HCl, pH 8, 1 x Complete protease inhibitor cocktail, in PBS). 

The tubes were inverted to resuspend the cells before incubating the samples at 4°C on a 

turning disk for 1 h. The lysed cellular material was subjected to centrifugation at 3,000 g at 

4°C for 20 min. The supernatant (whole-cell lysate) was transferred to a fresh pre-chilled 

1.5 ml microfuge tube. Approximately 50 pi o f lysate sample was stored at -20°C until 

SDS-PAGE analysis (Section 2.4.9). The remaining -500  pi was used for IgG sepharose 

binding or anti-FLAG agarose binding (see below).

Purification o f tandem  affinity purification (TA P) fusion proteins

IgG sepharose, an affinity chromatography gel with human IgG covalently coupled to it 

which specifically binds to protein A, was used to purify tandem affinity purification (TAP) 

tagged proteins o f interest via the Protein A peptide o f the TAP tag. The tobacco etch virus 

(TEV) protease cleavage site which lies between the Protein A peptide and the protein of 

interest allowed the protein of interest to be cleanly eluted from the IgG sepharose.

• IgG sepharose binding

Prior to IgG sepharose binding, the IgG sepharose beads were washed by adding 50 pi of 

the bead slurry to a 1.5 ml microfuge tube containing 1 ml 0.1% (v/v) Nonidet P-40 or
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0.1% (v/v) Triton X-100 wash buffer (150 |iM NaCl, 10 \iM Tris-HCl, pH 7.8). After 

inverting the tubes several times, the beads were subjected to centrifugation at 1,500 g for 1 

min. The wash buffer was removed and -500 pi cell lysate was added to the washed beads. 

The tubes were inverted before incubating the samples at 4°C on a turning disk for 2 h. 

After the binding incubation the beads were subjected to a centrifugation at 3,000 g at 4°C 

for 5 min and the supernatant was removed. The beads were washed three times to remove 

non-specific binding proteins: 1 ml wash buffer was added to the beads before inverting the 

tubes several times and incubating at 4°C on a turning disk for 10 min. In addition the 

beads were washed with 1 x tobacco etch virus (TEV) buffer (0.5 pM EDTA, pH 8, 50 pM 

Tris-HCl, pH 8). After washing the beads with 1 x TEV buffer the beads were subjected to 

centrifugation at 3,000 g at 4°C for 5 min. The supernatant was removed using Gel-Saver II 

tips in an attempt to drain the beads as much as possible without removing any beads.

• Cleavage with tobacco etch virus (TEV) protease

The TEV cleavage was carried out in 1 x TEV buffer and 1 mM dithiothreitol (DTT). TEV 

buffer and DTT were added to the drained beads, followed by H2O and 10 units AcTEV 

protease to give a final volume o f 150 pi. The tubes were inverted several times to mix the 

TEV cleavage reaction and incubated overnight at 4°C on a turning disk. Post-cleavage, the 

beads were subjected to a spin at 16,000 g for 1 min and 100 pi o f the supernatant was 

transferred to a fresh 1.5 ml microfuge tube. The supernatant was stored at -20°C until 

SDS-PAGE analysis (Section 2.4.9).

Purification o f FL A G -tagged fusion proteins

Anti-FLAG agarose was used to purify FLAG fusion proteins. Purified murine IgGi 

monoclonal antibody is covalently attached to the agarose which binds specifically to the 

FLAG octapeptide (N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C).

• Anti-FLAG agarose binding

Prior to anti-FLAG agarose bead binding, the agarose was washed by adding 50 pi of the 

resin to a 1.5 ml microfuge tube containing 1 ml 0.1% (v/v) Nonidet P-40 wash buffer (150 

pM NaCl, 10 pM Tris-HCl; pH 7.8). The tubes were inverted several times before 

subjecting the beads to centrifugation at 1,500 g for 1 min. The wash buffer was removed 

and -500 pi cell lysate was added to the washed gel beads. The tubes were inverted before
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incubation at 4°C on a turning disk for 2 h. After the binding incubation the agarose beads 

were subjected to centrifugation at 3,000 g at 4°C for 5 min and the supernatant was 

removed. The beads were washed three times to remove non-specific binding proteins: the 

addition o f 1 ml wash buffer was followed by inverting the tubes several times and 

incubating at 4°C on a turning disk for 10 min. The washed beads were subjected to a spin 

at 3,000 g at 4°C for 5 min. The supernatant was removed using gel loading tips without the 

loss o f beads.

• Elution of FLAG fusion proteins from FLAG beads

The bound FLAG fusion proteins were eluted from the FLAG agarose beads by 

competitive elution with FLAG peptide. FLAG peptide is a synthetic octapeptide (N-Asp- 

Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C). A 100 pi volume o f a solution containing 150 ng/pl 

FLAG peptide was added to the drained beads. The beads were incubated at room 

temperature for 30 min, tapping to mix every 5 min. After the incubation, the beads were 

subjected to centrifugation at 16,000 g for 1 min and 80 pi o f supernatant was transferred to 

a fresh 1.5 ml microfuge tube and stored at -20°C until SDS-PAGE analysis (Section 

2.4.9).

D eterm ination o f protein  concentration in lysate sam ples

The protein concentration o f cell lysate samples was determined using the Quick Start 

Bradford 1 x Dye reagent. The procedure was based on the method o f Bradford (1976); 

Coomassie dye (Brilliant Blue G-250) binds to protein molecules at an acidic pH, 

producing a colour change from red-brown to blue. The absorption o f each sample was 

measured at 600 nm using a spectrophotometer and compared with a calibration plot for 

bovine serum albumin (BSA). A concentration series o f BSA (1-10 mg/ml) was prepared 

using the same detergent-based buffer as the sample protein. An example of a BSA 

calibration plot using Nonidet P-40 lysis buffer is shown in Figure 2.4.1.
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Figure 2.4.1 A BSA calibration plot using Nonidet P-40 lysis buffer. The equation for the line of 
best fit was used to calculate the protein concentration of the lysate samples.

2.4.9 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
Two gel systems were employed for SDS-PAGE: the NuPAGE system (Invitrogen) and the 

Mini-Protean II system (Bio-Rad). The NuPAGE system was useful for running samples 

loaded on pre-east gels and the Mini-Protean II system was used for running gels which 

were made in the laboratory.

The N u P A G E  electrop h oresis system

Due to the absence o f SDS in the NuPAGE polyacrylamide gels, a denaturing environment 

for PAGE was created by the use o f a denaturing running buffer and sample loading buffer. 

The NuPAGE Mini-Cell was used to run up to two 10-well Nupage Bis-Tris (Bis (2- 

hydroxyethyl) imino-tris (hydroxymethyl) methane-HCI) pre-cast mini gels (containing 

acrylamide, bisacrylamide and ammonium persulphate; pH 6.4). The NuPAGE Midi-Cell 

was used to run up to four 20-well NuPAGE Bis-Tris pre-cast midi gels (which consist of 

the same chemical composition as mini gels). A pre-cast gel was assembled in a buffer core 

and placed in a gel tank. A 1 x MOPS-SDS running buffer (2.5 mM 3-(n-morpholino) 

propane sulphonic acid [MOPS], 2.5 mM Tris-base, 0.005% (w/v) SDS, 50 pM EDTA, pH 

7.7) was prepared and poured into the gel tank. The sample wells o f each gel were rinsed 

with running buffer using Gel-Saver 11 gel loading tips.

• Sample preparation for SDS-PAGE

After quantifying the protein content in the lysate samples, a 5 pi volume o f NuPAGE 

lithium dodecyl sulphate (LDS) sample loading buffer (106 mM Tris-HCl, 141 mM Tris 

base, 2% LDS, 10% glycerol, 0.51 mM EDTA, 0.22 mM Coomassie Blue G-250, 0.175
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mM Phenol Red, pH 8) and 2 pi NuPAGE reducing agent (500 mM DTT) was added to a 

volume o f lysate sample containing ~50 pg protein. Samples were mixed and subjected to a 

pulse spin before being heated to 90°C for 5 min. For IgG- and FLAG-purified samples, a 5 

pi volume o f NuPAGE LDS loading buffer and 2 pi NuPAGE reducing agent was added to 

18 pi o f sample for a midi gel and 35 pi of sample for a mini gel.

• Gel loading and PAGE

The denatured samples were subjected to a pulse spin and loaded onto a 10% or 4-12% 

gradient (w/v) Bis-Tris pre-cast gel using Gel-Saver II gel loading tips. A 10 pi volume of 

Rainbow molecular weight marker was loaded adjacent to the samples on each gel. A 

constant voltage of 150 V was applied to the gel and the samples were electrophoresed for 

1-2 h until the tracking dyes Coomassie Blue G-250 and Phenol Red within the sample 

loading buffer reached the bottom of the gel.

The M ini-Protean II electrophoresis system

The Mini-Protean II apparatus was used to run up to two SDS-polyacrylamide mini gels. 

After assembling the glass plates according to the manufacturer’s instructions, a 5% (w/v) 

acrylamide stacking gel was poured onto the surface of a polymerized resolving gel (10- 

15% (w/v) acrylamide) and a sample well comb was inserted without the formation of air 

bubbles. The comb was removed once polymerization was complete and the wells were 

washed immediately with dHzO to remove any unpolymerized acrylamide. The gel was 

mounted in the electrophoresis apparatus and 1 x Tris/glycine/SDS miming buffer (25 mM 

Tris-base, 192 mM glycine 0.1% (w/v) SDS, pH 8.3) was added to the upper and lower 

chambers o f the gel tank. The sample wells were rinsed with running buffer using Gel- 

Saver II gel loading tips. The samples were prepared and loaded as described above. A 

constant voltage o f 80-100 V was applied to the gel and the samples were electrophoresed 

for 1-2 h until the tracker dyes within the sample loading buffer reached the bottom of the 

gel. SDS-polyacrylamide mini gel recipes are tabulated below (Table 2.4.1 and Table 

2.4.2). The components o f the gel were mixed in the order shown. A 40% (w/v) 

acrylamide/bisacrylamide (37.5:1) solution was purchased from Bio-Rad and stored at 4°C. 

A 20% (w/v) ammonium persulphate solution, prepared in dH20 and stored at 4°C, was 

freshly prepared each week. A 20% (w/v) SDS solution was prepared in dHzO using a
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heated stirrer to facilitate dissolving of SDS and stored at room temperature. A 2 M Tris, 

pH 8 solution (for resolving gels) and a 0.5 M Tris, pH 6.8 solution (for stacking gels) was 

prepared with Tris-base, adjusting the pH with concentrated HCl. Once prepared the buffers 

were stored at room temperature. TEMED was purchased from Sigma Aldrich and stored at 

room temperature.

SDS-polyacrylamide resolving gel Total volume for preparing one gel: 
10 ml

Gel components 10% 12.5% 15%
dHjO 5.415 ml 4.815 ml 4.115 ml
40% (w/v) acrylamide/bisacrylamide 2.5 ml 3.1 ml 3.8 ml
2 M Tris pH 8 2 ml 2 ml 2 ml
20% (w/v) SDS 50 pi 50 pi 50 pi
20 % (w/v) ammonium persulphate 25 pi 25 pi 25 pi
TEMED 10 pi 10 pi 10 pi

Table 2.4.1 Components of resolving SDS-polyacrylamide gels.

SDS-polyacrylamide 5% stacking gel Gel volume

Gel components 5 ml 10 ml
dHaO 3.1 ml 5.95 ml
40% (w/v) acrylamide/bisacrylamide 0.7 ml 1.3 ml
0.5 M Tris pH 6.8 1.3 ml 2.6 ml
20% (w/v) SDS 25 pi 50 pi
20 % (w/v) ammonium persulphate 40 pi 80 pi
TEMED 10 pi 20 pi

Table 2.4.2 Components of a 5% stacking SDS-polyacrylamide gel.

2.4.10 Western blotting
Proteins were transferred from the electrophoresis gel to a polyvinylidene fluoride (PVDF) 

membrane and then probed with antibodies.

Transfer o f  proteins from  polyacrylam ide gel to PV D F m em brane

A transfer buffer (25 mM Tris-base, 192 mM glycine, 20% (v/v) methanol) was prepared. 

Four pieces o f gel-sized Whatman 3MM paper were soaked in transfer buffer and placed on 

the anode platform of a Trans-Blot SD semi-dry electrophoretic transfer cell (Bio-Rad). Air 

bubbles between the pieces o f Whatman 3MM paper were removed. A gel-sized piece of
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0.45 )im PVDF transfer membrane was soaked firstly in 100% methanol and then transfer 

buffer before being placed on the stack of Whatman 3MM paper. The gel was removed 

carefully from the gel cassette, soaked in transfer buffer and placed on the transfer 

membrane. Four additional pieces of transfer buffer-soaked Whatman 3MM paper were 

placed on the gel. The cathode assembly followed by the safety lid o f the semi-dry transfer 

cell were placed on top o f the stack and a constant voltage o f 20 V was applied for 1 h. An 

efficient transfer o f the Rainbow molecular weight marker indicated the complete transfer 

of the sample proteins. The membrane was immersed in transfer buffer until the blocking 

procedure.

B locking unoccupied binding sites on the m em brane

To reduce non-specific binding o f antibodies during the membrane probing steps o f a 

Western blot, the unoccupied protein-binding sites on the membrane were saturated with a 

blocking solution. All blocking solutions were prepared in 1 x PBS. The non-specific 

binding of the anti-FLAG antibody to the membrane during the probing step was reduced 

by the use o f a strong blocking solution containing horse semm (20% (v/v) horse serum). 

For Western blots involving other primary antibodies, milder blocking solutions containing 

non-fat dry milk (Marvel; 5% (w/v) milk) or bovine serum albumin (BSA; 5% (w/v) BSA) 

were sufficient for reducing the non-specific binding. A 50 ml volume of blocking solution 

was prepared and poured onto the membrane within a plastic container. The membrane was 

incubated in blocking solution at 4°C overnight.

B inding o f the prim ary antibody

The primary antibody incubation conditions and wash steps described below for the 

detection o f FLAG-tagged proteins were used for all the primary antibody incubations.

• Detection of FLAG-tagged proteins

For the specific detection o f FLAG-tagged proteins, the mouse monoclonal anti-FLAG 

antibody (M2; Sigma) was used to probe the membrane at a 1:5000 dilution. The 

membrane was subjected to an overnight block in 20% (v/v) horse serum in 1 x PBS 

solution. A 10 ml volume o f 20% (v/v) horse serum in 1 x PBS solution containing 0.05% 

(v/v) polyethylene glycol sorbitan monolaurate (Tween-20) (PBS-T) was prepared and 2 pi 

anti-FLAG antibody was added. The blocked membrane was drained o f the blocking
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solution and the primary antibody mix was added. The primary antibody incubation was 

performed at room temperature for 2 h on a tilting platform. After the primary antibody 

incubation the solution was discarded and the membrane was briefly rinsed with 10 ml 

PBS-T. The rinse was discarded before washing the membrane by adding -15  ml PBS-T 

and placing the container on a tilting platform for 10 min at room temperature. After 

removing the wash solution the wash step was repeated two times.

• Detection of endogenous and exogenous DJ-1 with monoclonal anti-DJ-1

For the specific detection o f endogenous and exogenous DJ-1, the mouse monoclonal anti- 

DJ-1 antibody (3E8; Stressgen) was used to probe the membrane at a 1:2000 or 1:1000 

dilution. The membrane was subjected to an overnight block in 5% (w/v) milk in 1 x PBS. 

A 10 ml volume o f 5% (w/v) milk in PBS-T was prepared and 5 or 10 pi anti-DJ-1 

monoclonal antibody was added.

• Detection of endogenous and exogenous DJ-1 with polyclonal anti-DJ-1

For the specific detection of endogenous and exogenous DJ-1, the rabbit polyclonal anti- 

DJ-1 antibody (#2134; New England Biolabs) was used to probe the membrane at a 1:1000 

dilution. The membrane was subjected to an overnight block in 5% (w/v) milk in 1 x PBS. 

A 10 ml volume of 5% (w/v) milk in PBS-T was prepared and 10 pi anti-DJ-1 polyclonal 

antibody was added.

• Detection of LexA-tagged proteins

For the specific detection o f LexA-tagged proteins, the rabbit polyclonal anti-LexA 

antibody (#46-0710; Invitrogen) was used to probe the membrane at a 1:5000 dilution. The 

membrane was subjected to an overnight block in 5% (w/v) BSA in 1 x PBS. A 10 ml 

volume o f 5% (w/v) BSA in PBS-T was prepared and 2 pi anti-LexA antibody was added.

• Detection of myc-tagged proteins

For the specific detection of myc-tagged proteins, the mouse monoclonal anti-c-myc 

antibody (9E11; Abeam) was used to probe the membrane at a 1:1000 dilution. The 

membrane was subjected to an overnight block in 5% (w/v) milk in 1 x PBS. A 10 ml 

volume o f 5% (w/v) milk in PBS-T was prepared and 10 pi anti-c-myc antibody was added.
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• Detection of TAP-tagged proteins

For the specific detection of TAP-tagged proteins, the rabbit polyclonal anti-TAP antibody 

(Open Biosystems; #CAB1001) was used to probe the membrane at a 1:2000 dilution. The 

membrane was subjected to an overnight block in 5% (w/v) BSA in 1 x PBS. A 10 ml 

volume o f 5% (w/v) BSA in PBS-T was prepared and 5 pi anti-TAP antibody was added.

• Detection of a-tubulin

As a loading control, mouse monoclonal anti-a-tubulin (DM lA; Sigma) was used at a 

1:5000 dilution to detect a-tubulin in the cell lysate samples. The membrane was subjected 

to an overnight block in 5% (w/v) BSA in 1 x PBS. A 10 ml volume o f 5% (w/v) BSA in 

PBS-T was prepared and 2 pi anti-a-tubulin antibody was added.

• Detection of V5-tagged proteins

For the specific detection o f V5-tagged proteins, the mouse monoclonal anti-V5 antibody 

(Invitrogen; #46-0705) was used to probe the membrane at a 1:2500 dilution. The 

membrane was subjected to an overnight block in 5% (w/v) BSA in 1 x PBS. 10 ml 5% 

(w/v) BSA in PBS-T was prepared and 4 pi anti-V5 antibody was added.

B inding o f the secondary antibody  

• Membranes probed with mouse primary antibody

Goat anti-mouse immunoglobulin (IgG) conjugated to horseradish peroxidase (HRP) was 

used as a secondary antibody for membranes probed with mouse-derived primary antibody. 

The goat anti-mouse IgG HRP secondary antibody was used to probe the membrane at a 

1:2000 dilution. The wash buffer was drained from the membrane with an electronic pipette 

and 10 ml volume o f the appropriate block in PBS-T with 2.5 pi anti-mouse IgG HRP 

antibody was added. The membrane was incubated for 1 h at room temperature on a tilting 

platform. Following the incubation the membrane was washed three times with PBS-T. 

After washing, the membrane can be stored for 1 -2 days at 4°C immersed in wash buffer 

until the time of exposure.

• Membranes probed with rabbit primary antibody

Goat anti-rabbit immunoglobulin (IgG) conjugated to horseradish peroxidase (HRP) was 

used as a secondary antibody for membranes probed with rabbit antibody. The goat anti
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rabbit IgG HRP secondary antibody was used to probe the membrane at a 1:2000 dilution 

as described for anti-mouse IgG HRP antibody above.

Enhanced chem ilum inescence (ECL) detection

The secondary antibodies were detected using the enhanced chemiluminescence (ECL) kit 

according to the manufacturer’s instructions (Amersham Biosciences). The procedure 

detects the presence o f specific proteins bound indirectly, via a specific primary antibody, 

to HRP-labelled secondary antibodies on a PVDF membrane. The oxidation of the 

chemiluminescent substrate luminol (3-aminophthalhydrazide) by horseradish peroxidase 

in the presence o f hydrogen peroxide results in light emission (Figure 2.4.2). The light 

emission can be detected by a short exposure to autoradiography film or detected using the 

GeneGnome Chemiluminescence Capture and Analysis System (Syngene). A 500 pi 

volume o f detection solution 1 was mixed with 500 pi detection solution 2 on a smooth 

piece of cling film. The wash buffer was drained before placing the probed membrane, 

protein side down, on the detection solution mix. Any bubbles between the membrane and 

the cling film surface were removed. After 1 min, excess detection reagent was removed 

from the membrane using Whatman 3MM paper. When exposing the membrane to 

autoradiography film, the membrane was wrapped and placed, protein side up, in an X-ray 

film cassette. In a dark room, a sheet of autoradiography film was placed on top of the 

membrane and the cassette was closed. The membrane was exposed for 1 sec - 10 min. 

Varying lengths of exposure times were performed in order to produce a good quality blot. 

When using the GeneGnome chemiluminescence bio-imaging system the membrane was 

wrapped in cling film along with a strip o f tracker tape, aiding the visualization of 

molecular weight standards positions, before being developed. Following ECL detection, 

membranes were stored wet and wrapped at 4°C in case the membrane was to be reprobed 

with different antibodies (see below).
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Figure 2.4.2 ECL detection. Horseradish peroxidase catalyzes the oxidation of the 
chemiluminescent substrate luminol (3-aminophthalhydrazide) in the presence of hydrogen 
peroxide, resulting in light emission. Adapted from Wilson and Walker (2005).

R eprobing m em branes

To remove prim ary and secondary antibodies from a membrane in order to reprobe with 

dit'ferent antibodies, the membrane was incubated in stripping solution (0.15 M glycine pH 

2.5, 0.4% (w/v) SDS). The membrane was washed by immersing the membrane in cold 1 x 

PBS on a tilting platform for 1 min followed by immersion in 1 M Tris, pH 6.8, on a tilting 

platform for 1 min. The membrane was then incubated in the stripping solution for 10 min 

on a tilting platform. The stripping procedure was followed by three 10 min washes in

1 X PBS on the tilting platform. The membrane was then ready for the blocking procedure 

and subsequent primary and secondary antibody incubations (see above).

2.4.11 Coomassie staining
Coomassie staining was used to non-specifically detect proteins resolved by SDS-PAGE. 

After transferring the resolved proteins onto PVDF, the m embrane was washed in H2O for

2 min on a tilting platform  before immersion in Coomassie solution (0.1% (v/v) Coomassie 

Blue R-250, 50% (v/v) methanol, 10% (v/v) acetic acid) for 5 min on a tilting platform. The 

membrane was destained by immersing the membrane in destain solution (50% (v/v) 

methanol, 10% (v/v) acetic acid) for 2 min on a tilting platform. The destain step was 

performed up to three times until distinct protein bands were apparent. The membrane was 

washed twice in H2O for 2 min for remove the destain solution.
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2.4.12 Protein complex purification utilizing the tandem affinity 

purification (TAP) method 

A m plification  o f DJ-1 from  cell line cD NAs

PCR amplification was performed using cDNA derived from HEK293 cells to confirm the 

expression o f endogenous DJ-1. Oligonucleotide primers were designed to anneal to the 

non-coding sequence upstream of exon 2 o f DJ-1, and the non-coding sequence 

downstream of exon 7 of DJ-1 (Table 2.4.3). A Pfx accuprime PCR was performed (Section 

2.2.2, PCR reaction 4) using cDNA derived from various human cell lines.

Primer Sequence (5 ' -  3 ' )
DJl F CCGAATTCCGCAGGAAGAGGCGCGGGGTGC

DJl R ACAGTCGACGAATGGATTCCTAACGGCCTG

Table 2.4.3 PCR primer sequences used to amplify DJ-1 from cell line cDNAs.

T ransfection  and selection o f stable cell lines

For stable transfection, HEK293 cells were used to seed a 100 mm TC dish and transfected 

with 1 pg pcDNA3/N-TAP vector or pcDNA3/N-TAP-DJ-l construct using the Effectene 

method (Section 2.4.7). After 24 h o f incubation at 37°C, the cells were split into three 100 

mm plates using fresh DMEM. After an additional 48 h incubation at 37°C the media was 

drained and fresh DMEM containing 400 pg/ml gentamicin (antibiotic G-418 sulphate) was 

added. DMEM containing 400 pg/ml gentamicin is referred to as G-418 selection media in 

the subsequent text. The cells were incubated at 37°C in G-418 selection media for five 

days, with a media change every 48 h. Well separated colonies which formed on the plates 

were selected for picking. The position o f each colony was marked on the underside of the 

plate. A 24-well TC plate containing 1 ml G-418 selection media per well was prepared 

before draining the media from the 100 mm plate holding the colonies to be picked. Each 

colony was transferred to a separate well of the 24-well TC plate using a sterile tip. The 24- 

well TC plate was incubated at 37°C for 36 h before subjecting each clone to trypsin 

treatment and re-seeding of the cells into 6-well TC plates. These 6-well plates were 

incubated at 37°C in G-418 selection media until the clones reached -80% confluence. The
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confluent clones were split into two 6-well TC plates: one poly-L-lysine coated coverslip- 

containing 6-well TC plate for checking protein expression by immunocytochemistry and 

one 6-well TC plate for continuing the growth o f the clones in selection media. Stocks of 

clones were frozen as described in Section 2,4.6.

Cell lysis and preparation o f cell lysates for T A P tagging

In preparation for performing a large-scale TAP experiment ten 100 mm TC dishes were 

seeded with the N-TAP or N-TAP-DJ-1 expressing cell lines. When the cells reached -80%  

confluence in the 100 mm dishes, the media was carefully drained and the cells were 

washed by the addition o f 2 ml 1 x PBS and transferred to a chilled 50 ml Falcon tube. The 

cells from the ten 10 cm dishes were pooled and subjected to centrifugation at 1,000 g at 

4°C for 2 min. The supernatant was removed and 10 ml pre-chilled 1% (v/v) Nonidet P-40 

lysis buffer (150 pM NaCl, 10 pM Tris-HCl, pH 8, 1 x Complete protease inhibitor 

cocktail, in PBS) was added. The tube was tapped several times to resuspend the cells 

before incubating the samples at 4°C on a turning disk for 1 h. The lysed cellular material 

was subjected to centrifugation at 2,500 g at 4°C for 20 min. The supernatant (whole-cell 

lysate) was transferred to a fresh pre-chilled 50 ml Falcon tube. An 80 pi aliquot o f cell 

lysate was collected as a pre-lgG binding control.

L arge-scale IgG  sepharose binding

Prior to IgG sepharose binding the IgG sepharose beads were washed by adding 450 pi of 

the bead slurry to a 50 ml Falcon tube containing 10 ml 0.1% (v/v) Nonidet P-40 wash 

buffer (150 pM NaCl, 10 pM Tris-HCl, pH 7.8). After inverting the tube several times the 

beads were subjected to centrifugation at 1,500 g for 1 min. The wash buffer was removed 

and -1 0  ml lysate was added to the washed beads. The tube was inverted before incubating 

the samples at 4°C on a turning disk for 4 h. After the binding incubation the beads were 

subjected to a centrifugation at 2,500 g at 4°C for 5 min and the supernatant was removed. 

The bound beads were washed three times to remove non-specific binding proteins: after 

the addition o f 10 ml wash buffer the tube was inverted several times before incubating at 

4°C on a turning disk for 10 min. In preparation for TEV cleavage the beads were washed 

with 10 ml 1 X  tobacco etch virus (TEV) buffer (0.5 pM EDTA, 50 pM Tris-HCl, pH 8 )  for 

10 min at 4°C on a turning disk. After one TEV buffer wash the beads were subjected to
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centrifugation at 2,500 g at 4°C for 5 min. The supernatant was removed and the beads 

were resuspended in 10 ml 1 x TEV buffer. After equilibrating a Poly-prep column (Bio- 

Rad) with 5 ml 1 X TEV buffer the resuspended beads were poured into the column. 

Residual beads were washed from the Falcon with 1 x TEV buffer and transferred into the 

column. The TEV buffer was allowed to flow through the column resulting in drained 

beads on the membrane o f the column.

L arge-scale  T E V  protease c leavage

The IgG sepharose column was capped at the bottom before proceeding with the TEV 

cleavage. The TEV cleavage was carried out in 1 x TEV buffer and 1 mM DTT. TEV 

buffer and DTT were added to the drained beads, followed by H2O and 100 units AcTEV 

protease to give a final volume of 1,500 pi. The column was capped at the top and inverted 

several times to mix the TEV cleavage reaction. The sample was incubated overnight at 

4°C on a turning disk. '—  ^

C alm odulin  sep h arose  b ind ing P

A fresh Poly-prep column was capped at the bottom before adding 10 ml calmodulin 

binding buffer (CBB) (150 mM NaCl, 1 mM Mg Ac, 1 mM Imidazole, 2 mM CaCb, 0.1% 

(v/v) Nonidet P-40, 10 mM p-mercaptoethanol, 10 mM Tris, pH 8). 200 pi calmodulin 

sepharose bead slurry was added to the column before capping the column and washing the 

beads at 4°C on a turning disk for 5 min. After washing the beads the column was 

uncapped and the CBB was drained from the column by gravity flow. The bottom of the 

column was capped before positioning the TEV cleaved IgG sepharose column above the 

calmodulin sepharose column and allowing the eluate to flow through the calmodulin 

sepharose in a cold room (4°C). 3 ml CBB was used to wash residual eluate from the sides 

o f the IgG sepharose column and transferred to the calmodulin sepharose column. 15 pi 0.2 

M CaCE was added to the resultant -4 .5  ml volume in the calmodulin sepharose column. 

The top and bottom ends o f the calmodulin sepharose column were capped before placing 

the column on a turning disk at 4°C for 2 h. ^

Elution o f bound protein  from  ca lm odulin  sep h arose   ̂ ^

After the calmodulin sepharose binding in the presence o f calcium the column was 

uncapped and the calmodulin sepharose was drained. The drained calmodulin sepharose
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was washed with 30 ml CBB in the cold room (4°C). To elute the bound proteins from the 

calmodulin sepharose 1 ml of calmodulin elution buffer (150 mM NaCl, 1 mM MgAc, 1 

mM Imidazole, 2 mM EGTA, 0.1% (v/v) Nonidet P-40, 10 mM P-mercaptoethanol, 10 mM 

Tris, pH 8) was added to the column and the eluate was collected in a 1.5 ml microfuge 

tube and stored at -20°C until SDS-PAGE analysis (Section 2.4.9). |
 ̂ - A .

2.4.13 Im m unocytochem istry

Cells were seeded in 40 mm TC dishes containing a poly-L-lysine coated coverslip and 

incubated at 37°C. After ~8 h, when the cells were -20%  confluent, the cells were 

transfected (Section 2.4.7), before further incubation at 37°C. All subsequent steps in the 

procedure were carried out at room temperature. 16-24 h post-transfection (when the cells 

were -50%  confluent), the culture media was drained and the cells were washed twice with 

1 X PBS. The cells were then fixed with 4% (w/v) paraformaldehyde for 15 min. After
{\j - \

washing twice with 1 x PBS, the cells were incubated in 50 mM NH4Cl'for 10 min (to , , ,

quench aldehyde groups and reduce background staining during fluorescent detection). The )
A

cells were washed twice with 1 x PBS before permeabilization with 0.1% (v/v) Triton X-  ̂\ 

100 buffer (10% (v/v) FBS, 0.5% (w/v) BSA in 1 x PBS) for 15 min. The cells were , 

washed twice with 1 x PBS before incubating with a blocking solution (10% (v/v) FBS,

0.5% (w/v) BSA in 1 x PBS) for 10 min. After the blocking incubation the cells were ! 

incubated with a primary antibody diluted in blocking solution for 1 h. The cells were 

washed three times with 1 x PBS before incubation with a secondary antibody diluted in 

blocking solution for 30 min. After washing the cells three times with 1 x PBS, the 

coverslip (BDH; thickness #1) was mounted onto a microscope slide using 5 pi Vectashield 

hard set mounting medium (Vectorlabs).

• Detection of EGFP-, DsRed- and HcRed-tagged fusion proteins

Cells were seeded, transfected, fixed and quenched as described above. The cells were 

washed three times with 1 x PBS before mounting the coverslip onto a microscope slide 

using 5 pi Vectashield hard set mounting medium.

• Use of the nucleic acid stain TO-PRO-3

After the secondary antibody incubation (described above) the cells were washed three 

times with 1 x PBS before incubation with the nucleic acid stain TO-PRO-3, at a 1:10,000

i -  M .  U
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dilution, for 10 min. The cells were washed again with 1 x PBS before mounting the 

coverslip onto a microscope slide using 5 p.1 Vectashield hard set mounting medium.

• Confocal microscopy

All confocal images were taken using the Zeiss LSM 510 Microscope and the plan- 

apochromat 63 x /1.4 objective lens (with oil). The argon laser which emits light at a 

wavelength o f 488 was used to detect EGFP. The HeNe laser which emits light at a 

wavelegth o f 543 was used to detect DsRed.

2.5 PLASMID CONSTRUCT GENERATION

Briefly, constructs were mostly generated by (i) performing a PCR amplification using 

oligonucleotide primers where restriction enzyme recognition sites had been incorporated 

into the 5’ end o f the primer, (ii) agarose gel electrophoresis o f the PCR product and 

subsequent DNA purification, (iii) restriction enzyme digestion o f the gel-purified PCR 

product and cloning vector, (iv) phenol/chloroform purification o f the digested DNA, (v) 

ligation of the purified PCR product and cloning vector, catalysed by T4 DNA ligase, (vi) 

transformation o f E. coli with the ligation product, (vii) restriction enzyme analysis of the 

resultant minipreps, and finally (viii) dideoxy sequencing o f the recombinant clones to 

confirm a full-length insert and, in most cases, an encoded in-frame fusion protein. PCR 

conditions and oligonucleotide primer sequences are below. Cloning procedures are 

detailed in Section 2.2. The generation o f constructs by TOPO-cloning is detailed in 

Section 2.2.12.

2.5.1 Template DNA used for PCR amplification
Human brain cDNA (Clontech), cDNA clones purchased from RZPD (German Resource 

Centre for Genome Research) or existing plasmids constructs were used as template DNA 

for PCR amplification of specific DNA sequences. Table 2.5.1 contains the details of the 

human brain and RZPD clones.
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cDNA template Details of template

hFC cDNA Homo sapiens cDNA, derived from frontal cortex poly(A)+ RNA 
(Clontech)

human brain 
cDNA

Homo sapiens cDNA, derived from hippocampal, spinal cord or cerebellar 
poly(A)+ RNA (Clontech)

DKFZ DJBP 
cDNA

DKFZp686C1630Q, Homo sapiens cDNA clone encoding a partial cDNA 
clone for DJBP from the human large cDNA collection 111 derived from 
different tissues, vector: pSPORTl Sfr

DKFZ UBA2 
cDNA

DKFZp434H239Q, Homo sapiens full length cDNA encoding UBA2 from 
a human testis cDNA library 434, vector: pSportl

IMAGE 
DAXXl cDNA

lMAGp998Cl 15401Q, Homo sapiens cDNA clone encoding DAXXl 
from a human stomach adenocarcinoma cDNA library 1276, vector: 
pCMV-Sport6

Table 2.5.1 Template DNA used for PCR amplifications. Human brain poly(A)+ RNA was 
purchased from Clontech and converted to cDNA and the IMAGE and DKFZ clones were 
purchased from RZPD.

2.5.2 PCR amplification conditions
PCR conditions used for the generation o f each construct are detailed below (Table 2.5.2 - 

Table 2.5.7), including templates and extension temperatures and times. PCR 

amplifications involved an initial 94°C dénaturation (2 min) followed by >30 cycles of 

denaturing at 94°C (1 min), annealing at 60°C (1 min) and extension at 68/72°C. The 

extension time was dependant on the template length and polymerase type used. Details of 

each reaction type (1-5) indicated in column 2 o f each table below are provided in Section 

2 .2 .2 .

Cloning into pACT2

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

DJ-1 1

hFC cDNA
68°C, 1 min

30

SUMO-1 1
UBC9 1
DJBP 570 2 68°C, 4 min
DAXX (638-740) 5 IMAGE DAXX 

cDNA
68°C, 1 min

DAXX 5 68°C, 3 min
UBA2 (445-640) 5 DKFZ UBA2 

cDNA
68°C, 1 min

UBA2 5 68°C, 3 min
Table 2.5.2 Cloning into the yeast expression vector pACT2.
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Cloning into pYTH 16, pGBKTT and pE G FP-C l

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

DJ-1 1 hFC cDNA 68°C, 1 min 30

Table 2.5.3 Cloning into yeast vectors pYTH16, pGBKTT and mammalian vector pEGFP-Cl.

Cloning into pcDNA3/C-TAP, pcDls[A3/N-TAP and pcDN A3.1(+)/FLAG

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

DJ-1 5 pACT2-DJ-l 68°C, 1 min 30
Table 2.5.4 Cloning into mammalian expression vectors pcDNA3/C-TAP, pcDNA3/N-TAP 
and pcDNA3.1(+)/FLAG.

Cloning into pcDNA3 .lD /V 5-H is-T O PO

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

DJ-1 5 pACT2-DJ-l 68°C, 1 min 30
SUMO-1 3 pACT2-SUM0-l 72°C, 1 min 30
UBC9 3 pACT2-UBC9 72°C, 1 min 30
DJBP 570 5 pACT2-DJBP 68°C, 2 min 30
PlASxa 3 pGADGHx-PIASxa 72°C, 5 min 21
DJBP splice variants 4 human brain cDNAs 68°C, 8 min 40

Table 2.5.5 Cloning into the mammalian expression vector pcDNA3.1D/V5-His-TOPO. 

Cloning into pRK5m yc

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

SUMO-1 5 pACT2-SUM0-l 68°C, 1 min
30UBC9 5 pACT2-UBC9

DJBP 570 5 pACT2-DJBP
68°C, 2 min

PlASxa 5 pGADGHx-PIASxa
expression vector pRK5myc.

Cloning into pE G FP -N l

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

DJBP SP(1-31)
3

DKFZ DJBP cDNA 72°C, 1 min 30
DJBP SP(l-48)
Full-length DJBP hFC cDNA 72°C, 10 min 35r uii-icugiu ly jur  ̂ v,, iv  i

Table 2.5.7 Cloning into the mammalian expression vector pEGFP-Nl.
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2.5.3 Oligonucleotide primers
Table 2.5.8 contains the sequences for the oligonucleotide primers used in PCR 

amplifications. The oligonucleotide primers used to generate a novel MGS for the pGLex 

vector are shown in Table 2.5.9.

Primer
name Direction Primer sequence Enzyme

DJ-IA 5 ' -GAGGGATCCATGGCTTCCAAAAGAGC-3'

DJ-IB R -TTCCTCGAGCTAGTCTTTAAGAACAA-3' X h o l

DJ-IC - TAAGTCGACAATGGCTTCCAAAAGAG-3 S a l \

DJ-ID R - TTCGAATTCCTAGTCTTTAAGAACAA- 3 ' E c o R l

DJl-E - AACGAATTCATGGCTTCCAAAAGAGC-3 E c o R l

DJBPl -ACTCCATGGGTCATTTTACAAAGCC-3 N c o l

DJBP2 R - CAGCTCGAGCTACTGGAGGAATGCC-3 X h o l

SUMO-1A -TCACCATGGCTGACCAGGAGGCAAA-3' N c o l

SUMO-IB R -AAACTCGAGCTAAACTGTTGAATGA-3' X h o l

UBC9-A -TGACCATGGCGGGGATCGCCCTCAG-3' N c o l

UBC9-B R -GGTCTCGAGTTATGAGGGCGCAAAC-3 X h o l

DAXXl -TTTGGATCCCTATGGCCACCGCTAACAGCA-3 ' B a m R l

DAXX2 R - GGGCTCGAGCTAATCAGAGTCTGAGAGCAC- 3 X h o l

DAXX3 -AGGGGATCCAGCAAACAGGATCAGGGCCAT- 3 ' B a m H l

UBA2-A - CCGCCATGGCACTGTCGCGGGGGCTG-3 N c o l

UBA2-B R -CATCTCGAGTCAATCTAATGCTATGA-3' X h o l

UBA2-C -GTTGGATCCGTGCCAGCAAGCCAGAG-3 B a m H l

pEGFPN-
DJBPl

-TCTCTCGAGGCCACCATGTGCAAAATGGCG-3 X h o l

pEGFPN-
DJBP2 R -GGTGGATCCTGGAGGAATGCCCGGAGGAAG- 3 B a m H l

pEGFPN-
DJBP3 R - GAAGGATCCCTACACGGTGAAGAATGGGGT-3 B a m H l

pEGFPN-
DJBP4 R -GCAGGATCCGTGGTTGAAGAAGATCTGAAC-3' B a m H l

DJ-1-TAPl - TAAGGATCCAATGGCTTCCAAAAGAGC-3 B a m H l

DJ-1-TAP2 R - CGAGAATTCGTCTTTAAGAACAAGTGG-3 jFcoRI
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DJ-1-
NTAPl

5 ' -TATAGTTTAAACATGGCTTCCAAAAGAGCT-3' P m e l

DJ-1-
NTAP2 R 5 ' -CAGTTTAATTAACTAGTCTTTAAGAACAAG-3 ' P a d

pRK5myc-
DJBP570-1

5 ' -TTCGGATCCATGGGTCATTTTACAAA-3' B a m R l

pRK5myc-
DJBP570-2 R 5 ' -CAGTCTAGACTACTGGAGGAATGCCC-3' X b a l

pRK5myc-
SUMO-1-1

5 ' -ACCGGATCCATGTCTGACCAGGAGGC-3' B a m R l

pRK5myc-
SUMO-1-2 R 5 ' -AAATCTAGACTAAACTGTTGAATGAC-3 X b a l

pRKSmyc-
UBC9-1

5 ' -ACTGGATCCATGTCGGGGATCGCCCT-3' B a m R l

pRK5myc-
UBC9-2 R 5 ' -GGTTCTAGATTATGAGGGCGCAAACT-3 X b a l

pRK5myc-
PIAS-1

5 ' -TGGGGATCCATGGCGGATTTCGAAGA-3' B a m R l

pRK5myc-
PIAS-2 R 5 ' -ATTTCTAGATCACTGTTGCACAGTAT-3' X b a l

DJBP
TOPO-1

5 ' -CACCGCCACCATGTGCAAAATGGCGATTAT-3 N/A

DJBP
TOPO-2 R 5 ' -CTGGAGGAATGCCCGGAGGAAGTCGTTGTA-3' N/A

SUMO-1
TOPO-1

5 ' -CACa3CCACCATGTCTGACCAGGAGGCAAA-3 N/A

SUMO-1
TOPO-2 R 5 ' -AACTGTTGAATGACCCCCCGTTTGTTCCTG-3' N/A

UBC9
TOPO-1

5 ' -CACCX3CCACCATGTCGGGGATCGCCCTCAG-3 N/A

UBC9
TOPO-2 R 5 ' -TGAGGGCGCAAACTTCTTGGCTTGTGCTCG-3' N/A

DJ-1
TOPO-1

5 ' -CAC03CCACCGTGCAGGCTTGTAAACATAT-3 N/A

DJ-1
TOPO-2 R 5 ' -GTCTTTAAGAACAAGTGGAGCCTTCACTTG-3 N/A

PIAS
TOPO-1

5 ' -CACOGCCACCATGGCGGATTTCGAAGAGTT-3 N/A

PIAS
TOPO-2 R 5 ' -CTGTTGCACAGTATCAGAAGATGTTCCAAG-3' N/A

MITO-1 5 ' -GTAGAATTCGCCACCATGTCCGTCCTGAC-3 E c o R l

MITO-2 R 5 ' -TCCGGATCCAACGAATGGATCTTGGCGCG-3' B a m R l

Table 2.5.8 Oligonucleotide primers used for cloning. The incorporated restriction enzyme 
recognition sites within the primers are indicated by underlining. The sequence CACC important for 
directional TOPO cloning is indicated in italics, while engineered ideal Kozak consensus sequences 
(GCCACC) upstream of the initiating methionine codon (ATG) are indicated in bold type.
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Primer name
pGLexPl
pGLexP2

Primer sequence
5 ' -AATTCCATATGGCCATGGGATCCCTCGAG-3

5 ' -TCGACTCGAGGGATCCCATGGCCATATGG-3

Table 2.5.9 pGLex oligonucleotide sequences. The oligonucleotide sequences used to construct a 
novel multiple cloning site for the pGLex vector.

2.5.4 Generation of the DsRed-Mito construct
A construct encoding a mitochondrial marker DsRed-M ito was generated for use in 

subcellular localisation experiments. The mitochondrial targeting sequence from human 

cytochrome c oxidase subunit VIII A (NM _004074) was amplified from human frontal 

cortex cDNA (Clontech) using the PCR conditions shown in Table 2.5.10. The forward 

PCR primer M ITOl (EcoRI) and reverse primer {BamHY) were used for the reaction (Table 

2.5.8). The EcoRVBamWl fragment was cloned into the MCS of pD sR edl-N l (Clontech). 

pD sR edl-N l encodes a red fluorescent protein, DsRed 1, downstream of the MCS. DNA 

sequence cloned into the MCS in-frame are expressed as fusions to the N-terminus of 

DsRed 1. The Mito insert is the mitochondrial targeting sequence from human cytochrome c 

oxidase subunit VIII A which encodes the N-terminal 29 amino acids of the protein. The 

Mito sequence fused to the DsRed sequence is shown in Figure 2.5.1.

Cloning into fluorescent tag vector pD sR ed l-N l

Insert Reaction
type DNA Template

Extension 
temperature 

and time
No. of cycles

Mito 1 hFC cDNA 68°C, 1 min 30

Table 2.5.10 Amplification of ‘Mito’. Thermocycling conditions for amplifying the mitochondrial 
targeting sequence from human cytochrome c oxidase subunit VIII A (Mito).

1
6 1
121
1 8 1
2 4 1

MSVLTPLLLRGLTGSARRLPVPRAKIHSLDPPVAT^iVRSSKNVIKEFMRFKVRMEG']

fEFEIEGEGEGRPYEGHNTVKLKVTKGGPLPFAWDILSPQFQYGSKVYVKHPADIPD^ 
SF PEGFKWERVMNFEDGGWTVTQDS SLQDGCFIYKVKFIGVNF PSDGPVMQKKTMC 
MTERLYPRDGVLKGEIHKALKLKDGGHYLVEFKSIYMAXKPVQLPGYYYVDSKLDIT) 

WEDYTIVEQYERTEGRHHLFIT f

Figure 2.5.1 The DsRed-Mito fusion. The cytochrome c oxidase subunit VIII amino acid 
sequence is highlighted in yellow at the N-terminus and the DsRed amino acid sequence is 
highlighted in red.
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3. IDENTIFICATION OF NOVEL DJ-1 INTERACTING 

PROTEINS USING CUSTOM-MADE cDNA LIBRARIES AND 

THE YEAST TWO-HYBRID SYSTEM
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3.1 INTRODUCING THE YEAST TWO-HYBRID SYSTEM  

The basis of the yeast two-hybrid system
The yeast two-hybrid (YTH) system is a sensitive genetic assay for the detection of specific 

protein-protein interactions in vivo. The modular nature of many eukaryotic transcription 

activators enables protein function without the need for covalent bond attachment between 

DNA binding and transcription domains. The YTH system originated in 1987, when 

Stanley Fields conceived the idea of using a DNA-binding domain hybrid protein and an 

activation domain hybrid protein to detect protein-protein interactions. To demonstrate the 

feasibility of the YTH approach, Fields and Song (1989) published the results of an 

experiment assaying the interaction between two yeast proteins that were known to interact: 

SNFl and SNF4. The success of the experiment supported the idea that this approach could 

be used for isolating new interacting protein partners, and the DNA encoding them, by 

searching libraries of transcriptional activation domain hybrids using a known target DNA- 

binding domain hybrid protein (Fields and Song, 1989). The basic two-hybrid system 

involves an interaction of two proteins, fused respectively to the DNA-binding domain and 

activation domain, bringing the physically separated domains into close proximity to 

generate a functional transcriptional activator. The DNA-binding domain serves to localise 

the transcriptional activator to specific DNA sequences upstream of genes being expressed. 

By contrast, the transcriptional activation domain interacts with transcription machinery 

components to initiate the transcription process. Transcriptional activation of reporter genes 

that carry specific binding sites for the DNA-binding domain results in phenotypic 

alteration of the host cell, thereby providing a method of detecting protein-protein 

interaction between the two proteins of interest. A simplified schematic representation of 

the two-hybrid system is illustrated in Figure 3.1.1. When a yeast cell is transformed with 

plasmids encoding DNA-binding domain and activation domain fusion proteins (known as 

‘bait’ and ‘prey’ fusion proteins, respectively) the transcriptional machinery in the yeast 

nucleus is used to synthesize the corresponding mRNAs, that are translocated out of the 

nucleus for translation in the endoplasmic reticulum. If an interaction occurs between the 

fusions, the hybrid is translocated to the nucleus, due to the presence of an engineered 

nuclear localisation signal (NLS) on the activation domain fusion protein. However, an 

interaction can also occur after the translocation of the separate DNA-binding domain and
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activation domain fusion proteins to the nucleus. DNA-binding domain fusions can 

translocate independently to the nucleus due to the presence of a NLS at the N-terminus of 

the fusion, or simply due to the high expression level of the fusion protein. The 

reconstituted transcriptional activator then initiates transcription of one or more reporter 

genes which can be detected phenotypically. Two YTH systems in frequent use are the 

LexA YTH system and the GAL4 YTH system; these systems utilize the DNA-binding 

capability of the E. coli LexA repressor protein and the yeast GAL4 transcriptional 

activator protein, respectively.

DNA-

1. Co-transform  yeast with YTH plasm ids 
Bait Prey

vector   vector

2. Expression of hybrid proteins. 
Interaction between 

proteins X and Y may occur

Bait
Hybrid V IM  Hybrid

3. Hybrid protein com plex 
tran slo ca tes  to 

the yeast nucleus

Transcriptional
Activation

O perator/ 
UAS

Reporter gene

Nucleus

Yeast cell

4. Within the nucleus: localisation of the  reconstitu ted  
transcriptional activator at the upstream  operator/UAS 

via the DNA binding domain

5. Expression of the reporter gene and su b seq u en t detection 
of protein-protein interaction via an altered phenotype 

conferred on host yeast cell

Figure 3.1.1 An overview of the YTH system. Reconstitution of a transcriptional activator by the 
interaction between bait and prey fusion proteins. DNA-BD: DNA-binding domain; AD: activation 
domain
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Yeast reporter strains
Reporter strains contain at least one and often two or three reporter genes integrated into 

the yeast chromosomal DNA. Reporter genes have specific upstream activation sequences 

(UAS) or operators where transcriptional activators localise via their DNA-BD. The 

genotype of the yeast reporter strains L40, AH 109 and Y190 is tabulated in Section 2.3 

(Table 2.3.2). The bacterial LacZ gene and the yeast HIS3 gene are reporter genes 

commonly used in the YTH system and can be controlled by LexA or GAL4 UAS motifs 

depending on the two-hybrid system in use (Figure 3.1.2). The L40 strain contains two 

integrated reporters: the yeast H1S3 gene, under the control of four upstream LexA 

operators, and the bacterial LacZ gene, under the control of eight upstream LexA operators. 

The LacZ and H1S3 reporter genes of the Y 190 strain are under the control of the GAL4- 

responsive GALl promoter. In AH 109 the reporter genes HIS3, ADE2 and LacZ have been 

placed under the control of the GAL4-responsive promoters GALl, GAL2 and MELI, 

respectively.

X
>
<XuU

L40

lexAop(l-4)

lexAop(l-8)

H I S 3

L a c Z

¥190

AH109

G A L l  U A S G A L l  T A T A H I S 3

G A L l  U A S G A L l  T A T A L a c Z

G A L l  U A S G A L l  T A T A H I S 3

G A L 2  U A S G A L 2  T A T A A D E 2

M E L I  U A S M E L I  T A T A L a c Z

l-h

Figure 3.1.2 Yeast reporter strains L40, ¥190 and AH109. The L40 reporter genes are 
responsive to LexA-induced transcriptional activation. ¥190 and AH 109 reporter genes are 
responsive to GAL4-induced transcriptional activation. The GALl, GAL2 and MELI promoters are 
GAL4-responsive.
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The LacZ reporter gene
The E. coli LacZ gene encodes the enzyme P-galactosidase. The expression of this reporter 

gene can be detected when p-galactosidase activity is assayed using the chromogenic 

substrate 5-bromo-4-chloro-3-indolyl-P-D-galactoside (X-gal), resulting in a blue-coloured 

product dichloro-dibromo-indigo (indolyl-blue) (Breeden and Nasmyth, 1985). Freeze- 

fractured yeast colonies are incubated with an X-gal-containing buffer and p-galactosidase 

activity is detected by the blue precipitate formed when the X-gal substrate is cleaved.

The HIS3 reporter gene
The reporter gene HIS3 encodes IGP-dehydratase, an enzyme involved in the biosynthesis 

of histidine. Activation of the HIS3 reporter gene confers histidine prototrophy and results 

in colony growth on histidine-deficient medium, enabling the selection of yeast colonies 

containing potential interacting proteins. The HIS3 reporter gene is more sensitive to 

transcriptional activation than the LacZ reporter gene, enabling the detection of weaker 

interactions. The HIS3 reporter gene is said to have a ‘leaky’ expression in many yeast 

strains, which refers to a basal level of H1S3 expression due to the replacement of the H1S3 

UAS sequences by the GALl UAS (Bartel and Fields, 1997). The basal expression is 

inhibited by supplementing the growth medium with a competitive inhibitor of the HIS3 

gene product (IGP-dehydratase): 3-aminotriazole (3-AT).

3.2 YTH SCREENING

Use of the basic two-hybrid system has been extended to screen cDNA libraries of AD 

hybrids for proteins that interact with a bait protein of interest.

Rationale for attempting to identify novel DJ-1 interacting proteins using 

the YTH system /

Why attempt to identify novel DJ-1 protein interactors?

Protein-protein interactions are an important feature of an extensive range of cellular 

processes. DNA replication, transcription, splicing and translation through to metabolism 

and protein activity regulation are all protein-protein interaction-dependent processes. 

Identification of proteins which interact with a given protein of interest could potentially 

indicate the involvement of the chosen protein in specific cellular processes or pathways. 

To date, the exact function of DJ-1 is unclear due to its diverse roles in numerous cellular

Û, '• ’ - _c/
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processes (see Section 1.3). The identification of DJ-1 as a causative gene for autosomal 

recessive early-onset Parkinson’s disease initiated the search for a link between DJ-1 

function and neurodegeneration. Although there is evidence to suggest that DJ-1 plays a 

neuroprotective role in the oxidative stress response (Taira et al., 2004; Canet-Aviles et al., 

2004), knowledge of the underlying signalling pathways involved is weak. Identifying 

novel DJ-1 protein interactors may clarify the molecular link between DJ-1 function and 

neurodegeneration. [ ' I ^

Why use the YTH system to identify novel interactors? '

There are numerous experimental approaches for detecting novel protein-protein 

interactions. Immunoprécipitation is an in vitro method involving the use of a specific 

antibody to capture the protein of interest and its associated proteins. Immunoprécipitation 

can detect in vivo binding between a specific, endogenously-expressed protein of interest 

and associated proteins within the cell lysate. Although the molecular weight of the 

associated proteins could be revealed by SDS-PAGE and Coomassie staining, the actual 

identification requires the use of additional techniques such as amino acid sequencing or 

mass spectrometry analysis. Immunopurification (affinity purification) is an additional in 

vitro method, involving the use of an affinity tag bound to the protein of interest. This 

method would also require the performance of additional techniques, as described for the 

immunoprécipitation procedure, to identify interacting proteins. Affinity purification and 

immunoprécipitation are methods based on the ability of in vivo protein interactions to 

withstand the cell lysis procedure and subsequent in vitro conditions. Therefore many 

protein interactions, especially transient or weak interactions, may be undetected if the in 

vitro conditions do not favour the correct folding or solubility of the interacting proteins. 

YTH cDNA library screening is a eukaryotic in vivo approach for detecting novel 

interactors of a protein of interest. In the process of the screen the cDNA clones encoding 

potentially novel interactors are isolated, but full-length bait and prey proteins are not 

necessarily required for this interaction. Therefore the interacting domain, in addition to the 

identification of a potential novel protein interactor of a protein of interest, can be 

determined in a two-hybrid screen. The identification of weak or transient interactions is 

made possible by the high sensitivity of the technique due to the amplification effect of 

reporter gene transcription initiation. YTH screening is also a cost-efficient procedure: the
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RNA used to generate cDNA is the only expensive item. Five YTH screens have been 

published to date using DJ-1 as a bait (Takahashi et a l,  2001, Niki et a l ,  2003; Junn et al., 

2005; Sekito et al., 2005, Sekito et al., 2006). The screens were successful in that novel DJ- 

1 interactors were identified, contributing to the understanding of DJ-1 function. This 

supports the justification for performing my own YTH screen using DJ-1.

Study aims

1. Identifying a functional DJ-1 bait

A DJ-1 ‘bait’ comprises a DNA-BD (GAL4- or LexA derived) fused to DJ-1. The 

functionality of the DJ-1 bait was tested for the ability to bind to prey fusion proteins 

consisting of the GAL4 AD fused to a known DJ-1 interacting protein. A positive 

interaction indicated that the DNA-BD protein tag had not altered the overall structural 

conformation of DJ-1 by (i) disturbing the folding process which could result in weak or no 

expression and therefore limited activity, or (ii) occluding the site of interaction. The ideal 

bait should be a non-autoactivator of two independent reporter genes within a yeast strain in 

order to add stringency to the screen.

2. Using a functional DJ-1 bait to identify novel DJ-1 interacting proteins

Screens were performed in two stages to aid the identification of true ‘hit’ colonies: 

transformants selected for HIS3 reporter gene activity were subsequently assayed for LacZ 

reporter gene activity.

Identification of a functional DJ-1 bait
The flowchart in Figure 3.2.1 illustrates the series of steps involved in the preparation for a 

YTH screen. Firstly, the vector system, either GAL4- or LexA-based, and a compatible 

yeast reporter strain was selected. The DJ-1 bait construct was generated and sequenced to 

verify an in-frame DNA-BD fusion. In addition, a known DJ-1 protein interactor was 

cloned into a prey vector and sequenced. The interaction between bait and prey fusions was 

tested by transforming the chosen yeast strain using the standard protocol and assaying for 

reporter gene activity. The detection of an interaction indicated the correct folding and 

functioning of the bait fusion (and prey fusion). The absence of interaction detection 

indicated an expression problem or mislocalisation of the fusions. If the bait was found to 

autoactivate the HIS3 reporter gene (able to initiate HIS3 reporter gene transcription in the
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absence of the interacting prey protein), the growth medium was supplemented with 3-AT 

to reduce background growth. An autoactivating bait could not be used in a library screen 

due to the number of false positives that would arise. A bait which was found not to be 

functional in a small-scale yeast transformation could not be used in a library screen due to 

an inability to bind to known interactors. Re-cloning the protein of interest into different 

bait constructs with different properties could potentially abolish the autoactivation activity 

and generate a functional bait.

Deciding on
(i) a GAL4- or LexA-based Y2H system
(ii) a compatible yeast reporter strain

i
(i) Construction of a bait vector

encoding the protein of interest
(ii) Construction of a prey vector

encoding a protein known to interact 
with the protein of interest

;
Sequence the construct
to verify in-frame fusions

I
Pilot transformation
in the chosen yeast strain

Autoactivation 
not suppressed
by 3-AT

No interaction
between the bait and prey 
via the lacZ  or HISS 
reporter genes

Specific activation
of the lacZ  and HISS reporter genes

Autoactivation
of the reporter genes

i
Library screen using the 
functional,
non-autoactivating bait

Autoactivation
suppressed
by 3-AT

Figure 3.2.1 Flowchart illustrating the steps involved in preparing for a YTH screen.
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Yeast and cloning methods
All methods involving the handling of yeast are detailed in Section 2.3. Methods involving 

DNA manipulation and the generation of plasmid constructs are detailed in Sections 2.2 

and 2.5, respectively.

3.3 IDENTIFICATION OF A NON-AUTO ACTIVATING, 

FUNCTIONAL DJ-1 BAIT

3.3.1 pGBKT7-DJ-l and pYTH16-DJ-l baits
Initial attempts to generate a functional DJ-1 bait in the GAL4 system were unsuccessful. 

DJ-1 was cloned into the GAL4 DNA-BD bait vectors pGBKTT (Clontech) and pYTH16 (a 

gift from Dr Julia White, Glaxo Wellcome Medicines Research Centre, Herts, UK). Since 

DJ-1 is known to exist as a dimer (Miller et a l,  2003), DJ-1 was cloned into the GAL4 AD 

prey vector pACT2 (Clontech) in preparation for testing DJ-l/DJ-1 interaction in the YTH 

system. A known DJ-1 interactor was additionally cloned into pACT2: DJ-1 binding 

protein (DJBP). DJBP was identified by Niki et al. (2003) as a testis-derived DJ-1 protein 

interactor. The known abilities of DJ-1 to (i) self-interact and (ii) interact with DJBP were 

tested in a GAL4 system using pGBKT7-DJ-l and pYTH16-DJ-l bait constructs and 

pACT2-DJ-l and pACT2-DJBP prey constructs. The LacZ freeze-fracture assay did not 

detect LacZ reporter gene activation in co-transformed AH 109 or Y 190 cells. In addition, 

protein interactions were not detected by nutritional selection in co-transformed AH 109 or 

Y 190. Reduced expression or stability of the GAL4-BD-DJ-1 fusions may account for the 

failure to generate a functional bait in the GAL4 system. Since library screens using DJ-1 

have been reported using the LexA Y2H system (Takahashi et a l ,  2001; Niki et al., 2003; 

Junn et al., 2005; Sekito et al., 2005; Sekito et al., 2006), the LexA system was used in an 

additional attempt to identify a functional DJ-1 bait.

3.3.2 pGLex-DJ-1 bait 

pGLex-DJ-1 bait construct
Human full-length DJ-1 cDNA fused to LexA in pGLex (a gift from Prof. H. Ariga, 

Hokkaido University, Sapporo, Japan) was tested as a bait in the LexA YTH system. 

Cloning DJ-1 into the MGS of pGLex results in the expression of LexA fused to the N-
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terminus of DJ-1. pGLex-DJ-1 contains the intact S. cerevisiae ADHl promoter for driving 

high expression of the downstream LexA fusion protein. pGLex-DJ-1 contains the 2 p. 

origin of replication which maintains a high copy number of plasmid in yeast. pGLex-DJ-1 

was sequenced to confirm the full-length DJ-1 sequence and an in-frame fusion with the 

upstream LexA sequence. A plasmid map representing the pGLex-DJ-1 construct is shown 

in Figure 3.3.1.

C onstruction o f the control bait plasm id, pGLex

An ‘empty’ pGLex vector for negative control experiments was generated from the pGLex- 

DJ-1 vector. Complementary oligonucleotide primers pGLexPl and pGIxxP2 (Section 2.5; 

Table 2.5.9) were designed to anneal to each other, resulting in EcoRI and Sail overhangs. 

Nde\, Nco\ and BamWl sites were incorporated into the primers, resulting in a novel MGS 

fragment. The DJ-1 cDNA insert was cut from the pGLex-DJ-1 vector using the restriction 

enzymes EcoRI and Xho\ and the MGS fragment (with complementary overhangs) was 

cloned into the vector. A map of the resultant pGLex vector is shown in Figure 3.3.1.

A D H 1 p

L e x A

C m

pGLex
DJ-1
6.3 kb

D J  1

? ^ A 0 H 1  I

T R P 1

A 0 H 1  p

2 p  o h

L e x A

C m  R
pGLex2
vector
5.7 kb

A 0 H 1  t

T R P 1

Figure 3.3.1 Maps of the pGLex-DJ-1 and pGLex bait vectors.

Cloning DJ-1 interacting proteins into GAL4 prey vectors

To test the pGLex-DJ-1 bait in the YTH system, known DJ-1 interactors DJ-1 and DJBP 

were cloned into the GAL4 AD prey vector pAGT2 (Clontech). Cloning a gene of interest 

into the MGS of pACT2 results in the expression of a GAL4 AD fused to the N-terminus of 

the protein of interest. Full-length DJ-1 was amplified by PGR from human frontal cortex
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cDNA (Section 2.5; Table 2.5.2) using oligonucleotide primers DJ-1 A and DJ-IB (Table 

2.5.8) and cloned into the Nco\ and Xhol sites of pACT2. The sequence encoding the 570 

amino acid protein DJBP was amplified from human frontal cortex cDNA (as detailed in 

Table 2.5.2) using oligonucleotide primers DJBPl and DJBP2 (Table 2.5.8) and cloned into 

the NcoUXhol sites of pACT2. The resultant constructs pACT2-DJ-l and pACT2- 

DJBP(570) were sequenced to confirm in-frame fusions. Maps of the constructs are shown 

in Figure 3.3.2. In addition to using the pACT2-DJ-l and pACT2-DJBP(570) constructs to 

test the pGLex-DJ-1 bait, an additional GAL4 AD plasmid, pGAD-PIASxa, was obtained 

from Prof. H. Ariga. Cloning PIASxa into the MGS of pGAD results in the expression of a 

GAL4 AD fused to the N-terminus of PIASxa. The interaction between DJ-1 and PIASxa 

was reported by Takahashi et al. (2001). Sequence analysis confirmed the presence of full- 

length PIASxa (NM_173206) fused in-frame to the GAL4 AD sequence. A map 

representing the pGAD-PIASxa construct is shown in Figure 3.3.2.

A m p  R

pUC

pACT2
DJ-1
8.7 kb

A D H l p

G A L 4 A D /N L S

L E U 2HA t a g

D J  1

A D H l I

A m p  R

pUCori

pACT2 
DJBP (570)

8.8 kb
A D H 1 p

G A E 4 A D /N L S

L E U 2
H A  t a g

Ncol («7M)

D J B P  (570 )

A D H l t

A D H 1 p

pGAD GHx 
PIASxalpha

9.7 kb

A m p  R

A D H l t

L E U 2

Figure 3.3.2 Maps of prey constructs pACT2-DJ-l, pACT2-DJBP(570) and pGAD-PIASxa.
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Transform ation o f L40 reporter strain

The LexA-compatible yeast strain L40 was purchased from Invitrogen (genotype 

information in Table 2.3.2; upstream promoter control of reporter genes in Figure 3.1.2). To 

assay for the known interactions, competent L40 cells were co-transformed with the test 

and negative control constructs in a small-scale yeast transformation using the protocol 

detailed in Section 2.3.3 (Table 3.3.1). The transformants were plated on minimal agar 

lacking leucine and tryptophan (SD/-Leu/-Trp), to enable the selection of co-transformed 

yeast colonies, and minimal agar lacking leucine, tryptophan and histidine (SD/-Leu/-Trp/- 

His), to enable the detection of protein interactions by nutritional selection.

pGLex bait 
construct

vector

DJ-1

GAL4 AD prey construct
vector

-ve control, 
autoactivation

DJ-1

-ve control

TEST

DJBP

-ve control

TEST

PIASxa

-ve control

TEST

Table 3.3.1 Small-scale yeast transformation of L40. -ve control: negative control; -ve control, 
autoactivation: the negative control which tests the bait for autoactivation; TEST: the known 
interactions used to test the bait for functionality.

Perform ing the LacZ freeze-fracture assay on transform ed L40 cells

Colonies which grew on SD/-Leu/-Trp selection plates were tested for p-galactosidase 

activity by performing a colony-lift freeze-fracture assay for LacZ activity (see Section 

2.3.4). Blue coloration of colonies indicates an interaction. The pGLex-DJ-1 bait did not 

autoactivate the LacZ reporter gene, as shown by the absence of blue colonies on the 

pGLex-DJ-l/pACT2 vector transformation plate (Figure 3.3.3; filter 4). In addition, there 

was no detection of non-specific interactions between the LexA protein and the DJ-1 

interacting proteins (Figure 3.3.3; filter 1, 2 and 3). The self-interacting ability of DJ-1 was 

indicated by the presence of blue colonies on the pGLex-DJ-1 /pACT2-DJ-1 transformation 

plate (Figure 3.3.3; filter 5). Interaction between DJ-1 and DJBP and PIASxa was also 

detected (Figure 3.3.3; filter 6 and 7, respectively).
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pACT2-

pGLex-

vector
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Figure 3.3.3 Original filters from the LacZ freeze-fracture assays. Blue coloration of colonies 
indicates an interaction due to the transcriptional activation of the LacZ reporter gene. Filters 1-4 
represent the negative controls and 5-7 are the test transformants with DJ-1, DJBP and PIASxa.

Detecting protein interactions by nutritional selection o f transform ed L40 cells

Transformants were plated on SD/-Leu/-Trp/-His minimal agar and incubated at 30°C for 

three days. Although colonies grew on the test transformation plates, colonies of similar 

size and shape were present on negative control transformation plates, indicating ‘leaky’ 

expression of the H1S3 reporter gene. The experiment was repeated using a competitive 

inhibitor of the H1S3 gene product: 3-aminotriazole (3-AT). The transformants were plated 

on SD/-Leu/-Trp/-His minimal agar supplemented with 2 mM 3-AT and 5 mM 3-AT. 

When DJ-l/DJ-1 and DJ-l/DJBP interactions were tested, significant numbers of colonies 

grew on both 2 mM and 5 mM 3-AT supplemented SD/-Leu/-Trp/-His plates after 5 days 

of 30°C incubation (Figure 3.3.4; filters 2-3 and 5-6). The negative control plate (pGLex- 

DJ-l/pACT2 transformation) remained colony-free at this stage for both 3-AT 

concentrations (Figure 3.3.4; filters 1 and 4). No colony growth was detected when testing 

for DJ-1/PIASxa interaction for either 3-AT concentration, suggesting that the 

DJ-l/PIASxa interaction is weaker than that for DJ-l/DJ-1 and DJ-l/DJBP. The 

DJ-l/PlASxa transformation plates were returned to the 30°C incubator. At day 10, 

colonies were present for both 3-AT concentrations, but because small colonies were also 

detected on the negative control plates at this stage, it was concluded that DJ-l/PlASxa 

interactions were more reliably detected using the LacZ freeze-fracture assay.
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pGLex-DJ-1
+

pACT2- pACT2- pACT2-

[3-AT]

DJ-1 DJBPvector

2 mM

5 mM

Figure 3.3.4 Lifted colonies from nutritional selection plates. The colonies which grew on SD/- 
Leu/-Trp/-His plates supplemented with 2 or 5 mM 3-AT were lifted onto Whatman filters after 5 
days. Filters 1 and 4 represent the negative controls supplemented with 2 mM and 5 mM, 
respectively. Filters 2-3 and 5-6 are the test transformants, plated on SD/-Leu/-Trp/-His 
supplemented with 2 mM and 5 mM 3-AT, respectively.

Sum m ary of results for testing the pG Lex-D J-1 bait construct

The interaction between DJ-1 and known protein interactors DJ-1, DJBP and PIASxa were 

tested using the pGLex-DJ-1 bait construct and pACT2-DJ-l, pACT2-DJBP and pGAD- 

PIASxa prey constructs. The interactions were detected in a LacZ freeze-fracture assay; 

reporter gene activation resulted in blue-coloured colonies for L40 transformants. The 

pGLex-DJ-1 bait did not autoactivate LacZ reporter gene transcription. For nutritional 

selection, the H1S3 product inhibitor 3-AT was used to supplement the SD/-Leu/-Trp/-His 

plates to suppress the ‘leaky’ HIS3 expression. Both 2 mM and 5 mM 3-AT suppressed the 

background HIS3 expression, which enabled the detection of DJ-l/DJ-1 and DJ-l/DJBP 

interactions although the DJ-1/PIASxa interaction could not be reliably detected using 

nutritional selection at these concentrations of 3-AT.

3.4 cDNA LIBRARY SCREENING WITH THE pGLex-DJ-1 BAIT

3.4.1 cDNA library construction

Biological tissue relevant to the study of DJ-1 in Parkinson’s disease was chosen to prepare 

cDNA libraries. RNA derived from substantia nigra and frontal cortex human brain tissue 

provided a template for double-stranded cDNA synthesis. To check the size range of cDNA
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fragments within the cDNA library a small volume of the amplified cDNA product was 

loaded on an agarose gel (Figure 3.4.2) A good quality cDNA library consists of cDNA 

fragments ranging from >0.1 kb to 4 kb or more in size (Matchmaker user manual, 

Clontech). Methodology for generating a cDNA library is detailed in Section 2.3.6.

H um an substantia n igra cD N A  library construction

Total RNA derived from the substantia nigra of (i) a Parkinson's disease (PD) patient and 

(ii) a healthy individual was provided by the Queen Square Brain Bank for Neurological 

Disorders (Institute of Neurology, London, UK). Total RNA was used as a template only 

for oligo(dT)-primed first-strand synthesis reactions due to the small percentage of mRNA 

present in the sample. An oligo(dT)-primed first-strand cDNA synthesis reaction was 

performed using 2-10 pg of substantia nigra total RNA as a template. Figure 3.4.1 

illustrates the incorporation of SMART III and CDS III sequences by reverse transcriptase 

PCR during first-strand cDNA synthesis. The CDS III oligo(dT) primer anneals to the 

poly(A) tail of the RNA strand and is extended by reverse transcription using Moloney 

murine leukemia virus (MMLV) reverse transcriptase (Figure 3.4.1; i and ii). When the end 

of the RNA template is reached, the terminal transferase activity of MMLV reverse 

transcriptase adds deoxycytidine nucleotides to the cDNA strand, providing a template for 

the SMART III primer which has three deoxyguanosine residues at its 3’ end (Figure 3.4.1; 

iii and iv). MMLV reverse transcriptase switches from the RNA template to the SMART III 

primer and extends the 3 ’ end of the cDNA until the end of the SMART III template is 

reached (Figure 3.4.1; v). The resultant cDNA was used as a template in long-distance PCR 

to amplify double-stranded cDNA (Figure 3.4.1; vi). The amplified PCR products were 

loaded on an agarose gel to check that the library consists of cDNA fragments ranging from 

>0.1 kb to 4 kb or more in size (Figure 3.4.2). Finally the amplified cDNA was size- 

selected by column purification to remove primers, small cDNA fragments and non

incorporated dNTPs.

H um an frontal cortex cD N A  library construction

Human frontal cortex poly(A)+ RNA was purchased from Clontech. 1 pg of human frontal 

cortex poly(A)4- RNA was used as a template for separate oligo(dT)- and random-primed 

first-strand synthesis reactions. The resultant cDNA was used as a template in long-distance 

PCR to amplify the double-stranded cDNA which was loaded on an agarose gel to observe
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the cDNA sizes representing the library (Figure 3.4.2). The amplified double-stranded 

cDNA was column-purified. The purified double-stranded cDNA, amplified from both 

oligo(dT)- and random-primed first-strand cDNA synthesis, was mixed to generate an 

optimal size range of cDNAs represented in the library.

(i)

(iii)

(iv)
5 ’-

5 -

5 ’-
3 ’

5 ’-
3 ’ CCC-

-  GGG- 
3 ’ CCC-

(V)
5 -
3'

GGG
CCC-

(Vi) 5 ’-
3 -

SMART

GGG-
CCC-

Poly A+ RNA
(A )n 3 ’

CDS III oligo (dT) primer

--------------------------- (A )n 3 ’

- ( T ) 3 o 5 ’

MMLV reverse transcriptase

—  (A )n 3' 
■ - ( T ) 3 o 5 ’

SMART III primer

—  (A )n 3 ’
” ( T ) 3 o 5 ’

MMLV reverse transcriptase 
switches from the RNA 
template to the SMART III 
template

--------------------------- (A )n 3 ’
( T ) 3 o 5 ’

Long-distance PCR

•(A )n 3 ’
■ ( T ) 3 o 5 ’

CDS

Figure 3.4.1 Initial steps of cDNA library construction. Double-stranded cDNA synthesis using 
an oligo(dT) primer and poly(A)4- RNA as a template is illustrated. The SMART III and CDS III 
sequences are incorporated during first-strand synthesis by reverse transcription. Long-distance 
PCR amplifies double-stranded cDNA using first-strand cDNA as template.
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Figure 3.4.2 Agarose gel electrophoresis of amplified cDNA. A 5 pi aliquot of each long
distance PCR product was loaded on a 1.5% (w/v) agarose gel with 1 pg DNA marker (1 kb ladder, 
Invitrogen). A. The PCR product from amplification of cDNA derived from ~2 pg non-Parkinson’s 
disease human substantia nigra (NPD SN) total RNA (lanes 1 and 2) and Parkinson’s disease 
human substantia nigra (PD SN) total RNA (lanes 3 and 4). B. The PCR product from amplification 
of cDNA derived from 1 pg human frontal cortex poly(A)-t- RNA. Separate random-primed (lanes 
1-2, 5-6) and oligo(dT)-primed first-strand synthesis reactions (lanes 3-4, 7-8) were performed 
using the total RNA template. After column purification the amplified double-stranded cDNA from 
oligo(dT)- and random-primed first-strand cDNA synthesis reactions were mixed to generate an 
optimal range of cDNAs represented in the library (double-stranded cDNA represented in lanes 1-4 
and 5-8 were mixed).

3 .4 .2  C o n stru ctin g  an d  scree n in g  a tw o -h y b rid  cD N A  lib ra ry  

Construction of a G AL4 A D/cD NA expression vector

The incorporation of the SMART III and CDS III sequences into the cDNA by reverse 

transcription and long distance PCR enabled the use of a one-step cloning procedure termed 

recombination-mediated cloning to form a GAL4 AD fusion library (Figure 3.4.3). The 

GAL4 AD expression vector pGADT7-Rec was used to construct the library. The SMART 

III and CDS III sequences are engineered into the pGADT7-Rec vector, separated by a 

unique Sma\ site, downstream of the GAL4 AD sequence. L40 cells were co-transformed 

with 5w<3l-linearized pGADT7-Rec vector and column-purified double-stranded cDNA. 

The homologous termini of the linearized vector and the double-stranded cDNA allow 

homologous recombination to occur in vivo: double-stranded cDNA recombines with 

pGADT7-Rec vector to yield a restored circular form of pGADT7-Rec vector so that a 

cDNA sequence is found downstream of the sequences encoding GAL4 AD.
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Figure 3.4.3 Recombination-mediated cloning. Double-stranded cDNA recombines with 
linearized pGADT7-Rec in vivo to yield a restored circular form of pGADT7-Rec vector with a 
cDNA insert.

Screening a tw o-hybrid library

The methodology involved in screening a two-hybrid library is detailed in Section 2.3.6. 

Briefly, competent S. cerevisiae L40 cells were co-transformed with column-purified 

double-stranded cDNA and the linearized library plasmid pGADT7-Rec. The cDNA 

library was created in pGADT7-Rec by homologous recombination in yeast (Figure 3.4.3). 

The L40 cells were also co-transformed with the DJ-1 bait, pGLex-DJ-1. The transformed 

cells were spread on 150 mm SD/-Leu/-Trp/-His library plates supplemented with 2.5 - 5 

mM of 3-AT. For transformation efficiency controls, transformed cells were spread on two 

SDZ-Leu and two SD/-Leu/-Trp selection plates to select for i) cells expressing the library 

plasmid only and ii) for cells co-expressing the library and bait, respectively. The 

transformation efficiencies were calculated as follows:

# colonies on SD/-Leu plate (average) x 1000 = # transformants/ 3 pg pGADT7-Rec transformed

# colonies on SD/-Leu/-Trp plate (average) X 1000 = # clones screened /library

To represent a positive control for the screen, competent L40 cells were co-transformed 

with previously tested pGLex-DJ-1 and pACT2-DJ-l constructs. A negative control was
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also included, involving the co-transformation of L40 cells with pGLex-DJ-1 and pACT2, 

which would indicate any autoactivation activity of the bait. The positive and negative 

controls were spread on SD/-Leu/-Trp/-His agar plates supplemented with 2.5 - 5 mM of 

3-AT.

Putative positive clone analysis

Of the four screens performed, three different cDNA libraries were screened: human 

substantia nigra PD patient, human substantia nigra control individual and human brain 

frontal cortex. A possible cause for the poor transformation efficiencies experienced for 

screen 3 is discussed in Section 3.5.

Each HIS3^ colony which grew on a library plate was subjected to the following:

1. LacZ freeze-fracture assay

2. Isolation of plasmid DNA from yeast

3. Transformation of E. coli with plasmid DNA isolated from yeast

4. Minipreps of plasmid DNA obtained

5. Restriction enzyme digestion analysis of minipreps

6. Sequencing analysis of cDNA inserts

The methodology involved in the analysis of putative positive clones is detailed in Section 

2.3.7. Firstly, the HIS3^ colonies were tested for LacZ reporter gene activity by performing 

a LacZ freeze-fracture assay. The HIS3^ colonies were restreaked onto SD/-Leu/-Trp 

minimal agar. Resultant colonies were replica-plated, involving the transfer of colonies 

from the agar onto Whatman’s No. 54 paper, in addition to fresh SD/-Leu/-Trp agar (the 

replica plate) which was incubated at 30°C. If the LacZ freeze-fracture assay revealed a 

homogeneous detection of (3-galactosidase activity across the colonies, this would indicate 

that the original HIS3^ colony did not contain a mixture of library plasmids. A 

heterogeneous detection would indicate that the original H1S3^ colony contained a mixture 

of library plasmids which have segregated. In either case, a colony was picked from the 

replica plate which was shown to be LacZ positive, and used to prepare a liquid culture for 

the isolation of plasmid DNA from yeast cells. Minipreps of plasmid DNA from yeast were 

obtained using the QIAprep Miniprep kit (Qiagen) and used to transform E. coli and
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prepare two E. coli minipreps for each clone. The library plasmid was selected for by 

plating the transformants on ampicillin-supplemented LB agar. E. coli minipreps of plasmid 

DNA were made and subjected to restriction enzyme digestion with Ndel and Xhol to 

reveal the size of the cDNA insert within the library plasmid. A unique Ndel site is 

positioned upstream of the SMART III sequence and a unique Xhol site is positioned 

downstream of the CDS III sequence of the library plasmid pGADT7-Rec (Figure 3.4.4). 

Recombinant minipreps were subjected to dideoxy-sequencing to reveal the identity of the 

cDNA insert and whether an identified coding region was in-frame with the GAL4 AD. 

The cDNA insert was sequenced from the 5’ and 3’ ends. The forward sequencing primer 

GAL4 AD F annealed at the 3’ end of the GAL4 AD sequence and the reverse sequencing 

primer pGADT7-Rec R annealed just downstream of the CDS III sequence, within the 

pGADT7-Rec backbone. Following sequence analysis, the cDNA insert was used to search 

online nucleotide databases to identify the encoded protein. BLAT searches 

(www.genome.ucsc.edu) and BLAST searches (www.ncbi.nlm.nih.gov) were performed. 

To reveal the encoded amino acids involved in the interaction with DJ-1, the identified 

sequence was translated using an online translator tool 

(www.vivo.colostate.edu/molkit/translate). The amino acid sequence of the GAL4 AD 

fusion encoded by pGADT7-Rec library plasmid, shown in Figure 3.4.5, was used to 

display the library hits as GAL4 AD fusions (panel C of Figure 3.4.7 and panel B of Figure

3.4.9 and Figure 3.4.11). The calculated transformation efficiencies for each screen are 

shown in Table 3.4.1.
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A D H l t

L E U 2

Figure 3.4.4 Map of the AD library construct pGADT7-Rec. The cDNA insert between the 
SMART III and CDS 111 sequences was revealed by dideoxy-sequencing using forward and reverse 
sequencing primers (GAL4 AD F and pGADT7-Rec R, respectively).

http://www.genome.ucsc.edu
http://www.ncbi.nlm.nih.gov
http://www.vivo.colostate.edu/molkit/translate
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 S V 4 0  N L S ISAL4 AD ( 7 6 8 - 8 8 1 ) 1  HA e p i t o p e  t a g  IN SE R T ------

1
61
121
181

KDKAELIPEPPKKKRKVELGTAAHFNQSGNIADSSLSFTFTNSSNGPNLITTQTNSQALS'
}PIASSNVHDNFMNNEITASKIDDGNNSKPLSPGWTDQTAYNAFGITTGMFNTTTMDDVY.
IlYLFDDEDTPPNPKKEflFN TTHYR A SAAMEYPYDVPDYAHMAMEASEFHPSSGINAEWPL
W PINSERTGKKHVGRLGL-

Figure 3.4.5 The GAL4 AD fusion encoded by the pGADT7-Rec library plasmid. The NLS
and GAL4 AD amino acid sequence are highlighted in yellow and green, respectively. The HA tag 
sequence is underlined and the position of the cDNA insert is highlighted in grey.

Screen Source of RNA for 
preparing cDNA

PD SN
NPD SN

FC
PC

# transformants/ 3 pg 
pGADT7-Rec

1.2x 10®
1.4 X 10®
6.8 X 10^

2.7 X 10®

# clones 
screened/library

4.7 X 1 0 "

4.9 X 10"

3.5 X 10^

8.6 X 10"

Table 3.4.1 Transformation efficiencies for YTH screens 1-4. PD SN: substantia nigra from a 
PD patient; NPD SN: substantia nigra control tissue; FC: frontal cortex.

3.4.3 Screens 1 and 2
cDNA libraries prepared from approximately 2 pg (i) human substantia nigra PD patient 

total RNA (Figure 3.4.2; gel A; lanes 3 and 4) and (ii) human substantia nigra control 

individual total RNA (Figure 3.4.2; gel A; lanes 1 and 2) were screened in parallel. The 

calculated transformation efficiencies are shown in Table 3.4.1.

Colony growth on SD/-Leu/-Trp/-His library plates

After five days of 30°C incubation, the library plates were checked for colony growth. One 

colony grew on a PD SN library plate, designated PD5.1, and one colony grew on a NPD 

SN library plate, designated NPDF.l. After ten days of 30°C incubation an additional 

colony grew on a NPD SN library plate, designated NPDI.l.
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Screens 1 and 2: HIS3^ colonies PD5.1, NPDF.l, NPDI.l

The filters from the LacZ freeze-fracture assay performed on the H1S3  ̂ colonies and the 

restriction enzyme analysis of miniprep DNA are shown in panels A and B of Figure 3.4.6, 

respectively.

B. Restriction enzyme 
digest analysis

A. LacZ  freeze-fracture assay 
on H/S3* clones

PD5.1 NPDI.1 NPDF.1

&

PD5.1 NPDI.1 NPDF.l

5 0 9 0
4 0 7 2
3 0 5 4

2 0 3 6
1 6 3 6

1 0 1 8

5 1 7 /

Figure 3.4.6 Analysis of the HIS3^ colonies PD5.1, NPDF.l, NPDI.l. A. Filters from LacZ 
freeze-fracture assays performed on the HIS3* colonies. B. Minipreps of plasmid DNA derived 
from the HIS3^ colonies were subjected to restriction enzyme digestion with Ndel and Xhol.

PD5.1 and NPDF.l

Dideoxy-sequencing revealed that the insert of the PD5.1 clone was a poly(A) sequence. 

This was in agreement with the restriction analysis of the clone which exposed a small 

insert (Figure 3.4.6; panel B; lanes 1 and 2). The insert of the NPDF.l clone was a 40 bp 

nucleotide sequence upstream of a poly(A) sequence (Figure 3.4.6; panel B; lanes 5 and 6). 

The nucleotide sequence was too short to be useful for a BLAST or BLAT search.

NPDI.l

Sequencing reads using the forward and reverse sequencing primers (GAL4 AD F and 

pGADT7-Rec R, respectively) revealed that the NPDI.l clone contained a 201 bp cDNA 

insert in-frame with the GAL4 AD sequence. Upon nucleotide database searches, the 201 

bp sequence was found to fully align with part of the nucleotide sequence encoding the 

Homo sapiens homeodomain-interacting protein kinase 2 (H1PK2) protein (Table 3.4.2).
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Initial searches revealed that the cDNA insert encoded amino acids 462-528 of the 815 

amino acid HIPK2 isoform (accession number NP_073577). Further analysis revealed the 

existence of a longer HIPK2 variant. The cDNA insert encoded amino acids 818-884 of the 

1171 amino acid HIPK2 isoform (accession number AAL37371). The amino acid sequence 

of the two isoforms of HIPK2, and the DJ-1 interacting residues, are shown in Figure 3.4.7. 

The nucleotide sequence encoding the HIPK2 isoforms differ in that the longer variant 

holds two additional 5’ exons.

NPDI.1 clone

A. cDNA insert encodes amino acids 462-528 of HIPK2 
(NP_073577; 815 amino acids)

MWSLGCVIAELFLGWPLYPGASEYDQIRYISQTQGLPAEYLLSAGTKTTRFFNRDTDSPY 
61 PLWRLKTPDDHEAETGIKSKEARKYIFNCLDDMAQVNMTTDLEGSDMLVEKADRREFIDL
12 1  LKKMLTIDADKRITPIETLNHPFVTMTHLLDFPHSTHVKSCFQNMEICKRRVNMYDTVNQ
181  SKTPFITHVAPSTSTNLTM TFNNQLTTVHNQAPSSTSATISLANPEVSILNYPSTLYQPS
2 4 1  AASMAAVAQRSMPLQTGTAQICARPDPFQQALIVCPPGFQGLQASPSKHAGYSVRMENAV
30 1  PIVTQAPGAQPLOIQPGLLAQQAWPSGTQQILLPPAWQQLTGVATHTSVQHATVIPETMA
36 1  GTQQLADWRNTHAHGSHYNPIMQQPALLTGHVTLPAAQPLNVGVAHVMRQQPTSTTSSRK
4 2 1  SKQHQSSVRNVSTCEVSSSQAISSPQRSKRVKENTPPRCAMVHSSPACSTSVTCGWGDVA
48 1  SSTTRERQRQTIVIPDTPSPTV SVITISSD TDEEEEQK HA PTSTVSK QRK NV ISCVTVHD
54 1 SPYSDSSSNTSPYSVQQRAGHNNANAFDTKGSLENHCTGNPRTIIVPPLKTQASEVL VEC
60 1  DSLVPVNTSHHSSSYKSKSSSNVTSTSGHSSGSSSGAITYRQQRPGPHFQQQQPLNLSQA
66 1  QQHITTDRTGSHRRQQAYITPTMAQAPYSFPHNSPSHGTVHPHLAAAAAAAHLPTQPHLY
7 2 1  TYTAPAALGSTGTVAHLVASQGSARHTVQHTAYPASIVHQVPVSMGPRVLPSPTIHPSQY
7 8 1  PAQFAHQTYISASPASTVYTGYPLSPAKVNQYPYI-

B. cDNA encodes amino acids 818-884 of HIPK2 
(AAL37371; 1171 amino acids)

1
61
121
181
2 4 1
301
361
4 2 1
4 8 1
5 41
60 1
661
7 2 1

9 01
9 61
1 0 2 1
1 0 8 1
1 1 4 1

MAPVYEGMASHVQVFSPHTLQSSAFCSVKKLKIEPSSNWDMTGYGSHSKVYSQSKNIPLS 
QPATTTVSTSLPVPNPSLPYEQTIVFPGSTGHIVVTSASSTSVTGQVLGGPHNLM RRSTV 
SLLDTYQKCGLKRKSEEIENTSSVQIIEEHPPM IQNNASGATVATATTSTATSKNSGSNS 
EGDYQLVQHEVLCSMTNTYEVLEFLGRGTFGQVVKCWKRGTNEIVAIKILKNHPSYARQG 
QIEVSILARLSTESADDYNFVRAYECFQHKNHTCLVFEMLEQNLYDFLKQNKFSPLPLKY 
IRPVLQQVATALMKLKSLGLIHADLKPENIMLVDPSRQPYRVKVIDFGSASHVSKAVCST 
YLQSRYYRAPEIILGLPFCEAIDM W SLGCVIAELFLGW PLYPGASEYDQIRYISQTQGLP 
AEYLLSAGTKTTRFFNRDTDSPYPLWRLKTPDDHEAETGIKSKEARKYIFICLDDMAQVN 
M TTDLEGSDMLVEKADRREFIDLLKKMLTIDADKRITPIETLNHPFVTMTHLLDFPHSTH 
VKSCFQNMEICKRRVNMYDTVNQSKTPFITHVAPSTSTNLTMTFNNQLTTVHNQPSAASM 
AAVAQRSMPLQTGTAQICARPDPFQQALIVCPPGFQGLQASPSKHAGYSVRMENAVPIVT 
QAPGAQPLQIQPGLLAQQAWPSGTQQILLPPAWQQLTGVATHTSVQHATVIPETMAGTQQ 
LADWRNTHAHGSHYNPIMQQPALLTGHVTLPAAQPLNVGVAHVMRQQPTSTTSSRKSKQH 
QSSVRNVSTCEVSSSQAISSPQRSKRVKENTPPRCAMVHSSPACSTSVTCGWGDVASSTT 
RERQR QTIVIPD TPSPTVSV ITISSD TD EEEEQ KH APTSTVSK QRKN VISCV TVH DSPY S 
DSSSNTSPYSVQQRAGHNNANAFDTKGSLENHCTGNPRTIIVPPLKTQASEVLVECDSLV 
PVNTSHHSSSYKSKSSSNVTSTSGHSSGSSSGAITYRQQRPGPHFQQQQPLNLSQAQQHI 
TTDRTGSHRRQQAYITPTMAQAPYSFPHNSPSHGTVHPHLAAAAAAAHLPTQPHLYTYTA 
PAALGSTGTVAHLVASQGSARHTVQHTAYPASIVHQVPVSMGPRVLPSPTIHPSQYPAQF 
AHQTYIS A S  PASTVYTGYPLSPAKVNQYPYI  -

C. pGADT7 Rec-HIPK2(462-528/818-884)

1
61
121
181
2 4 1

M DKAELIPEPPKKKRKVELGTA APFM eSG NIAD SSLSM F'm SSN GPN LITTQTNSQ ALa 
pPIA S'sW H bN n^N EITASKIDDGNNSKPLSFGWnXlTAYNAFGITTGMFNTTTMDDVY 
&HYLFDDEDTPPN IFNTTHYRASAAMEYPYDVPDYAHMAMEASEFHPSSGINAEWPL
W PVHSSPACSTSVTCGW GDVASSTTRERQRQTIVIPDTPSPTVSVITISSDTDEEEEQKH
APTSTVSKQGKKHVGRLGL-

Flgure 3.4.7 Sequence analysis of the NPDI.l clone: HIPK2. A. The amino acid sequence of the 
shorter HIPK2 isoform, NP_073577. B. The amino acid sequence of the longer HIPK2 isoform 
AAL37371. C. The fusion protein consisting of the GAL4 AD fused to the N-terminus of the 
interacting domain of HIPK2, encoded by the library plasmid hit. The DJ-1 interacting residues are 
highlighted in grey.
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3.4.4 Screen 3
A cDNA library prepared from human frontal cortex poly(A)+ RNA (Figure 3.4.2; gel B; 

lanes 5-8) was screened. The calculated transformation efficiencies are shown in Table

3.4.1.

Colony growth on SD/-Leu/-Trp/-His library plates

Although the transformation efficiency was very poor, after nine days of 30°C incubation 

one colony grew on a library plate, designated PCI8.1.

Screen 5: HIS3^ colony FC18.1

The filter from the LacZ freeze-fracture assay performed on the HIS3^ colony and the 

restriction enzyme analysis of miniprep DNA are shown in panels A and B of Figure 3.4.8, 

respectively.

FC18.1

5 0 9 0 -
4 0 7 2 -
3 0 5 4 -
2 0 3 6 -
1 6 3 6 -

1 0 1 8 -

5 1 7 /
5 0 6 -

HI

kb
FC18.1

A. LacZ freeze-fracture 
assay on H/S3* clones

B. Restriction enzyme 
digest analysis

Figure 3.4.8 Analysis of the HI S3* colony FC18.1. A. A LacZ freeze-fracture assay was 
performed on the HIS3* colony. B. Minipreps of plasmid DNA derived from the HIS3* colony were 
subjected to restriction enzyme digestion with Ndel and Xhol.

FC18.1

The resultant band from the NdeUXhol restriction enzyme digest on the FC18.1 clone was 

~1 kb (Figure 3.4.8, panel B; lanes 1 and 2). Forward and reverse sequencing reads 

revealed that the cDNA sequence was in-frame with the GAL4 AD sequence and 

corresponded to amino acids amino acids 1-245 of the Homo sapiens hypothetical protein 

LOC375484. Details of the hypothetical protein hit are shown in Table 3.4.2. The sequence
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of the hypothetical protein LOC375484, and the DJ-1 interacting residues, are shown in 

Figure 3.4.9.

FC18.1 clone

A. cDNA insert encodes amino acids 1-245 of hypothetical protein 
LOC375484 (NP_940969; 872 amino acids)

1 MAPASASGEDLRKLPTMAEVNGEQDFIDLTRETRPRTKDRSGLYVIDLTRAEGENRPIAT
61 LDLTLEPVTPSQKEPTSLQTCASLSGKAVMEGHVDRSSQPTARRIINSDPVDLDLVEENT
12 1  FV G PPPA TSISG G SV Y PTEPN C SSA TFTG N LSFLA SLQ LSSD V SSLSPTSN N SRSSSSSS
18 1  NQKAPLPCPQQDVSRPPQALPCPLRPLPCPPRASPCPPRASSCPPRALSCPSQTM QCQLP
2 4 1  ALTHPPQEVPCPRQNIPGPPQDSLGLPQDVPGLPQSILHPQDVAYLQDMPRSPGDVPQSP
3 0 1  SDVSPSPDAPQSPGGMPHLPGDVLHSPGDMPHSSGDVTHSPRDIPHLPGDRPDFTQNDVQ
361  NRDM PM DISALSSPSCSPRPQSETPLEKVPW LSVM ETPARKEISLSEPAKPGSAHVQSRT
4 2 1  PQGGLYNRPCLHRLKYFLRPPVHHLFFQTLIPDKDTRENKGQRLEPIPHRRLRMVTNTIE
4 81 ENFPLGTVQFLM DFVSPQHYPPREIVAHIIQKILLSGSETVDVLKEAYM LLM KIQQLHPA
5 4 1  NAKTVEWDWKLLTYVMEEEGQTLPGRVLFLRYVVQTLEDDFQQTLRRQRQHLQQSIANMV
60 1  LSCDKQPHNVRDVXKWLVKAVTEDGLTQPPNGNQTSSGTGILKASSSHPSSQPNLTKNTN
661  QLIVCQLQRMLSIAVEVDRTPTCSSNKIAEMMFGFVLDIPERSQREMFFTTMESHLLRCK
7 2 1  VLEIXFLHSCETPTRLPLSLAQALYFLNNSTSLLKCQSDKSQW QTW DELVERLQFLLSSY
7 8 1  QHVLREHLRSSVXDRKDLXXKRXKPKPQQGDDXTVVDVEKQXEAFRSRLIQMLGEPLVPQ
8 4 1  LQDKVHLLKLLLFYAADLNPDAEPFQKGWSGS-

B. pGADT7 Rec-Hyp. protein LOC375484(1-245)

61
12 1
18 1
2 4 1
30 1
361
42 1

MDKAELIPE P PK K K R K V E L G TA A fFN Q SiaS ÏA àsSfcSFTF 'aiSSN G PN LIT TQ IN SO A L l 
t  AS SN V H D TO eW E U A S K  I  D D G N tm g £ S  PGWT D Q BaBJA FG lTTG M FN 'riTM D Pvil 

rLFDDEDTPPNPKK<x'FNTTHY~RASAAMEYPYDVPDYAHMAMEASEFHPSSGXNAEWPL 
WPMAPASASGEDLRKLPTMAEVNGEQDFIDLTRETRPRTKDRSGIiYVIDLTRAEGENRPI 
ATLDLTLEPVTPSQKEPTSLQTCASLSGKAVMEGHVDRSSQPTARRIINSDPVDLDLVEE 
NT FV G PPPA TSISGG SVY PTEPN CSSATFTGN LSFLA SLQ LSSD VSSLSPTSN NSRSSSS 
SSNQKAPLPCPQQDVSRPPQALPCPLRPLPCPPRASPCPPRASSCPPRALSCPSQTM QCQ 
LPALTHPGKKHVGRLGI.-

Figure 3.4.9 Sequence analysis of the FC18.1 clone: hypothetical protein LOC375484. A. The
amino acid sequence of the hypothetical protein LOC375484. B. The fusion protein consisting of 
the GAL4 AD fused to the N-terminus of the DJ-1 interacting domain of hypothetical protein, 
encoded by the library plasmid hit. The DJ-1 interacting residues are highlighted in grey.

3.4.5 Screen 4
A cDNA library prepared from human frontal cortex poly(A)-i- RNA (Figure 3.4.2; gel B; 

lanes 5-8) was screened. The calculated transformation efficiencies are shown in Table

3.4.1.

Colony growth on SD/-Leu/-Trp/-His library plates

After four days of 30°C incubation, four colonies were picked from the FC library plates, 

designated FCB.l, FCF. 1, FCI.l andFCM.l.
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Screen 4: HIS3^ colonies F C B .l, F C E .l, F C I.l, F C M .l

The filters from the LacZ freeze-fracture assay performed on the HIS3"̂  colonies and the 

restriction enzyme analysis of miniprep DNA are shown in panels A and B of Figure 

3.4.10, respectively.

FC B .l

Dideoxy-sequencing revealed that the insert of the FCB.l clone was a poly(A) sequence. 

This was in agreement with restriction analysis of the clone which indicated a small insert.

F C E .l and F C I.l

A fragment of -1.5 kb resulted from the Ndel and Xhol digest on the FCF.l and FCI.l 

clones (Figure 3.4.10; panel B; lanes 3-4 and 5-6, respectively). Sequencing reads for both

FCF.l and FCI.l were in-frame with the GAL4 AD sequence and fully aligned with the

nucleotide sequence encoding the Homo sapiens ubi^t^tin-conjugating enzyme UBC9.

Since both cDNA inserts encoded full-length UBC9, DJ-1 interacting residues were not

indicated. Details of the UBC9 hit are shown in Table 3.4.2. The amino acid sequence of

the UBC9 protein is shown in Figure 3.4.11. , i
5  j  \

A. LacZ freeze-fracture assay  on H/S3'clones

FCM.1FCB.1 FCE.1

B. Restriction enzyme digest analysis
FCB.1 FCE.l FCI.1 FCM.l

5 0 9 0 -
4 0 7 2 -
3 0 5 4 -
2 0 3 6 -
1 6 3 6 -
1 0 1 8 -

344-298-

Figure 3.4.10 Analysis of the HIS3^ colonies FCB.l, FCE.l, FCI.l and FCM.l. A. A LacZ 
freeze-fracture assay was performed on the HIS3^ colonies. B. Minipreps of plasmid DNA derived 
from HIS3* colonies were subjected to restriction enzyme analysis.
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FCM .l

The cut library plasmid and three fragments resulted from a Ndel and Xhol digest (Figure 

3.4.10; panel B; lanes 7 and 8), indicating that the cDNA insert contains Ndel and/or Xhol 

recognition sites. The sequencing reads using the forward and reverse sequencing primers 

revealed that the FCM.l clone contained a cDNA insert which was in-frame with the GAL4 

AD sequence and fully aligned with nucleotide sequence encoding the Homo sapiens DJ-1 

protein. The cDNA insert encoded amino acids 4-189 of DJ-1, a 189 amino acid protein. 

Details of the DJ-1 protein hit are shown in Table 3.4.2. The amino acid sequence encoded 

by the DJ-1 cDNA library hit is shown in Figure 3.4.11.

FCE.1 and FCI.l clones
A. cDNA insert encodes full-length UBC9 (NP003336; 158 amino acids)

MSGIALSRLAQERKAWRKDHPFGFVAVPTKNPDGTMNLMNWECAIPGKKGTPWEGGLFKL 
61 RM LFKDDYPSSPPKCKFEPPLFHPNVYPSGTVCLSILEEDKDW RPAITIKQILLGIQELL
121 NEPNIQDPAQAEAYTIYCQNRVEYEKRVRAQAKKFAPS-

B. pGADT7Rec-UBC9 (1-158)
1 M D KAELIPEPPKKK RK VELG TAAfcFNQ SG NIADSSLSFTFTNSSNGPNLifTQfNSQ ALi
61 pPIASSNVHDNFM NNEITASKIDDGWNSKPLSPGWTDQTAYNAFGITTGMFNTTTMDDVii
12 1  iYLFDDEDTPPNPKKEllFNTTHYRASAAMEYPYDVPDYAHMAM~EAS~EFlïPSS~GI~NAE~MPL
1 8 1  WPMSGIALSRLAQERKAWRKDHPFGFVAVPTKNPDGTMNLMNWECAIPGKKGTPWEGGLF
2 4 1  KLRMLFKDDYPSSPPKCKFEPPLFHPNVYPSGTVCLSILEEDKDW RPAITIKQILLGIQE
3 0 1  LLNEPNIQDPAQAEAYTIYCQNRVEYEKRVRAQAKKFAPSGKKHVGRLGL-

FCM.1 clone
A. cDNA insert encodes amino acids 4-189 of DJ-1 

(NP_009193; 189 amino acids)

1 MASKRALVILAKGAEEMETVIPVDVMRRAGIKVTVAGLAGKDPVQCSRDWICPDASLED
61 AKKEGPYDVWLPGGNLGAQNLSESAAVKEILKEQENRKGLIAAICAGPTALLAHEIGFG
1 2 1  SKVTTHPLAKDKMMNGGHYTYSENRVEKDGLILTSRGPGTSFEFALAIVEALNGKEVAAQ
1 8 1  VKAPLVLKD-

B. pGADT7 Rec-DJ-1 (4-189)

1 m d k a e l i p e p p k k k r k v e l g t a a H t o q s g n i a d s s l s f t f t n s s n g p n l i t t q t n s q a l ®
6 1  f t p  I  A S  SN V H  DNFMNNE I T A S  K j Q K v r.g  p n W T  DOTA Y N A F G I T T G M F N T T B lD n W
1 2 1  ihfI»FDDEDTPPNP|KlMIFN T Ï^Y R A SA A MEYPYDVPDYAHMAMEASEFHPSSGINAEWPL
18 1  WPKRALVILAKGAEEMETVIPVDVMRRAGIKVTVAGLAGKDPVQCSRDWICPDASLEDA
2 4 :  KKEGPYDVWLPGGNLGAQNLSESAAVKEILKEQENRKGLIAAICAGPTALLAHEIGFGS
3 0 :  KVTTHPLAKDKMMNGGHYTYSENRVEKDGLILTSRGPGTSFEFALAIVEALNGKEVAAQV
3 6 1  KAPLVLKDGKKHVGRLGL-

Figure 3.4.11 Sequence analysis of the FCE.l, FCI.l and FCM.l clones: UBC9, UBC9 and 
DJ-1, respectively. Each library clone is represented with a panel which displays the amino acid 
sequence of A. the library hits and B. the fusion protein consisting of the GAL4 AD fused to the N- 
terminus of the interacting protein, encoded by the library plasmid hit. The DJ-1 interacting residues 
are highlighted in grey.
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Clone

NPDI.
NPDI.l

FC18.1
FCE.l

FCI.l
FCM.

Chromosome
locus

7q32-q34
7q33-q36
5q35.2
16pl3.3
16pI3.3
16pl3.3

Encoded protein 
and interacting 

domain
HIPK2 (462-528)
HIPK2 (818-884)

LOC375484 (1-245)
UBC9 (1-158)
UBC9 (1-158)

DJ-1 (4-189)

Accession number

Gene
NM 022740

AF326592
NM 198567
NM 003345
NM 003345
NM 007262

Protein
NP 073577

AAL37371
NP 94096.1

NP 003336
NP 003336
NP 009193

Table 3.4.2 A summary of the YTH library screen hits. Library screen 2 identified the NPDI.l 
clone which encodes amino acids 462-528 of HIPK2 or 818-884 of the longer HIPK2 isoform. The 
FC18.1 clone was identified in library screen 3, and encodes amino acids 1-245 of the hypothetical 
protein LOC375484. Library screen 4 identified the FCE. 1 and FCI. 1 clones which encode amino 
acids 1-158 (full-length) of UBC9, and the FCM. 1 clone encodes amino acids 4-189 of DJ-1.

3.5 DISCUSSION

Low detection of HIS3^ colonies on library plates

• Transformation efficiencies

The number of co-transformed colonies representing the cDNA library for screens 1, 2 and 

4, indicated by the calculated transformation efficiencies (Table 3.4.1), was well within the 

acceptable range of values expected for large-scale screens using the Matchmaker YTH kit 

(M atchmaker user manual, Clontech). This indicates that the transformation efficiencies 

were not the cause of the low detection of HIS3^ colonies on the library plates. However, 

the low transformation efficiencies which resulted in screen 3 were likely to be the cause of 

the detection of a solitary HIS3^ clone.

• Quality of cDNA libraries

Total RNA derived from human substantia nigra and poly(A)-i- RNA derived from human 

frontal cortex were used as templates for generating cDNA libraries. The yield of double

stranded cDNA derived from substantia nigra total RNA was not expected to be as high as 

double-stranded cDNA derived from an oligo(dT)-primed first-strand synthesis reaction 

using frontal cortex poly(A)-i- RNA due to the mRNA content of the sample (only -5%  

mRNA is present in total RNA samples). The size distribution of the total RNA-derived
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double-stranded cDNA was less than expected (Figure 3.4.2). A range of 0.1 - 4 kb (or 

more) represents a good quality cDNA library (Matchmaker user manual, Clontech). It is 

possible that the RNA had suffered some degree of degradation resulting in a low 

concentration of high molecular weight RNA. Increasing the amount of total RNA used in 

the first-strand synthesis reaction from ~2 pg could improve the yield of double-stranded 

cDNA.

Identification of DJ-1 interacting proteins 

HIPK2 interacts with DJ-1
A novel DJ-1 binding protein, homeodomain-interacting protein kinase 2 (HIPK2), was 

identified by screening a human substantia nigra (control individual) cDNA library. 

Homeodomain-interacting protein kinases (HIPKs) are a family of nuclear protein kinases 

(Kim et al., 1998). Homeodomains are the sequence-specific DNA binding regions of 

homeodomain transcription activators. HIPKs function as cofactors by interacting with the 

homeodomain of specific transcription activators and controlling the localisation of the 

transcription activator to target genes. Identification of HIPK2 as a DJ-1 interactor supports 

the role of DJ-1 as a co-modulator of transcriptional activity, which has been hypothesized 

in previous studies (Takahashi et al., 2001; Niki et al., 2003). A recent publication has 

reported the identification of homeodomain-interacting protein kinase 1 (HIPKl) as a DJ-1 

binding protein (Sekito et al., 2006), a protein reported to be involved in apoptotic 

pathways (Ecsedy et al., 2003; Song and Lee, 2003) Since the amino acid composition of 

HIPK2 was found to be 62.9% homologous to that of HIPKl, Sekito et al. (2006) examined 

the interaction between DJ-1 and HIPK2 in the YTH system using the LacZ assay. 

However, the interaction between the full-length DJ-1 bait, pGLex-DJ-1, and the full-length 

HIPK2 prey, pGAD-HIPK2, was not detected. It is possible that the large size of the full- 

length HIPK2 protein disrupted the ability of the fused GAL4 AD protein to form a 

functional transcriptional activator with the DNA-BD of the bait. No other measure of the 

expression of the GAL4 AD-HIPK2 fusion protein was presented by Sekito et al. (2006). -  ^

Hypothetical protein LOC375484 interacts with DJ-1 V
The hypothetical protein L0C375484 was identified in a YTH screen using a human frontal 

cortex cDNA library. A single article published in 2004 by Brill et al. indicated the
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expression of a peptide which aligned with the LOC375484 protein in a study involving 

affinity chromatography and human T cell lysates. Trypsin-digested lysate samples were 

loaded on an affinity chromatography column and mass spectrometry (MS) analysis was 

employed to identify purified peptides. The MS data was matched to amino acid sequence 

in the NCBI protein database and revealed the identification of a peptide match with the 

LOC375484 protein. The coding sequence of the LOC375484 protein remains 

unconfirmed. In an attempt to find out additional information about the hypothetical 

protein, the amino acid sequence was scaimed for domain profiles using several tools on the 

Expert Protein Analysis System (ExPASy) website. No domain profiles were found using 

the InterProscan, Motifscan and ScanProsite. An additional bioinformatic tool Pfam did not 

detect known protein domain profiles (www.pfam.janelia.org).

UBC9 interacts with DJ-1
Screening the human frontal cortex cDNA library identified the small ubiquitin-like 

modifier (SUMO-l)-conjugating enzyme UBC9 as a DJ-1 interacting protein. UBC9 is a 

functional homologue of the E2-type ubiquitin-conjugating enzyme which forms a thioester 

intermediate with SUMO-1 and catalyzes the conjugation of SUMO-1 to target proteins 

(Kim et a l,  1999). The suggestion that DJ-1 activity was regulated by sumoylation 

(Takahashi et al., 2001) indicated a physical association between DJ-1 and the sumoylation 

machinery. The direct interaction between DJ-1 and UBC9 has not been shown before. 

However, since this finding, a YTH screen involving a LexA tagged DJ-1 construct and a 

cDNA library prepared from cDNAs of the human adult brain has been reported (Junn et 

a l,  2005). UBC9 and SUMO-1 were identified as DJ-1 interacting proteins.

DJ-1 self-interacts
The cDNA library hit encoding DJ-1 represents a useful internal control for the screen, 

since the self-interacting properties of DJ-1 are known (Miller et a l ,  2003). The DJ-1 hit 

was identified from the human frontal cortex cDNA library.

http://www.pfam.janelia.org
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4. TH E FU N C T IO N A L SIG N IFIC A N C E  O F DJ-1  

M UTATIONS
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The functional significance of the reported missense mutations of DJ-1 were investigated in 

terms of protein dimérisation and altered interactions with known DJ-1 accessory proteins. 

Investigating the functional significance of the mutations was undertaken in order to 

uncover any novel pathogenic pathway(s) underlying DJ-1-related PD.

Rationale for investigating the effects of DJ-1 mutations on DJ-1 

dimérisation
Bonifati et al. (2003) reported the discovery of PARK? as a causative gene of autosomal 

recessive early-onset PD. In addition to the identification of a homozygous -14  kb deletion 

encompassing the entire promoter region and exons to 5 of the DJ-1 gene for all 

affected individuals of a Dutch genetic isolate, a homozygous point mutation was identified 

in an Italian proband. The homozygous point mutation was positioned 497 bp downstream 

of the ORE start site (497T>C) resulting in the amino acid substitution of a highly 

conserved leucine by a proline at position 166 (L166P) in the DJ-1 protein. The crystal 

structure of human DJ-1 indicated that the protein exists as a dimer (Honbou et at., 2003;

Huai et al., 2003; Lee et al., 2003; Tao and Tong, 2^03; Wilson et al., 2003) and confirmed 

that the L166P mutation could cause a-helix 8 o f me dimer interface to break, resulting in ~f~ 

disruption of dimer formation. Attempts to purify crystals of the L166P mutant were 

unsuccessful and light scattering experiments indicated a monomeric form in solution, , 

supporting the notion that the L166P mutant does not exist as a stable dimer (Tao and 

Tong, 2003). The instability of the L166P mutant and subsequent degradation by the 

proteasome was indicated experimentally (Moore et al., 2003 b; Macedo et al., 2003; 

Miller et al., 2003) and a Toss of function’ hypothesis was proposed to explain the 

pathogenicity of both the DJ-1 mutations in the Dutch and Italian families (Macado et al., 

2003). The -14  kb deletion found in the patients of the Dutch family represents a natural 

‘knockout’ of DJ-I, indicating that a complete loss of functional DJ-1 is pathogenic in 

humans (Bonifati et al., 2004), and the L166P mutation destabilizes the C-terminal a-helix 

resulting in disruption of dimer formation and the subsequent loss of functional DJ-1.

Since the identification of the -14  kb deletion and L166P mutations (Bonifati et al., 2003), 

numerous DJ-1 mutations have been reported in early-onset PD patients. To date, 

pathogenic missense mutations M26I, E64D, A104T, D149A and E163K have been 

identified in early-onset PD patients (see Section 1.2). The identification of the R98Q
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variant in early-onset PD patients was initially thought to be pathogenic, however, 

subsequent studies indicate that this variant is non-pathogenic (see Section 1.2). The 

identification of additional DJ-1 mutations enables the ‘loss of function’ hypothesis to be 

tested further: each DJ-1 mutant could be tested for its ability to dimerise and compared 

with wild-type DJ-1 and LI 66? mutant dimérisation. The hypothesis to be tested is that 

disruption of DJ-1 dimérisation may underlie all DJ-1-related PD cases.

Rationale for investigating the effects of DJ-1 mutations on DJ-1 

interactions with known binding partners
Alteration of protein-protein interactions is known to contribute to many diseases including 

cancer, Huntington’s disease and Alzheimer’s disease (Devi et al., 1999; Jana et al., 2001; 

Atamna and Frey, 2004). The identification of DJ-1 interacting proteins allows the effects 

of DJ-1 mutations on interaction with DJ-1 binding proteins to be investigated. It is 

possible that because the literature supports a ‘loss of functional protein’ hypothesis for the 

effects of the DJ-1 mutations, such experiments have not yet been attempted. Thus, reports 

of additional DJ-1 mutations with unknown pathogenicity and the identification of novel 

DJ-1 protein interactors advocated an investigation into the effects of the DJ-1 mutations on 

protein-protein interactions between DJ-1 and accessory proteins.

Study aims
The aims of the study were to assess the effects of the reported early-onset PD DJ-1 

missense mutations on:

• The ability of DJ-1 to form dimers

Protein interaction between DJ-1 monomers was tested for the various mutant forms of 

DJ-1 using the yeast two-hybrid system.

• The ability of DJ-1 to interact with known DJ-1 binding partners

Protein interaction between the various mutant forms of DJ-1 and DJ-1 binding partners 

was tested using the yeast two-hybrid system.
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4.1 EFFECTS OF DJ-1 MUTATIONS ON DJ-1 DIMERISATION

The effects of the reported missense mutations M26I, E64D, A104T, D149A, E163K and 

L166P on the formation of DJ-1 dimers were assessed using the YTH system. Although the 

R98Q variant is considered non-pathogenic, this variant was also included in the study. In 

2001, Takahashi et al. indicated that the DJ-1 lysine residue at amino acid position 130 was 

conjugated to a small ubiquitin-like modifier, SUMO-1 (see Section 1.3.1). To investigate 

this finding further, the K130R mutant - a potentially non-sumoylated form of DJ-1 - was 

assessed in the dimérisation study along with the reported early-onset PD-associated 

missense mutations.

Utilizing DJ-1 baits and preys in the YTH system
In Chapter 3, the pGLex-DJ-1 bait construct was identified as a functional DJ-1 bait for 

YTH screening. This also demonstrated the suitability of employing the same system for 

investigating DJ-1 dimérisation (see Section 3.3.2). DJ-1 dimérisation was detected with 

the aid of the DJ-1 encoding bait and prey constructs, pGLex-DJ-1 and pACT2-DJ-l, 

respectively. The pGLex-DJ-1 bait encodes a fusion protein consisting of LexA fused to the 

N-terminus of DJ-1 (LexA-DJ-1). The LexA-DJ-1 bait did not autoactivate LacZ and HIS3 

reporter genes, and was functional in terms of its ability to bind to prey fusions encoding 

DJ-1 interacting proteins. Since DJ-1 was known to exist as a dimer (Miller et a l ,  2003), 

the interaction between two DJ-1 monomers was tested. The pACT2-DJ-l prey construct 

which encodes a fusion consisting of GAL4 activation domain fused to the N-terminus of 

DJ-1 (GAL4 AD-DJ-1) was used with the pGLex-DJ-1 bait in the LexA YTH system to 

indicate the ability of DJ-1 to dimerise. The interaction was detected by LacZ and HIS3 

reporter gene activation (Section 3.3.2). This initial work provided a foundation for the 

study investigating DJ-1 dimérisation.

Synthesis of mutant forms of DJ-1
Missense mutations were introduced into DJ-1 bait and prey vectors by PCR-mediated site- 

directed mutagenesis as described in Section 2.2.13. The pGLex-DJ-1 bait and pACT2- 

DJ-1 prey constructs were used as templates for PGR to generate mutant-harbouring 

constructs. For each non-synonymous sequence change reported in early-onset PD patients, 

a pair of complementary mutagenesis oligonucleotide primers was designed (Section
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2.2.13; Table 2.2.3). The primer pairs were designed to (i) contain the desired mutation 

flanked by unmodified nucleotide sequence and (ii) anneal to the same sequence on 

opposite strands of the template DMA. The use of primer pairs on plasmid template DNA 

allows the amplification of the complete construct with the incorporated mutation. PCR 

products resulting from mutagenesis reactions were transformed into E. coli (Section 2.1.3) 

and minipreps of each mutant construct were prepared (Section 2.1.4). The DJ-1 sequence 

of the mutant constructs was determined by performing dideoxy-mediated DNA sequencing 

reactions (Section 2.2.10) and loading phenol/chloroform extracted reaction products onto 

the ABI Genetic Analyzer (Section 2.2.11). Sequence analysis confirmed the incorporation 

of the correct mutation and ensured that there were no other unwanted mutations. A 

simplified overview of the mutagenesis technique, exemplified by the generation of the 

pGLex-DJ-1 M26I mutant and the expression of encoded LexA-DJ-1 M26I fusion protein 

in yeast, is shown in Figure 4.1.1.

pGLex-DJ-1
c o n s tru c t

pGLex-DJ-1 78G>A 
c o n s tru c t

Site-directed
m utagenesis

78G>ApGLen

/  Y e a s t  t r a n s f o r m a t io n  
re su ltin g  in tra n sc r ip tio n  and  

tra n s la tio n  of th e  m u ta n t c o n s tru c t

M26I

Expression of the DJ-1 m utant fusion protein: 
LexA-DJ-1 M26I

Figure 4.1.1 PCR-mediated site-directed mutagenesis. The procedure is exemplified by the 
generation of the pGLex-DJ-1 M26I mutant. The pGLex-DJ-1 bait vector was used as a template 
for PCR and specific primers which incorporate the desired mutation were involved in the reaction. 
The generated mutant construct was used to transform yeast, resulting in the expression of the 
encoded mutant fusion protein in yeast.
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4.1.1 Assessing the effects of DJ-1 missense mutations on DJ-1 

dimérisation using the YTH system
Site-directed mutagenesis generated minipreps of mutant forms of the pGLex-DJ-1 bait and 

pACT2-DJ-l prey constructs. The incorporated mutation and the encoded missense 

mutation for each mutant form is shown in Table 4.1.1. Maxipreps of bait and prey 

constructs harbouring the appropriate mutation were prepared (Section 2.1.4), resulting in 

sufficient amounts of plasmid DNA for subsequent yeast experiments. The maxipreps were 

sequenced to verify the presence of the mutation. Since the LacZ freeze-fracture assay was 

found to be a quick and reliable method for detecting protein-protein interactions using the 

pGLex-DJ-1 bait construct (Section 3.3.2), DJ-1 dimérisation was investigated using this 

assay (Section 2.3.4).

DJ-1 missense 
mutation

Base change relative 
to ORF start site Reference

M26I 78G>A Abou-Sleiman et a l, 2003
E64D 192G>C Hering et a l, 2004
R98Q* 293G>A Hague et a l, 2003
A104T 310G>A Hague et a l, 2003; Clark et al, 2004
K130R** 389-390AA>GG Takahashi et al, 2001
D149A 446A>C Abou-Sleiman et a l, 2003
E163K 487G>A Annesi et a l, 2005
LI 66? 497T>C Bonifati et al, 2003

Table 4.1.1 Missense mutations involved in the study of DJ-1 dimérisation. The mutations were 
incorporated into the DJ-1 sequence of pGLex-DJ-1 bait and pACT2-DJ-l prey constmcts 
according to the reported base changes indicated in column 2. *: R98Q is considered to be a non- 
pathogenic variant. **: K130R is not an early-onset PD missense mutation. The K130 residue is the 
reported site for sumoylation modification (Takahashi et a l, 2001) and the mutant K130R was 
suggested to disrupt DJ-1 sumoylation.

Testing for interactions

Each of the mutant pGLex-DJ-1 bait constructs, which encode mutant LexA-DJ-1 baits, 

were tested for interaction against the corresponding mutant pACT2-DJ-l prey constructs, 

encoding GAL4 AD-DJ-1 preys, using the YTH system and the small-scale yeast 

transformation protocol (Section 2.3.3). This tested the effect of each DJ-1 mutant on
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homodimerisation. In addition, the wild-type pGLex-DJ-1 bait was tested against each of 

the mutant pACT2-DJ-l prey constmcts and the wild-type pACT2-DJ-l prey constmct was 

tested against each of the mutant pGLex-DJ-1 bait constmcts. These interaction tests 

investigated the formation of mutant/wild-type DJ-1 heterodimers.

C ontrols

Testing the wild-type pGLex-DJ-1 bait against the wild-type pACT2-DJ-l construct 

represented a positive control for the experiment. To check for autoactivating baits, wild- 

type and mutant pGLex-DJ-1 bait constmcts were tested against the empty pACT2 prey 

vector. Additional negative controls involved testing the pGLex bait vector against wild- 

type and mutant pACT2-DJ-l prey constmcts.

4.1.2 Effects of DJ-1 mutations on DJ-1 dimérisation
L40 cells were co-transformed with various combinations of test and control bait and prey 

constmcts. The LacZ freeze-fracture assay was performed on colonies which grew on 

SD/-Leu/-Trp selection plates (Section 2.3.4). After 30 minutes in X-gal solution, the 

colour of the colonies was recorded and the reaction was terminated. The results are 

displayed in Figure 4.1.2. A strong interaction indicated by colonies with an intense blue 

coloration were recorded as: + 4-4-. The presence of no blue colonies was recorded as: — .

C ontrol experim ents

The wild-type and mutant LexA-DJ-1 baits did not autoactivate the LacZ reporter gene. 

This was shown by the lack of blue colonies detected for the wild-type/mutant pGLex-DJ-1 

and pACT2 vector co-transformations (indicated in column 1 of Figure 4.1.2). Testing the 

pGLex bait vector against wild-type and mutant pACT2-DJ-l prey constmcts resulted in 

the expected absence of p-galactosidase activity detection (row 1 of Figure 4.1.2). The 

formation of wild-type DJ-1 homodimers, representing the positive control, was indicated 

by testing the wild-type pGLex-DJ-1 bait constmct against the wild-type pACT2-DJ-l prey 

constmct, supporting the finding in Section 3.3.2 (indicated in cell #1 of Figure 4.1.2).

Form ation o f heterodim ers

All the DJ-1 mutants formed heterodimers with wild-type DJ-1. The mutant pGLex-DJ-1 

bait constmcts were tested against the wild-type pACT2-DJ-l prey constmct. An 

interaction was detected between each DJ-1 mutant and wild-type DJ-1, indicating the
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formation of heterodimers between mutant and wild-type DJ-1 monomers (column 2 of 

Figure 4.1.2). In addition, the wild-type pGLex-DJ-1 bait construct was tested against each 

of the mutant pACT2-DJ-l prey constructs to test for heterodimerisation. The resultant 

detections of interaction supported the initial results which demonstrated the ability of 

mutant and wild-type DJ-1 monomers to readily form heterodimers (row 2 of Figure 4.1.2).
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Figure 4.1.2 Effects of DJ-1 mutations on DJ-1 dimérisation. Various bait and prey 
combinations were assayed for interaction using the (J-galactosidase assay. The intensity of the 
detected interaction, monitored by P-galactosidase activity was reported as follows: (—): no 
interaction; (+-H+): strong interaction. All reactions were stopped after 30 min. The cells of the table 
displaying the homodimer formation testing are numbered 1-9.

Form ation o f hom odim ers

DJ-1 homodimerisation was investigated by testing each mutant DJ-1 bait for interaction 

against the corresponding mutant DJ-1 prey (cell #2-9 of Figure 4.1.2). All mutants, except 

L166P, formed homodimers. The L166P mutation was found to disrupt dimérisation of 

DJ-1 (cell #9; Figure 4.1.2). The original filters from the P-galactosidase activity assay for 

L166P are displayed in Figure 4.1.3. These findings suggest that only when the L166P
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mutation is present on both DJ-1 monomers is dimer formation abolished (filter 8; Figure

4.1.3). The presence of a single L166P mutation, on either monomer, had no effect on the 

ability of DJ-1 to dimerise and heterodimers were readily formed (filter 5 and 7; Figure

4.1.3).

pACT2 prey construct 

DJ-1
vector wild-type L166P

o
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1 2 ‘
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1
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Figure 4.1.3 Effect of the L166P mutation on DJ-1 dimérisation. The presence of the L166P 
mutation in both bait and prey fusions abolishes DJ-1 dimérisation, whereas mixed DJ-1/L166P 
heterodimers are stable. The original filters from the (3-galactosidase assay are shown. Filters 1-3 
and 6 represent negative controls. Dimérisation of the wild-type monomers represents the positive 
control (filter 4).

4.2 EFFECTS OF DJ-1 MUTATIONS ON DJ-1 INTERACTION 

WITH KNOWN DJ-1 BINDING PARTNERS

The effects of DJ-1 missense mutations on DJ-1 interactions with known DJ-1 binding 

partners were also assessed using the YTH system. Preliminary experiments involved in 

preparing for YTH screening (Section 3.3.2) indicated that the YTH system was suitable 

for investigating protein interaction between DJ-1 and interacting proteins. In addition to 

the detection of interaction between two DJ-1 monomers, DJ-l/DJBP and DJ-l/PIASxa 

interactions were detected. The DJ-1 missense mutations and the DJ-1 binding proteins 

involved in the study are detailed below.
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4.2.1 DJ-1 binding proteins

• DJBP, PIASxa, SUMO-1 and UBC9^

Prey constructs for the DJ-1 binding proteins DIB? (Niki et a l,  2003) and PIASxa 

(Takahashi et al., 2001) were described in Section 3.3.2. Since PIASxa is an E3 ligase for 

the small ubiquitin-like modifier SUMO-1, and because the SUMO-conj ugating enzyme 

UBC9 was identified as a DJ-1 interactor by YTH screening (Chapter 3), it was considered 

that DJ-1 may interact with other components of the sumoylation machinery. For this 

reason, cDNAs for SUMO-1 and the SUMO-activating enzyme UBA2 were cloned into the 

YTH prey construct pACT2.

• YTH library hits

The YTH library screens detailed in Section 3.4 resulted in the identification of prey 

constructs for DJ-1, UBC9, HIPK2 and the hypothetical protein LOC375484. Although a 

full-length cDNA was not identified for HIPK2, the 201 bp encoding 67 amino acids of 

HIPK2 clearly encodes the DJ-1 binding site. A recent article reporting the apoptotic role of 

HIPKl, a HIPK2 homologue (Sekito et al., 2006), revealed the potential significance of the 

DJ-1/HIPK2 interaction in pathogenic pathways, and therefore HIPK2 was included in the 

study of DJ-1 mutations. Although the function of the hypothetical protein LOC375484 is 

unknown, this protein was also included in the study.

• Daxx

The report of a novel DJ-1 interacting protein, the death associated protein Daxx (Junn et 

al., 2005), initiated the testing of the DJ-1/Daxx interaction in the YTH system. Residues 

638-739 of the Daxx protein were found to interact with DJ-1.

4.2.2 Missense mutations of DJ-1
The effects of the reported missense mutations M26I, E64D, A104T, D149A, E163K and 

L166P (and the non-pathogenic variant R98Q) on DJ-1 interaction with known DJ-1 

binding partners were assessed using the YTH system. In addition, the reported non- 

sumoylated form of DJ-1, the K130R mutant (Takahashi et al., 2001), was included in the 

study.
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4.2.3 YTH constructs
Wild-type and mutant pGLex-DJ-1 bait constructs

Generation of the wild-type pGLex-DJ-1 bait constmct is detailed in Section 3.3.2 and the 

synthesis of mutant forms of the constmct is detailed in Section 4.1.

DJ-1 interacting protein encoding prey constructs

• DJ-1, DJBP, PIASxa

The cloning of DJ-1, DJBP and PIASxa into prey constmcts is detailed in Section 3.3.2.

• SUMO-1, UBC9, UBA2 and Daxx

Full-length SUMO-1 and UBC9 were amplified from human frontal cortex cDNA as

detailed in Table 2.5.2 using the oligonucleotide primers SUMO-1A and SUMO-IB or

UBC9-A or UBC9-B, respectively (Table 2.5.8). The resultant PCR product was cloned 

into the Nco\ and Xhol sites of the GAL4 AD prey constmct pACT2. Attempts to amplify 

full-length UBA2, as detailed in Table 2.5.2, using the oligonucleotide primers UBA2-A  

and UBA2-B (Table 2.5.8), were unsuccessful. However, the reported C-terminal DJ-1 

interacting domain of UBA2 (residues 445-640) was amplified from a DKFZ clone as

detailed in Table 2.5.2 using the oligonucleotide primers UBA2-B and UBA2-C (Table

2.5.8) and cloned into the Ncol and BamRl sites of pACT2. Full-length Daxx and the 

reported C-terminal DJ-1 interacting domain of Daxx were amplified from an IMAGE 

clone as detailed in Table 2.5.2 using the oligonucleotide primers DAXXl and DAXX2 or 

DAXX2 and DAXX3, respectively.

4.2.4 Assessing the effects of DJ-1 missense mutations on DJ-1 interaction 

with binding partners using the YTH system
Sequence verified maxipreps of mutant forms of the pGLex-DJ-1 bait constmcts and DJ-1 

interacting protein encoding prey constmcts were made. The LacZ freeze-fracture assay 

(Section 2.3.4) was used to detect protein-protein interaction between bait and prey fusions.

Testing for interaction

Before testing each of the mutant pGLex-DJ-1 baits against the DJ-1 interacting protein 

encoding prey constmcts, the pGLex bait vector and the wild-type pGLex-DJ-1 bait were 

tested against each of the DJ-1 interacting protein encoding prey constructs.
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Wild-type pGLex-DJ-1 bait against DJ-1 interacting protein preys

To verify the interactions between wild-type DJ-1 and DJ-1 interacting proteins, the 

corresponding constructs were tested in the YTH system and LacZ freeze-fracture assays 

were performed. Preliminary experiments involved in the preparation for YTH library 

screening indicated that the pGLex-DJ-1 bait did not autoactivate LacZ gene transcription 

and the interaction between wild-type DJ-1 and DJ-1, DJBP and PIASxa was detected 

(Chapter 3, Section 3.3.2). The interaction tests involving the remaining DJ-1 interacting 

proteins against wild-type DJ-1 were performed before testing mutant DJ-1 baits. An 

interaction between wild-type DJ-1 and SUMO-1, UBC9, Daxx (full-length) and Daxx (C- 

terminal) was detected in LacZ freeze-fracture assays (Figure 4.2.1; filters 6,7,9 and 10). 

However, an interaction was not detected between DJ-1 and UBA2 (Figure 4.2.1; filters 8). 

LacZ freeze-fracture assays also verified the interaction between wild-type DJ-1 and the 

library screen hits DJ-1, UBC9, HIPK2 and the hypothetical protein LOC375484, which 

were identified in Chapter 3, Section 3.4 (Figure 4.2.2; filters 5-8).

GAL4 AD-

pGLex-

SUMO-1 UBC9 UBA2 (C) Daxx (FL) Daxx (C)

vector
1 2 , 3 4 $

DJ-1
8

Figure 4.2.1 Preliminary testing for interaction between DJ-1 and interacting proteins. pGLex 
vector (filters 1-5) and wild-type pGLex-DJ-1 (filters 6-10) bait constructs were tested against DJ-1 
accessory protein prey constructs. Filters from LacZ freeze-fracture assays are shown.

Empty pGLex bait vector against DJ-1 interacting protein preys

In addition to testing the wild-type pGLex-DJ-1 bait against each of the DJ-1 interacting 

protein preys, the preys were tested for non-specific interactions with the empty pGLex 

bait. Preliminary experiments involved in the preparation for YTH library screening 

(Chapter 3, Section 3.3.2) tested the empty pGLex bait against DJ-1, DJBP and PIASxa
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preys. Non-specific binding was not observed when the pGLex bait vector was co

transformed with prey constructs, shown by the complete absence of blue colonies on test 

transformation plates which were subjected to LacZ freeze-fracture assays (Figure 3.3.3; 

filters 1-3). In this study, non-specific binding with the empty pGLex bait was not observed 

for the SUMO-1, UBA2, Daxx (full-length) and Daxx (C-terminal) preys (Figure 4.2.1; 

filters 1, 3-5). The UBC9 prey construct did result in some weak non-specific binding when 

co-transformed with the pGLex bait vector (Figure 4.2.1; filter 2). However, since the blue 

coloration for colonies on the wild-type DJ-1/UBC9 test transformation plate was 

significantly more intense (Figure 4.2.1; filter 7), this meant that the DJ-1/UBC9 interaction 

could still be reliably detected. The DJ-1 interacting proteins identified in the library 

screens performed in Section 3.4 were also tested for non-specific binding in the presence 

of the empty pGLex bait. The DJ-1 and hypothetical protein LOC375484 library hits did 

not non-specifically bind to the empty pGLex bait (Figure 4.2.2; filters 1 and 3). Although 

the HIPK2 library hits did result in some weak non-specific binding to the pGLex bait 

(Figure 4.2.2; filter 4), the blue coloration for colonies on the DJ-1/HIPK2 test 

transformation plates were significantly more intense (Figure 4.2.2; filter 8), meaning that 

the DJ-1/HIPK2 interaction could still be reliably detected.

GAL4 AD-

pGLex-

vector

DJ-1
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Figure 4.2.2 Protein-protein interactions between wild-type DJ-1 and DJ-1 interacting 
proteins identified in YTH library screens. pGLex vector (filters 1-4) and wild-type pGLex-DJ-1 
(filters 5-8) bait constructs were tested against DJ-1 library hit prey constructs. Filters from LacZ 
freeze-fracture assays are shown.
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Mutant pGLex-DJ-1 baits against DJ-1 interacting protein preys

Each mutant LexA-DJ-1 bait was tested for interaction against the DJ-1 interacting protein 

preys using the YTH system. The C-terminal Daxx prey construct, rather than the full- 

length version, was used to test the DJ-1 mutants.

C ontrols

Testing the wild-type pGLex-DJ-1 bait against the DJ-1 interacting protein encoding preys 

represented the positive controls for the experiment. To check for autoactivating baits, 

wild-type and mutant pGLex-DJ-1 bait constructs were tested against the pACT2 prey 

vector. To check for non-specific binding, the pGLex vector bait was tested against DJ-1 

interacting protein encoding preys.

4.2.5 Effects of DJ-1 mutations on DJ-1 interaction with binding partners
L40 cells were co-transformed with the wild-type or mutant pGLex-DJ-1 bait construct and 

a DJ-1 interacting protein encoding prey construct (Section 2.3.3). LacZ freeze-fracture 

assays were performed on colonies which grew on SD/-Leu/-Trp selection plates (Section

2.3.4). After 30 minutes in X-gal solution, the colour of the colonies was recorded and the 

reaction was terminated. The results are displayed in Figure 4.2.3. A strong interaction 

indicated by colonies with an intense blue coloration were recorded as: + + +. The presence 

of no blue colonies was recorded as: — .

C ontrol experim ents

Supporting the finding in Section 4.1, wild-type and mutant pGLex-DJ-1 baits did not 

autoactivate the LacZ reporter gene. This was shown by the lack of blue colonies detected 

for the wild-type/mutant pGLex-DJ-1 and pACT2 vector transformations in LacZ freeze- 

fracture assays (indicated in the GAL4 AD-vector column of Figure 4.2.3). Testing of the 

LexA vector bait ( ‘fusion A ’) against the DJ-1 interacting proteins is represented in the 

‘fusion A ’ row of Figure 4.2.3, indicating the absence of non-specific binding. Testing the 

wild-type DJ-1 bait ( ‘fusion B ’) against the DJ-1 interacting proteins is represented in the 

‘fusion B ’ row of Figure 4.2.3, indicating the detection of interaction between wild-type 

DJ-1 and the DJ-1 interacting proteins.
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Figure 4.2.3 Testing for interaction between mutant DJ-1 and DJ-1 interacting proteins. The
bait fusions are schematically represented on the left of the figure: Fusion A represents the LexA 
control, encoded by the pGLex vector bait, fusion B represents LexA-wild-type DJ-1, encoded by 
wild-type pGLex-DJ-1, and fusions C-J represent LexA-mutant DJ-1 fusions, encoded by mutant 
pGLex-DJ-1. The DJ-1 interacting proteins are displayed at the top of the figure and are GAL4 AD 
prey fusions. +++: strong interaction detected; —: no interaction detected. The HIPKl and 
hypothetical protein library hits were used in the YTH experiments.



RESULTS 145

B inding betw een m utant D J-1 and D J-1 interacting proteins

Upon testing the M26I DJ-1 mutant ( ‘fusion C’) for interaction against the DJ-1 interacting 

proteins, the M26I mutation was found to specifically disrupt interaction between DJ-1 and 

SUMO-1 (indicated in the ‘fusion C’ row of Figure 4.2.3). The E64D DJ-1 mutant (‘fusion 

D ’) was tested for interaction with DJ-1 interacting proteins. The results indicated that the 

E64D mutation had no effect on interaction of DJ-1 with any of the interacting proteins 

involved in this study (indicated in the ‘fusion D ’ row of Figure 4.2.3). R98Q had no 

apparent effect on DJ-1 interactions with DJ-1 interacting proteins (indicated in the ‘fusion 

E’ row of Figure 4.2.3). Unexpectedly, the K130R mutation did not abolish the interaction 

between DJ-1 and any of the DJ-1 interacting proteins, including SUMO-1 (indicated in the 

‘fusion G’ row of Figure 4.2.3). Interestingly, the A104T, D149A and E163K mutations 

were found to specifically disrupt interactions between DJ-1 and DJBP (indicated in ‘fusion 

F, H and F rows, respectively, of Figure 4.2.3). Surprisingly, the L I66? mutation abolished 

DJ-1 interaction with all DJ-1 accessory proteins, while retaining interactions with wild- 

type DJ-1 (indicated in the ‘fusion J’ row of Figure 4.2.3). The formation of the 

L166P/wild-type DJ-1 heterodimer is in agreement with the result in Section 4.1.

To highlight the altered interactions between selected DJ-1 mutants and DJ-1 interacting 

proteins, the original filters from the LacZ freeze-fracture assays are shown in Figure 4.2.4. 

The M26I DJ-1 mutant was able to interact with DJ-1 to form a heterodimer (Figure 4.2.4; 

filter 2) as well as DJBP, HIPK2, UBC9, PIASxa, Daxx and the hypothetical protein 

library hit (Figure 4.2.4; filters 3-4, 6-9). However, M26I mutation clearly abolished 

DJ-1/SUMO-1 binding (Figure 4.2.4; filter 5). The A104T, D149A and E163K mutants 

were able to form heterodimers with wild-type DJ-1 (Figure 4.2.4; filters 11 ,20  and 29, 

respectively) and interact with HIPK2, SUMO-1, UBC9, PIASxa, Daxx and the 

hypothetical protein library hit (Figure 4.2.4; filters 13-18, 22-27 and 31-36, respectively), 

while DJ-l/DJBP interactions were abolished (Figure 4.2.4; filter 12, 21 and 30, 

respectively). The L166P mutant was able to form a heterodimer with wild-type DJ-1 

(Figure 4.2.4; filter 38), but abolished interactions with all DJ-1 interacting proteins (Figure 

4.2.4; filter 39-45).
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Figure 4.2.4 Altered binding between DJ-1 and DJ-1 interacting proteins due to the presence 
of reported early-onset PD DJ-1 missense mutations. The mutant DJ-1 baits, indicated on the left 
of the figure, were tested against the DJ-1 interacting protein encoding preys, indicated at the top of 
the figure. The filters from assaying for P-galactosidase activity are shown. Blue-coloured colonies 
indicate the detection of protein-protein interaction. r

4.3 IDENTIFYING THE SUMO-I BINDING SITE ON DJ-1

Sumoylation is a reversible post-translational modification involving the conjugation of a 

small ubiquitin-like modifier, SUMO-1 (a 101 amino acid protein), to a lysine side chain of 

the substrate protein. Sumoylation of DJ-1 was investigated using a systematic approach in

an attempt to identify the SUMO-1 binding site.

Rationale for investigating the SUMO-1 binding site on DJ-1
The reported sumoylation-deficient DJ-1 mutant K130R (Takahashi et al., 2001) was

involved in studying the dimérisation of DJ-1 and DJ-1 interaction with binding proteins 

(Sections 4.1 and 4.2, respectively). However, the K130R mutation did not affect DJ-1
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dimérisation and did not affect the ability of DJ-1 to bind to SUMO-L This result was 

interpreted as an indication of the involvement of an additional lysine residue, other than 

K130, as the site of sumoylation. The sumoylation state of DJ-1 is of interest since this 

post-translational modification could influence protein function (Section 1.3.1). The 

identification of the SUMO-1 site may help explain the effect of the M26I mutation on 

DJ-1/SUMO-1 interaction: the SUMO-1 site may be spatially close to M26 and the M26I 

mutation could alter the structural conformation of DJ-1, inhibiting the conjugation of 

SUMO-1. In turn, inhibition of sumoylation could alter the subcellular localisation of DJ-1 

or promote protein degradation via the ubiquitin proteasome system, resulting in molecular 

pathways potentially leading to neurodegeneration.

Study aim
The aim of the study was to identify the SUMO-1 binding site on DJ-1. Each lysine residue 

in the DJ-1 protein was mutated and the ability of the DJ-1 lysine mutant to bind to 

SUMO-1 was assessed using the YTH system. DJ-1 interaction with the SUMO- 

conj ugating enzyme UBC9 was included in the study to support any findings, since it was 

shown to interact with DJ-1 and is part of the sumoylation machinery. An alteration in the 

ability of DJ-1 to bind to SUMO-1 or UBC9 due to a mutated lysine residue might indicate 

the involvement of a lysine residue in the sumoylation of DJ-1.

A systematic analysis of the DJ-1 lysine residues
In an attempt to identify a single lysine residue responsible for sumoylation of DJ-1, a 

systematic analysis involving each of the lysine residues (sixteen in total) of DJ-1 was 

carried out. The K130R mutation was already shown to have no effect on DJ-1 interaction 

with SUMO-1 and UBC9 (Section 4.2). The remaining fifteen lysine residues in the DJ-1 

protein were mutated to an arginine residue which has the same electrical charge (positive) 

and hydrophilic properties. The DJ-1 protein is represented in Figure 4.3.1, indicating the 

position of each lysine residue. The lysine residue involved in sumoylation usually lies 

within the SUMO modification consensus motif \|/KxE, where \|/ is a hydrophobic residue, 

K is the-lysine residiieœnjugated to SUMO-1, x is any amino acid and E is glutamic acid 

(Rodriguez et a l, 2 0 0 iy ^ i  online SUMO-1 binding site predictor, the Abgent SUMOplot 

Predictor (www.abgent.com/sumoplot.html), was used to analyse the DJ-1 protein 

sequence. The predictions were based on the presence of the tetrapeptide motif described

http://www.abgent.com/sumoplot.html
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above. The predictor suggested that the lysine residues of DJ-1 most likely to be involved 

in sumoylation were K182, K62, K41, K148 and K63 (stated in order of probability). 

Interestingly the K130 residue was not predicted to be involved in sumoylation. Since the 

neighbouring lysine residues at amino acid positions 62 and 63 of the DJ-1 protein were 

predicted to be involved in the SUMO-1 binding site, a double mutant encoding DJ-1 

carrying the K62R and K63R mutations was also generated.

K4 K12 K 3 Z [ E i I ] [ E H 2 ] [ H H I ]  K89K93 K99 K122 K130 K132fKÏ48l K 1 7 5 [ R ï â 3  K188

II
a

III IV
00 12(Nr

VI
160

VII !89

Figure 4.3.1 The lysine residues of DJ-1. A representation of the DJ-1 protein, highlighting lysine 
residues (indicated with an arrow) is displayed. The lysine residues predicted to be involved in 
sumoylation of DJ-1 by the Abgent SUMOplot predictor are boxed. The exon number encoding the 
indicated amino acids is shown in roman numerals.

4.3.1 Utilizing the YTH system in order to identify the SUMO-1 site

M utant pG L ex-D J-1 hait constructs encoding m utated lysine residues

Site-directed mutagenesis was carried out to generate mutant pGLex-DJ-1 bait constructs as 

detailed in Section 4.1. The sequences of the mutagenesis oligonucleotide primers are 

detailed in Table 2.2.4 of Section 2.2.13. The point mutations specifying lysine to arginine 

substitutions for each mutant pGLex-DJ-1 construct were verified by dideoxy-sequencing.

SU M O -1 and U B C 9 encoding prey constructs

The cloning of SUMO-1 and UBC9 into the pACT2 prey construct is detailed in Section

3.3.2.

Testing for interaction

Each pGLex-DJ-1 bait construct encoding a mutated lysine residue was tested for 

interaction with DJ-1, SUMO-1 and UBC9 preys using the YTH system (Section 2.3.3).
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Testing the mutants against the DJ-1 encoding prey indicates the formation of heterodimers 

between mutant and wild-type DJ-1. LacZ freeze-fracture assays (Section 2.3.4) were used 

to detect protein-protein interactions driven by bait and prey fusions.

C ontrols

Testing the wild-type pGLex-DJ-1 bait against the DJ-1, SUMO-1 and UBC9 preys 

represented the positive controls for the experiment. To check for autoactivating baits, 

mutant pGLex-DJ-1 bait constructs encoding mutated lysine residues were tested against 

the pACT2 prey vector. Although non-specific binding of DJ-1, SUMO-1 and UBC9 to the 

pGLex vector bait had already been tested in Section 4.2, these controls were also included 

in the experiment.

E ffects o f  m utated lysine residues o f D J-1 on interaction  w ith  SU M O -1 and  

U B C 9

L40 cells were co-transformed with the wild-type pGLex-DJ-1 bait construct or a pGLex- 

DJ-1 bait construct encoding a mutated lysine residue and the DJ-1, SUMO-1 or UBC9 

prey construct. LacZ freeze-fracture assays were performed on colonies which grew on 

SD/-Leu/-Trp selection plates. After 30 min in X-gal solution, the colour of the colonies 

was recorded and the reaction was terminated. The results are displayed in Figure 4.3.2. A 

strong interaction indicated by colonies with an intense blue coloration were recorded as: + 

+ +. The presence of no blue colonies was recorded as: — .

C ontrol experim ents

Wild-type and mutant lysine pGLex-DJ-1 baits did not autoactivate the LacZ reporter gene 

(Figure 4.3.2; colunrn 1). Testing the LexA vector bait against DJ-1, SUMO-1 and UBC9 

preys indicated the absence of non-specific binding between these preys and the empty 

LexA bait (row 1 of Figure 4.3.2). Wild-type DJ-1 bait was tested against the prey vector as 

a negative control and against DJ-1, SUMO-1 and UBC9 representing positive controls 

(Figure 4.3.2; row 2).
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Figure 4.3.2 Effects of individual lysine mutations on DJ-1 interaction with SUMO-1 and 
UBC9. As a positive control each lysine mutant was tested against wild-type DJ-1 to show that each 
mutant is able to form mutant/wild-type DJ-1 heterodimers. +++: strong interaction detected; —: no 
interaction detected.

B inding betw een lysine m utant D J-1 and sum oylation  proteins

LacZ freeze-fracture assays indicated that all lysine mutants were able to form heterodimers 

with wild-type DJ-1 (Figure 4.3.2; column 2), except the K41R mutant (Figure 4.3.2; cell 

#1). Upon testing each DJ-1 lysine mutant for interaction against the sumoylation proteins 

SUMO-1 and UBC9, no single mutant abolished the DJ-1/SUMO-1 and DJ-1/UBC9 

interactions except the K41R mutant (Figure 4.3.2; cell #2 and 3, respectively).
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4.3.2 Investigating SUMO-1 conjugation to wild-type and mutant LexA- 

DJ-1 fusion proteins extracted from yeast ^ ^ ̂
The thorough YTH analysis did not reveal any single lysine residue/affecting DJ-1 

interaction with SUMO-1 or UBC9, suggesting that there might be more than one lysine 

involved in the sumoylation of DJ-1. To investigate the potential number of sumoylation 

sites on DJ-1, protein extracts from transformed L40 yeast cells were prepared and LexA 

fusions were detected by performing SDS-PAGE and Western blotting with the anti-LexA 

antibody (Section 2.4.10). A molecular weight shift between sumoylated and non- 

sumoylated DJ-1 was expected to indicate the number of SUMO-1 conjugates bound. 

Single transformations were performed, involving the transformation of L40 cells with 

wild-type or mutant pGLex-DJ-1 constructs. In addition, L40 cells were co-transformed 

with the pGLex-DJ-1 construct and the SUMO-1 expressing prey construct, pACT2- 

SUMO-1.

Preparation o f yeast protein extracts

L40 yeast cells were transformed with the pGLex-DJ-1 (wild-type, M26I, K130R or 

LI66?) bait constructs using the protocol described in Section 2.3.3. Protein extraction 

from transformed yeast is detailed in Section 2.3.5. A liquid culture was prepared using a 

transformed L40 colony and cultured for 12-16 hours. The cells were lysed in 1% (v/v) 

Triton X-100 lysis buffer and disrupted by high speed vortexing. The resultant cell extract 

was subjected to SDS-PAGE (Section 2.4.9).

D etection o f LexA fusion proteins

LexA fusions were detected by Western blotting using the rabbit polyclonal anti-LexA 

antibody. The proteins were transferred from the SDS-polyacrylamide gel to a PVDF 

membrane by semi-dry electrophoretic transfer (Section 2.4.10). The membrane was 

subjected to an overnight block in 5% (w/v) BSA and the membrane was probed with the 

anti-LexA antibody at a 1:5000 dilution.

Investigating SUM O-1 binding in DJ-1 sum oylation

The anti-LexA probed membrane is shown in Figure 4.3.3, panel A. The molecular weight 

of the LexA-DJ-1 fusion and endogenous SUMO-1 was predicted to be 42.5 kDa and 11.6 

kDa, respectively (www.expasy.org/cgi-bin/pi). The LexA-DJ-1 (wild-type) fusion

http://www.expasy.org/cgi-bin/pi
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migrated at the predicted molecular weight position (Figure 4.3.3; panel A; lane 1). 

Surprisingly, the LexA-DJ-1 M26I, L166P and K130R mutants migrated at the same 

position (Figure 4.3.3; panel A; lanes 2, 3 and 4, respectively). The weak expression for the 

LexA-DJ-1 L166P fusion was apparent, indicating that this form of DJ-1 was less stable 

(Figure 4.3.3; panel A; lane 3). The expression of the LexA-DJ-1 M26I fusion also 

appeared weak in comparison with the wild-type LexA-DJ-1 and LexA-DJ-1 K130R 

fusions (Figure 4.3.3; panel A; lane 2).

A. LexA- B.

PACT2-SUMO-1

+
LexA-

&

kDa

o. S

i l l s
o o kOa

&

6 ?

% Û-I I I
O Q O O

Blot:
antl-LexA

105— 
75 —

105— 
75 —

50 — 50 —

35 — 35 —

30 — 
25 —

30 — 
25 —

15 — 15 —

LexA-OJ-1

LexA

1 2 3 4 5

Figure 4.3.3 Western blots indicating the molecular weight of LexA-DJ-1 bait in 
transformed L40 yeast cells. SDS-PAGE resolved proteins extracts were transferred to a PVDF 
membrane and probed with the anti-LexA antibody. Molecular weight markers on the left of the 
blot are in kDa. A. L40 cells were singly transformed with the LexA-DJ-1 (wild-type or mutant) 
encoding construct. B. L40 cells were co-transformed with the LexA-DJ-1 (wild-type or mutant) 
and the GAL4 AD-SUMO-1 encoding construct.

In case a low expression of endogenous SUMO-1 was limiting the sumoylation of 

exogenous DJ-1, the experiment was repeated by co-transforming L40 cells with pGLex- 

DJ-1 bait and pACT2-SUM0-l prey constructs. To confirm the molecular weight of the



RESULTS 153

LexA tag, the pGLex2 vector encoding the non-tagged LexA protein was also used in a L40 

transformation. The extracted protein was prepared and subjected to SDS-PAGE and 

Western blotting as described above. The anti-LexA probed membrane is shown in Figure

4.3.3, panel B. The LexA protein migrated at a position just above the 25 kDa marker, as 

expected (Figure 4.3.3; panel B; lane 1). Transforming L40 yeast cells with the additional 

SUMO-1 encoding construct did not alter the molecular weight of the LexA-DJ-1 fusions. 

LexA-DJ-1 fusions (wild-type and mutant) migrated at 42.5 kDa (Figure 4.3.3; panel B; 

lane 2-5).

4.4 DISCUSSION

DJ-1 mutations other than L166P do not affect DJ-1 dimérisation

The effects of the reported DJ-1 missense mutations on the ability of DJ-1 to form dimers 

were assessed in the YTH system. All of the mutants made heterodimers with wild-type 

DJ-1, while all mutants except for L166P were capable of homodimer formation. These 

results support the YTH study of Takahashi-Niki et al. (2004) which involved the 

investigation of a subset of DJ-1 missense mutations, namely M26I, R98Q, D149A and 

L166P. This group also reported heterodimer formation between mutant and wild-type 

DJ-1, in addition to homodimer formation for all mutants except L166P. These results 

suggest that disruption of DJ-1 dimérisation is not the common pathogenic mechanism 

underlying DJ-1-related PD. The reported sumoylation-deficient DJ-1 mutant, K130R, 

formed a heterodimer with wild-type DJ-1 and a homodimer, supporting the YTH work of 

Miller et al. (2003), which demonstrated the lack of effect of the K130R mutation on DJ-1 

dimérisation.

DJ-1 mutations affect interactions with selected DJ-1 accessory proteins

DJ-1 mutants were assessed for their ability to interact with DJ-1 accessory proteins using 

the YTH system. The M26I mutation was found to specifically disrupt DJ-1 interaction 

with SUMO-1, while mutations A104T, D149A and E163K specifically disrupted 

interactions with DJBP. The R98Q and E64D mutants had no apparent effect on interaction 

with the DJ-1 protein interactors involved in this study. The identification of the R98Q 

‘mutation’ in an early-onset PD patient (Hague et al., 2003; Abou-Sleiman et al., 2003) 

was closely followed by several studies involving the screening of the DJ-1 gene for the
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presence of sequence alterations in early-onset PD patients and ethnically matched controls 

(Hedrich et al., 2004; Lockhart et a l,  2004). Interestingly, the frequency of the R98Q 

‘mutation’ was found not to differ significantly between patients and controls and was 

present in greater than 1% of control chromosomes (Hedrich et al., 2004). These results 

indicated that R98Q is probably the result of a rare non-synonymous coding SNP and is 

likely to be non-pathogenic. This may explain why no effect of the R98Q substitution on 

the interaction with DJ-1 protein interactors was observed. The E64D mutation was 

identified by Hering et al. (2004) whilst screening 104 early-onset PD patients. The 

mutation was exclusively found in a single early-onset PD patient of Turkish ancestry in the 

homozygous state. The E64D mutation was not identified in 99 ethnically matched control 

individuals, suggesting that the substitution is not a rare polymorphism but is likely to be a 

pathogenic mutation. It is possible that the identification of additional DJ-1 interacting 

proteins may reveal the functional significance of the E64D mutation, since the E64D 

mutation may alter the interaction between DJ-1 and an as yet unknown DJ-1 interacting 

protein. Initial experiments in this chapter suggested that disruption of DJ-1 dimérisation is 

not the common pathogenic mechanism underlying DJ-1-related PD (Section 4.1). An 

alternative hypothesis can now be put forward: disruption of DJ-1 interaction with the DJ-1 

binding proteins SUMO-1 or DJBP is a more common pathogenic mechanism underlying 

DJ-1-related PD.

No single mutated DJ-1 lysine residue affects DJ-1 interaction with SUMO-1 or UBC9

A thorough YTH analysis did not reveal any single lysine residue affecting DJ-1 interaction 

with SUMO-1 or UBC9. The K41R mutation disrupted DJ-1 interaction with SUMO-1 and 

UBC9, but also disrupted the interaction with wild-type DJ-1. This result suggests that the 

K41R mutation had a destabilizing effect on DJ-1 dimer formation, leading to the 

dismption of DJ-1 interaction with all binding proteins, as previously observed for L166P. 

The loss of interaction between the DJ-1 K41R mutant and SUMO-1 and UBC9 is 

therefore explained. It may have been informative to include additional sumoylation 

machinery proteins such as PIASxa and UBA2 in the search for the SUMO-1 binding site 

of DJ-1. However, the results suggested that there might be more than one lysine involved 

in the sumoylation of DJ-1. LacZ freeze-fracture assays may not have been sensitive
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enough to discriminate the loss of one sumoylation site if another one or two sites are still 

utilised.

A shift in molecular weight was not apparent for the exogenous DJ-1 bait

The identification of multiple lysine residues involved in DJ-1 sumoylation would be 

extremely time-consuming if a mutation analysis was carried out in the YTH system. 

Rather than performing additional YTH work, DJ-1/SUMO-1 binding was analysed at the 

protein level. The number of SUMO-1 proteins involved in the sumoylation of DJ-1 could 

potentially be identified by a molecular weight shift between wild-type and non-sumoylated 

forms of DJ-1. The molecular weight of wild-type and mutant bait fusion proteins extracted 

from transformed L40 yeast cells was investigated. However, exogenous LexA-DJ-1 

fusions (wild-type and mutant) did not differ in molecular weight. The migration position 

was 42.5 kDa, suggesting that SUMO-1 modification had not occurred for any of the LexA- 

DJ-1 fusions. One study has been reported on DJ-1 sumoylation (Shinbo et al., 2006). 

Human H I299 cell lysates were subjected to SDS-PAGE and Western blotting with an anti- 

DJ-1 antibody or an anti-SUMO-1 antibody. A molecular weight shift of 20 kDa between 

sumoylated and non-sumoylated forms of DJ-1 was demonstrated, indicating the 

conjugation of two SUMO-1 proteins to endogenous DJ-1 in H I299 cells. In this study, the 

absence of detectable sumoylation of exogenous DJ-1 in yeast may have been due to the 

relatively low expression of the endogenously expressed sumoylation machinery. Although 

the SUMO-1 encoding construct was used in co-transformations to increase the levels of 

SUMO-1 in the yeast cells, the endogenous expression level of the additional sumoylation 

machinery proteins such as UBC9 and PIASxa may not have been sufficient for 

sumoylating detectable levels of the over-expressed LexA-DJ-1 fusions. Transforming the 

yeast with multiple constructs encoding sumoylation machinery proteins may have resulted 

in detectable, sumoylated forms of the LexA-DJ-1 fusions. Indeed, sumoylation of 

exogenous DJ-1 was detectable by SDS-PAGE and Western blotting when human H I299 

cells over-expressed epitope-tagged DJ-1, SUMO-1 and UBC9, which was enhanced by 

over-expression of PIASxa (Shinbo et al., 2006). However, these explanations do not 

account for a robust ‘interaction’ between DJ-1 and SUMO-1 that can be detected in yeast. 

One possibility that may explain the above data is that DJ-1 is not directly sumoylated in 

yeast, but interacts with a yeast protein that is a substrate for SUMO-1 modification, i.e.
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the interaction of DJ-1 and SUMO-1 in yeast is indirect. There is certainly a yeast 

homologue of DJ-1 (de Nobel et a i,  2001; Wilson et al., 2004), and this presumably 

interacts with other yeast proteins in vivo that could be substrates for SUMO-1 

modification. Two DJ-1 interacting proteins known to be substrates for SUMO 

modification are Daxx and HIPK2 (Ryu et al., 2000; Kim et al., 1999).

Low expression levels of M26I and L166P mutants

Low expression of the M26I and L166P mutants was detected in both experiments (Figure 

4.3.3; panel A; lanes 2 and 3 and panel B; lanes 3 and 5, respectively). For both mutants, 

this finding is in accord with studies in mammalian cells. L166P has been shown to be 

unstable and degraded, in part, by the ubiquitin proteasome system (Moore et al., 2003 b; 

Miller et al., 2003; Gomer et al., 2004; Olzmann et al., 2004). Takahashi-Niki et al. (2004) 

also investigated the stability of DJ-1 mutants including M26I and L166P by transfecting 

NIH3T3 cells with constructs encoding DJ-1 (FLAG-DJ-1 wild-type or mutant) in the 

presence or absence of the proteasome inhibitor MG132. The protein levels of M26I and 

L166P were low compared with wild-type DJ-1 in the absence of MG 132, indicating that 

the M26I and L166P mutants were relatively less stable than wild-type DJ-1. An increase in 

the amount of detected mutant DJ-1 in the presence of MG 132, compared with the amount 

of protein detected in the absence of MG 132, indicated the, at least partial, degradation of 

mutant DJ-1 by the proteasome system. However, a study involving the transfection of 

SH-SY5Y cells with DJ-1 (C-terminal myc-tagged DJ-1 wild-type or mutant) reported a 

reduced level of L166P and a protein level equivalent to wild-type DJ-1 for the M26I 

mutant.

Further investigation
Investigating the functional significance of DJ-1 mutations in yeast led to the following 

lines of further investigation:

1. Investigating the effect of pathogenic DJ-1 mutations on DJ-l/DJBP interactions in 

mammalian cells (Chapter 5).

2. Further investigation of the DJ-1 binding protein DJBP (Chapter 6).
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5. INVESTIGATING THE EFFECT OF PATHOGENIC DJ-1 

MUTATIONS ON DJ-l/DJBP INTERACTIONS IN 

MAMMALIAN CELLS
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Rationale for investigating the effect of pathogenic DJ-1 mutations on 

DJ-l/DJBP interactions in HEK293T cells

Confirmation ofYTH  results using HEK293T cells

Using the YTH system, three pathogenic DJ-1 mutations (A104T, D149A, E163K) were 

found to specifically disrupt DJ-1 interactions with a known DJ-1 binding protein, DJBP 

(Chapter 4). However, since the YTH system relies on the indirect readout of reporter gene 

activation, a non-yeast system was employed to directly examine protein-protein 

interactions. Since the basis of this study involves the investigation of human DJ-1, human 

embryonic kidney (HEK) 293T cells were considered to be a good choice for further 

analysis of DJ-1 interactions. HEK293T cells are easy to maintain in a cell culture 

laboratory (Sections 2.4.2 and 2.4.3). HEK293T cells are anchorage dependant, meaning 

that they are cultured in TC flasks and subcultured when a monolayer of cells is formed on 

the solid surface of the culture flask (Section 2.4.5).

Confirmation of YTH results using affinity purification

Affinity purification is an in vitro method for detecting protein-protein interactions 

involving the use of an affinity tag fused to the protein of interest. Affinity purification can 

detect in vivo binding of exogenous proteins of interest, which are expressed as fusions to 

an affinity tag via in-frame cloning into an appropriate plasmid construct. The incorporated 

affinity tag enables fusion protein immobilisation on an affinity resin after cellular lysis. 

Thus, affinity purification does not require a specific antibody against the protein of 

interest, as opposed to the immunoprécipitation method. The affinity purification method 

represents a sound procedure for confirming the DJ-1 YTH results in a mammalian cell 

line.

Study aims
The aims of the study are to confirm and extend the DJ-1 YTH data by investigating:

• The effect of all known DJ-1 mutations on the interaction of DJ-1 with DJBP in 

HEK293T cells

Do the three DJ-1 mutations that abolish DJ-l/DJBP interactions in the YTH system also 

exert a similar influence in HEK293T cells?
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• The effect of selected DJ-1 mutations on other DJ-1 interacting proteins

For DJ-1 mutations that abolish DJ-l/DJBP interactions, is there an effect on interactions

with additional DJ-1 binding proteins (e.g. SUMO-1, UBC9 and PIASxa) in HEK293T

cells?

5.1 CO-PURIFICATION OF DJ-1 AND DJBP

5.1.1 Development of the affinity purification procedure
In order to utilize affinity purification to co-purify DJ-1 and interacting proteins of interest, 

a fusion protein consisting of DJ-1 linked to an affinity FLAG tag was generated. For 

interacting proteins, myc- or V5-His-tagged fusion proteins were generated to facilitate 

their detection by Western blotting. As a starting point, the interaction between wild-type 

DJ-1 and the interacting protein of interest must be shown to be detectable using the 

affinity purification method before investigating the effect of DJ-1 mutations on a given 

interaction.

G eneration o f the FL A G -D J-1 construct

A construct encoding an N-terminal FLAG-tag DJ-1 fusion protein (FLAG-DJ-1) was 

generated and used to co-purify DJ-1 protein interactors using anti-FLAG affinity resin. A 

mammalian expression vector encoding an N-terminal FLAG tag was not available in the 

laboratory. However, the Drosophila N-terminal FLAG vector pMT-FLAG was used to 

incorporate the FLAG tag (a gift from Dr E. Deas, The Institute of Cancer Research, 

Fulham, London, UK). The DJ-1 cDNA was re-amplified from plasmid pACT2-DJ-l (as 

detailed in Table 2.5.4) using the oligonucleotide primers DJ-IE and DJ-IB (Table 2.5.8) 

and initially cloned into the EcoRI and Xhol sites of an N-terminal FLAG pMT vector. The 

in-frame FLAG-DJ-1 sequence was cut from the pMT vector using a Kpnl site upstream of 

the FLAG sequence and the Xhdi site downstream of the DJ-1 stop codon. Once isolated, 

the FLAG-DJ-1 sequence was cloned into the mammalian expression vector pcDNA3.1(+) 

to generate pcDNA3.1 (+)/FLAG-DJ-1. An equivalent construct without the DJ-1 sequence 

was generated to represent a negative control for affinity purification assays. The 

KpnVXhol fragment was cut from the pMT-FLAG vector and cloned into the KpnUXhol 

sites of pcDNA3.1(+) to generate pcDNA3.1 (+)/FLAG. The plasmid maps of the FLAG- 

DJ-1 and control FLAG constructs are shown in Figure 5.1.1.
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Figure 5.1.1 Plasmid maps of pcDNA3.1(+)/FLAG (left) and pcDNA3.1 (+)/FLAG-DJ-1 (right).

G eneration o f m yc-tagged and V 5-H is-tagged constructs

• myc-DJ-1

The mammalian expression vector pG W lm yc2b-D J-l, encoding N-terminally myc-tagged 

DJ-1 (myc-DJ-1), was a gift from Mark Cookson (Laboratory of Neurogenetics, National 

Institute on Aging, Bethesda, USA). A map of this plasmid construct is shown in Figure 

5.1.2.

• myc-DJBP

The DJBP cDNA encoding the 570 amino acid isoform was re-amplified from plasmid 

pACT2-DJBP (as detailed in Table 2.5.6) using the oligonucleotide primers pRK5myc- 

DJBP570-1 and pRK5myc-DJBP570-2 (Table 2.5.8). The resultant PCR product was 

cloned into the BamWl and Xba\ sites of the mammalian expression vector pRK5myc to 

generate the pRK5myc-DJBP(570) construct which encodes N-terminally myc-tagged 

DJBP(570) (myc-DJBP) (Figure 5.1.2).
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• myc-SUMO-1, myc-UBC9, myc-PIASxa and UBC9-V5-His

Full-length SUMO-1, UBC9 and PIASxa were re-amplified from plasmid pACT2- 

SUMO-l, pACT2-UBC9 and pGADGHx-PIASxa, respectively (as detailed in Table 2.5.6). 

The following oligonucleotide primers were used to amplify SUMO-1, UBC9 and PIASxa: 

pRK5myc-SUMO-l-l and pRK5myc-SUMO-l-2, pRK5myc-UBC9-l and pRKSmyc- 

UBC9-2 and pRK5myc-PIASxa-l and pRK5myc-PIASxa-2, respectively (Table 2.5.8). 

The resultant PCR products were cloned into the BamWl and Xbal sites of the pRK5myc 

vector to generate the pRK5myc-SUM0-l, pRK5myc-UBC9 and pRK5myc-PIASxa 

constructs which encode N-terminally myc-tagged SUMO-1, UBC9 and PIASxa (myc- 

SUMO-1, myc-UBC9 and myc-PIASxa), respectively. The pcDNA3.1 TOPO-cloning kit 

(Invitrogen) was used to generate a C-terminal V5-His-tagged construct for UBC9 (UBC9- 

V5-His). Full-length UBC9 was re-amplified from plasmid pACT2-UBC9 (as detailed in 

Table 2.5.5) using the oligonucleotide primers UBC9 TOPO-1 and UBC9 TOPO-2 (Table

2.5.8). The incorporation of the sequence CACC into the 5' oligonucleotide sequence 

facilitated directional topoisomerase I-mediated cloning (TOPO-cloning), enabling the 

resultant PCR product to be TOPO-cloned into the pcDNA3.1 mammalian expression 

vector. TOPO-cloning is described in more detail in Section 2.2.12.

CMVp

myc

DJ-1

SV40 poly A

Amp R

CMVp S P6p

pRKSmyc 
DJBP (570) 

6.4 kb

Amp

SV40 poly A
SV40 ori

SV40 p

Figure 5.1.2 Plasmid maps of pGWlmyc2b-DJ-l and pRK5myc-DJBP(570). The myc-DJ-1 
construct (left) encodes an N-terminally myc-tagged DJ-1 fusion protein and the pRK5myc- 
DJBP(570) construct (right) encodes an N-terminally myc-tagged DJBP (570 amino acid isoform) 
fusion protein.
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The anti-FL A G  affin ity purification  procedure

The affinity purification procedure using anti-FLAG affinity resin, exemplified by the co

purification of DJ-1 and DJBP, is shown in Figure 5.1.3. Details of the methods involved 

are in Section 2.4. HEK293T cells were seeded in 100 mm TC dishes and co-transfected 

with 1 pg FLAG-DJ-1 and 1 pg myc-DJBP constructs (Section 2.4.7). After 24 hours, the 

transfected cells were recovered and lysed (Section 2.4.8). A 50 pi sample of lysate sample 

was collected and used to determine the protein concentration for gel loading (Section

2.4.8). The remaining volume of lysate was subjected to anti-FLAG affinity resin binding, 

followed by competitive elution with FLAG peptide. Co-purification or total lysate samples 

were resolved by SDS-PAGE and subjected to Western blot analysis. SDS-PAGE is 

detailed in Section 2.4.9. In preparation for SDS-PAGE, lysate and co-purification samples 

were mixed with lithium dodecyl sulphate (LDS) sample loading buffer and boiled to 

denature the proteins. Approximately 50 pg lysate sample and 35 pi co-purification sample 

was loaded onto a 10% (w/v) pre-cast mini gel adjacent to a 10-250 kDa molecular weight 

marker (Amersham Biosciences). The Western blotting procedure is detailed in Section 

2.4.10. Resolved lysate and co-purification samples were transferred onto PVDF membrane 

by semi-dry electrophoretic transfer (Trans-blot transfer cell, Bio-Rad). Unoccupied 

binding sites were blocked by incubating the membrane overnight at 4°C in the appropriate 

blocking solution. For the specific detection of FLAG-tagged proteins, the membrane was 

subjected to an overnight block in 20% (v/v) horse serum, followed by incubation with the 

mouse monoclonal anti-FLAG antibody (M2; Sigma) at a 1:5000 dilution. For the specific 

detection of myc-tagged proteins, the membrane was subjected to an overnight block in 5% 

(w/v) milk, followed by incubation with the mouse monoclonal anti-c-myc antibody (9E11; 

Abeam) at a 1:1000 dilution. Primary antibody incubation was followed by washing the 

membrane in a low percentage detergent-based wash (1 x PBS solution containing 0.05% 

(v/v) Tween-20) before probing the membrane with a horseradish peroxidase (HRP) 

conjugated secondary antibody, specific for the IgG domain of the primary antibody. After 

additional washing, the membrane was subjected to incubation with a luminol-based 

solution to allow enhanced chemiluminescence (ECL) detection of the HRP-conjugated 

secondary antibodies. The procedure detects the presence of specific proteins bound 

indirectly, via a specific primary antibody, to HRP-labelled secondary antibodies on the 

PVDF membrane (see Section 2.4.10).
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pcDNA3.1(+)/FLAG-DJ-1
1. Co-transfection of HEK293T cells 

with FLAG-DJ-1 and myc-DJBP

pRK 5m yc-D JBP

2. Expression of FLAG-DJ-1 
and myc-DJBP

3. Cell lysis

4. Lysate subjected to anti-FLAG 
affinity resin binding

5. FLAG tag binding to anti-FLAG 
affinity resin
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^ > 4  peptide 6. Elution of FLAG tag complex 

by FLAG peptide elution

Figure 5.1.3 A schematic diagram illustrating the anti-FLAG affinity purification procedure.

5.1.2 Affinity purification of wild-type DJ-1 and DJBP
In order to examine any effect of DJ-1 mutations on the DJ-l/DJBP interaction using an 

affinity purification method, the interaction between epitope-tagged DJ-1 and DJBP must 

first be demonstrated. FLAG-DJ-1, myc-DJ-1 and myc-DJBP constructs were used to test 

the ability of the FLAG-DJ-1 fusion protein to pull down the known DJ-1 interacting 

proteins DJ-1 and DJBP.
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Testing for interaction

The FLAG-DJ-1 and myc-DJ-1 constructs were co-transfected into HEK293T cells to 

examine the interaction between the two different DJ-1 monomers using the anti-FLAG 

affinity purification method. To show an interaction between DJ-1 and DJBP, the FLAG- 

DJ-1 and myc-DJBP constructs were co-transfected.

Controls

The interaction between FLAG-DJ-1 and myc-DJ-1 was used as a positive control. The 

pcDNA3.1(+)/FLAG construct encoding the FLAG peptide and the pRKSmyc construct 

encoding the myc peptide were used as negative controls. The FLAG peptide was tested for 

interaction with the myc-DJ-1 and myc-DJBP fusions and the myc peptide was tested 

against the FLAG DJ-1 fusion to check for non-specific binding. A non-transfected control 

was also included in the experiment: the transfection reagent mix was prepared and added 

to HEK293T cells without the addition of plasmid DNA.

C o-purification  o f D J-1 and D JBP

HEK293T cells were co-transfected with test or control constructs as described above and 

the resultant lysates were subjected to anti-FLAG affinity purification. SDS-PAGE was 

performed on the co-purification and lysate samples and the resolved proteins were 

subjected to Western blot analysis (Figure 5.1.4). The molecular weights of the fusions 

were as predicted (Appendix 3; Table 1). The expression of FLAG-DJ-1 was detectable in 

the lysate samples using the anti-FLAG antibody (Figure 5.1.4; panel D; lanes 4-6). The 

expression of myc-DJ-1 and myc-DJBP was also detected in the lysates using the anti-myc 

antibody (Figure 5.1.4; panel C; lanes 2 and 5, and 3 and 6, respectively). FLAG-DJ-1 was 

also able to bind to the anti-FLAG affinity resin, shown by the detection of FLAG-DJ-1 in 

the FLAG-purified samples with the anti-FLAG antibody (Figure 5.1.4; panel B; lanes 4-6).

Control experiments

There was no non-specific binding between the FLAG peptide and myc-DJ-1 and myc- 

DJBP indicated by the lack of signal for the FLAG-purified samples loaded in lanes 2 and 

3, respectively (Figure 5.1.4; panel A). In addition, non-specific binding between myc 

peptide and FLAG-DJ-1 was not detected (Figure 5.1.4; panel A; lane 4). The absence of 

signal in the non-transfected lane (Figure 5.1.4; lane 1) indicated that the signal detected on
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the membrane was due to the transfected constructs and not endogenously expressed 

proteins.
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Figure 5.1.4 FLAG-DJ-1 interaction with myc-DJ-1 and myc-DJBP. Western blots indicating 
interactions between Flag-DJ-1 and myc-DJ-1 and myc-DJBP (panel A; lanes 5 and 6, 
respectively), together with control experiments are shown. For details see text. Molecular weights 
are indicated on the left of the blots.

Co-purification results

Both myc-DJ-1 and myc-DJBP were found to co-purify with FLAG-DJ-1 (Figure 5.1.4; 

panel A; lane 5 for myc-DJ-1 and lane 6 for myc-DJBP). This indicates that myc-DJ-1 and 

FLAG-DJ-1 can dimerise and FLAG-DJ-1 forms a complex with DJBP in mammalian 

cells. The signal of FLAG-purified DJBP compared with FLAG-purified DJ-1 was 

significantly weaker, suggesting that the DJ-l/DJ-1 interaction could have a higher affinity
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than the DJ-l/DJBP interaction. The 1:1000 dilution of the anti-myc antibody was found to 

be sufficient for detecting the myc-tagged, FLAG-purified fusion proteins without resulting 

in non-specific background signal.

5.1.3 Affinity purifîcation of DJ-1 mutants with DJBP
To confirm the effects of DJ-1 mutations on DJ-1 interaction with DJBP using the anti- 

FLAG affinity purification procedure, mutant forms of the FLAG-DJ-1 construct - which 

encode FLAG-DJ-1 mutants - were generated. The M26I, E64D, A104T, D149A, E163K 

and L166P missense mutations were incorporated into FLAG-DJ-1 and the steady-state 

expression levels of each mutant protein was examined. Finally, each FLAG-DJ-1 mutant 

was investigated for effects on DJ-l/DJBP interactions using the anti-FLAG affinity 

purification procedure.

Mutant FLAG-DJ-1 constructs
Missense mutations of DJ-1 were introduced by PCR-mediated site-directed mutagenesis to 

generate FLAG-DJ-1 mutants as described in Section 2.2.13. The FLAG-DJ-1 construct 

was used as a template for PCR to generate mutated constructs. The oligonucleotide 

primers used in the mutagenesis reactions are listed in Table 2.2.3. Maxipreps of each 

mutant FLAG-DJ-1 construct were prepared (Section 2.1.4) and fully sequenced (Section 

2.2.10) to ensure that only the desired mutation had been introduced.

Steady-state expression levels of FLAG-DJ-1 mutants
To test the expression of the FLAG-DJ-1 mutants, FCEK293T cells were seeded in 40 mm 

TC dishes and co-transfected with 0.8 pg mutant FLAG-DJ-1 construct. In addition, 

pcDN A3.1 (4-)/FLAG-D J -1 and pcDNA3.1 (4-)/FLAG constructs were transfected as positive 

control and negative controls, respectively. In addition to using the anti-FLAG antibody to 

indicate the expression levels of the mutant proteins relative to FLAG-DJ-1, anti-DJ-1 

antibodies were utilized, allowing a comparison between endogenous and exogenous DJ-1 

protein levels. Mouse monoclonal anti-DJ-1 antibody (3E8; Stressgen) was used in Western 

blot analysis at a 1:2000 dilution (Section 2.4.10) and rabbit polyclonal anti-DJ-1 antibody 

(#2134; New England Biolabs) was used to probe PVDF membranes at a 1:1000 dilution. 

Western blot analysis also involved probing PVDF membranes with mouse monoclonal 

anti-a-tubulin (DM lA; Sigma) to confirm equal loading of protein in lysates (10 pg
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protein per lane). Lysates were loaded onto an SDS-polyacrylamide gel and 

electrophoresed. The resolved proteins were subjected to Western blot analysis (Figure 

5.1.5). Probing with anti-FLAG antibody demonstrated the expression of FLAG-DJ-1 and 

the FLAG-DJ-1 mutants, indicated by a band which migrated at -28 kDa (Figure 5.1.5; 

panel A). It is noteworthy that FLAG-DJ-1 LI66? was detected at a lower level compared 

with FLAG-DJ-1 and the remaining FLAG-DJ-1 mutants (Figure 5.1.5; panel A; well 8). 

The anti-DJ-1 monoclonal antibody (clone 3F8) detected the expression of endogenous 

DJ-1 for all lysate samples (Figure 5.1.5; panel B; wells 1-9), indicated by proteins which 

migrated at -25 kDa position. In addition, the expression of FLAG-DJ-1 and the M26I, 

A104T, D149A and F163K mutants was detected (Figure 5.1.5; panel B; wells 9, 3 and 5- 

7, respectively), indicated by proteins migrating at -28 kDa. While the weaker expression 

of FLAG-DJ-1 L166P was apparent (Figure 5.1.5; panel B; well 8), expression of the 

FLAG-DJ-1 F64D was not detected by the anti-DJ-1 monoclona^ n tib ody (Figure 5.1.5; 

panel B; well 4). This result can be explained by the fact that the epitope for antibody 3F8 

has been mapped to amino acid residues 56-78 of human DJ-1 (Miller et a l,  2005). Since 

residue F64 lies within this region, it is likely that the F64D mutation disrupts recognition 

of DJ-1 by the 3F8 antibody. To confirm the expression of FLAG-DJ-1 F64D, an anti-DJ-1 

polyclonal antibody (#2134; New England Biolabs) was used to probe the resolved lysate 

samples. FLAG-DJ-1 F64D was shown to express using the anti-DJ-1 polyclonal antibody 

(Figure 5.1.5; panel C; well 4). Although FLAG-DJ-1 and M26I, A104T, F163K and 

L166P mutants were also detected using the anti-DJ-1 polyclonal antibody #2134 (Figure 

5.1.5; panel C; well 9, 3-5, 7-8, respectively), weaker expression of FLAG-DJ-1 L166P was 

again noted (Figure 5.1.5; panel C; well 8). The membrane probed with the anti-FLAG 

antibody (Figure 5.1.5; panel A) was reprobed with the anti-a-tubulin antibody to check for 

equal loading of protein (10 pg) per lane (Figure 5.1.5; panel D). The detection of a-tubulin 

confirmed that the apparent weak expression of FLAG-DJ-1 L166P was not due to a 

reduced amount of protein loaded (Figure 5.1.5; panel A; lane 8). Interestingly, although 

detected by the 3F8 monoclonal antibody, FLAG-DJ-1 D149A was not detected by the 

anti-DJ-1 polyclonal antibody #2134 (Figure 5.1.5; panel C; well 6). Antibody #2134 was 

produced by immunising rabbits with a synthetic peptide corresponding to residues 

surrounding amino acid 150 of human DJ-1 (Cell Signalling Technology information 

sheet). Thus, it is likely that the D149A mutation disrupts the epitope for antibody #2134. It
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is also noteworthy that this antibody only weakly recognises endogenous DJ-1, indicated by 

a -25 kDa protein band (Figure 5.1.5; panel C; wells 1-9).
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Figure 5.1.5 The expression of FLAG-DJ-1 mutants. Western blots indicating the expression of 
FLAG-DJ-1, DJ-1 mutants and endogenous DJ-1 compared to levels of a-tubulin in transfected 
HEK293T cells. Membrane exposure times varied depending on the primary antibody used in the 
Western blot: anti-FLAG antibody: 1 min (panel A); anti-DJ-1 monoclonal 3E8 antibody: 4 min 
(panel B); anti-DJ-1 polyclonal #2134 (panel C); anti-a-tubulin: 30 sec (panel D).

Testing for interactions betw een FLA G -D J-1 m utants and m yc-D JBP

Each DJ-1 missense mutation was tested in the anti-FLAG affinity purification system to 

examine the effect on DJ-l/DJBP interactions. Mutant versions of the FLAG-DJ-1 

construct, encoding FLAG-DJ-1 mutants, were co-transfected with the myc-DJBP construct 

and the interaction between DJ-1 and DJBP was examined using the anti-FLAG affinity 

purification system.

Controls

A number of controls were performed for testing DJ-1 missense mutations that disrupted 

DJ-l/DJBP interactions in the YTH system (A104T, D149A, F163K; see Chapter 4). Since
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FLAG-DJ-1 interactions with myc-DJ-1 and myc-DJBP can be purified using the anti- 

FLAG affinity purification system (Section 5.1.2), these tests represented positive controls. 

The pcDNA3.1(+)/FLAG construct encoding the FLAG peptide and the pRKSmyc 

construct encoding the myc peptide were used as negative controls. A non-transfected 

control was also included in each affinity purification experiment. For other FLAG-DJ-1 

mutants (M26I, E64D, L166P), all controls were performed except for non-specific binding 

between each of these FLAG-DJ-1 mutants and the myc-peptide. However, FLAG-DJ-1 

was tested against the myc peptide to test for non-specific binding between wild-type 

FLAG-DJ-1 and myc peptide.

C o-purification  o f m utant D J-1 and D JB P

HEK293T cells were co-transfected with test or control constructs as described above and 

the resultant lysates were subjected to anti-FLAG affinity purification. The results for 

testing mutant FLAG-DJ-1 for interaction with DJBP are described below. The results for 

the controls for all the experiments are detailed at the end of this section.

FLAG-DJ-1 A104T

Western blots comparing the properties of FLAG-DJ-1 with the FLAG-DJ-1 A104T mutant 

are displayed in Figure 5.1.6. The expression of both FLAG-DJ-1 and FLAG-DJ-1 A104T, 

detected by the anti-FLAG antibody, was evident (Figure 5.1.6; panel D; lanes 4-6 and 7-9, 

respectively). The expression of the myc-DJ-1 and myc-DJBP fusions, detected by the anti- 

myc antibody, was also apparent (Figure 5.1.6; panel C; lanes 2,5,8 and 3,6,9, respectively). 

Both FLAG-DJ-1 and FLAG-DJ-1 A104T bind to the anti-FLAG affinity resin, since they 

are present in the eluted samples (Figure 5.1.6; panel B; lanes 4-6 and 7-9, respectively). 

Probing the FLAG-purified samples with the anti-myc antibody tested the ability of FLAG- 

DJ-1 and FLAG-DJ-1 A104T to pull down myc-DJ-1 and myc-DJBP (Figure 5.1.6; panel 

A). While FLAG-DJ-1 pulled down the positive controls myc-DJ-1 and myc-DJBP (Figure 

5.1.6; panel A; lane 5 and 6, respectively), FLAG-DJ-1 A104T only pulled down myc- 

DJ-1. This suggests the formation of a heterodimer between FLAG-DJ-1 A104T and myc- 

DJ-1 monomers (Figure 5.1.6; panel A; lane 8). However, FLAG-DJ-1 A104T was unable 

to pull down myc-DJBP, indicating that the presence of the A104T mutation disrupts the 

ability of DJ-1 to interact with DJBP (Figure 5.1.6; panel A; lane 9).
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Figure 5.1.6 The effect of the DJ-1 mutation A104T on DJ-l/DJBP interaction. Western blots 
indicating that the pathogenic mutation A104T does not affect DJ-l/DJ-1 interactions, but does 
abolish DJ-l/DJBP interactions. For details see text.

FLAG-DJ-1 D149A

Western blots comparing the properties of FLAG-DJ-1 with the FLAG-DJ-1 D149A 

mutant are shown in Figure 5.1.7. Panels C and D of Figure 5.1.7 demonstrates the 

expression of both myc-DJ-1 and myc-DJBP (lanes 2,5,8 and 3,6,9, respectively) and 

FLAG-DJ-1 and FLAG-DJ-1 D149A (lanes 4-6 and 7-9, respectively), respectively. Both 

FLAG-DJ-1 and FLAG-DJ-1 D149A bind to the anti-FLAG affinity resin, since they are 

present in the eluted samples (Figure 5.1.7; panel B; lanes 4-6 and 7-9, respectively). While 

FLAG-DJ-1 pulled down the positive controls myc-DJ-1 and myc-DJBP (Figure 5.1.7; 

panel A; lane 5 and 6, respectively), FLAG-DJ-1 D149A only showed a strong interaction
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with myc-DJ-1, indicating the formation of a heterodimer between FLAG-DJ-1 D149A and 

myc-DJ-1 monomers (Figure 5.1.7; panel A; lane 8). However, interactions between 

FLAG-DJ-1 D149A and myc-DJBP were disrupted, indicating that the presence of the 

D149A mutation disrupts the ability of DJ-1 to interact with DJBP (Figure 5.1.7; panel A; 

compare lanes 6 and 9). A very weak myc-DJBP band is noticeable for the FLAG-DJ-1 

D149A pull-down (Figure 5.1.7; panel A; lane 9), indicating that interactions are disrupted 

but not completely abolished. The bands in lane 7 of the FLAG-purified samples at -50  

kDa are most likely to be non-specific, as this sample did not contain myc-DJBP, but empty 

myc vector.
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DJ-1
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Figure 5.1.7 The effect of the DJ-1 mutation D149A on DJ-l/DJBP interaction. Western blots 
indicating that the pathogenic mutation D149A does not affect DJ-l/DJ-1 interactions, but does 
abolish DJ-l/DJBP interactions. For details see text.
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FLAG-DJ-1 E163K

Western blots comparing the properties of FLAG-DJ-1 with the FLAG-DJ-1 E163K mutant 

are shown in Figure 5.1.8. The expression of FLAG-DJ-1 and FLAG-DJ-1 E163K was 

confirmed using the anti-FLAG antibody (Figure 5.1.8; panel D; lanes 4-6 and 7-9, 

respectively) and the expression of myc-DJ-1 and myc-DJBP was detected using the anti- 

myc antibody (Figure 5.1.8; panel C; lanes 2,5,8 and 3,6,9, respectively). Both FLAG-DJ-1 

and FLAG-DJ-1 E163K bind to the anti-FLAG affinity resin, since they are present in the 

eluted samples (Figure 5.1.8; panel B; lanes 4-6 and 7-9, respectively). While FLAG-DJ-1 

pulled down the positive controls myc-DJ-1 and myc-DJBP (Figure 5.1.8; panel A; lane 5 

and 6, respectively), FLAG-DJ-1 E163K only pulled down myc-DJ-1, indicating the 

formation of a heterodimer between FLAG-DJ-1 E163K and myc-DJ-1 monomers (Figure 

5.1.8; panel A; lane 8). However, interactions between FLAG-DJ-1 E163K and myc-DJBP 

were disrupted, indicating that the presence of the E163K mutation disrupts the ability of 

DJ-1 to interact with DJBP (Figure 5.1.8; panel A; compare lanes 6 and 9). Similar to the 

result for the D149A mutant, a very weak myc-DJBP band is noticeable for the FLAG-DJ-1 

E163K pull-down (Figure 5.1.8; panel A; lane 9), indicating that interactions are disrupted 

but not completely abolished.

Negative controls

myc-DJ-1 and myc-DJBP did not directly bind to the anti-FLAG affinity resin or to the 

FLAG peptide (Figure 5.1.6 - Figure 5.1.8; panel A; lanes 2 and 3, respectively), indicating 

that the pull-down of myc-DJ-1 and myc-DJBP using the anti-FLAG affinity resin was due 

to the interaction between FLAG-DJ-1 and myc-DJ-1 or myc-DJBP. Non-specific binding 

between FLAG-DJ-1 or FLAG-DJ-1 mutants and the myc peptide was not detected (Figure 

5.1.6 - Figure 5.1.8; panel A; lanes 4 and 7, respectively). The absence of signal in the non- 

transfected control lane (Figure 5.1.6 - Figure 5.1.8; lane 1) also indicated that the signal 

detected on the membrane was due to the transfected constructs and not endogenously 

expressed protein.
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Figure 5.1.8 The effect of the DJ-1 mutation E163K on DJ-l/DJBP interaction. Western blots 
indicating that the pathogenic mutation E163K does not affect DJ-l/DJ-1 interactions, but does 
abolish DJ-l/DJBP interactions. For details see text.

Additional FLAG-DJ-1 mutants

Western blots indicating the ability of all six FLAG-DJ-1 mutants (M26I, E64D, A104T, 

D149A, E163K, LI66?) to bind to myc-DJBP are displayed in Figure 5.1.9. The expression 

of FLAG-DJ-1 and FLAG-DJ-1 mutants was demonstrated using the anti-FLAG antibody 

(Figure 5.1.9; panel D; lanes 3-4 and 5-10, respectively) and the expression of myc-DJBP 

was detected using the anti-myc antibody (Figure 5.1.9; panel C; lanes 2 and 4-10). The 

binding of FLAG-DJ-1 and mutants to the anti-FLAG affinity resin was shown by probing
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the FLAG-purified samples with the anti-FLAG antibody (Figure 5.1.9; panel B; lanes 3-4 

and 5-10, respectively). The indication that FLAG-DJ-1 fusion pulled down the myc-DJBP 

fusion represented a positive control (Figure 5.1.9; top panel; lane 4). FLAG-DJ-1 M26I 

and F64D pulled down myc-DJBP, indicating that these mutations did not disrupt 

DJ-l/DJBP interactions (Figure 5.1.9; panel A; lanes 5 and 6, respectively). The effect of 

the A104T, D149A, F163K and L166P mutations on the DJ-l/DJBP interaction was 

indicated by the inability of these mutants to pull down myc-DJBP (Figure 5.1.9; panel A; 

lane 7, 8, 9 and 10, respectively). The FLAG peptide did not bind to myc-DJBP (Figure 

5.1.9; panel A; lane 2) and the myc peptide did not bind to FLAG-DJ-1 (Figure 5.1.9; panel 

A; lane 3), representing negative controls for the experiment.
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Figure 5.1.9 The effect of DJ-1 mutations on DJ-l/DJBP interactions. For details see text.
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1

5.2 CO-PURIFICATION OF DJ-1 WITH OTHER DJ-1 BINDING 

PROTEINS

To show that the DJ-1 mutations A104T, D149A and E163K specifically disrupt DJ-1 

interactions with DJBP, additional pull-downs were performed using the anti-FLAG 

 ̂ affinity procedure. YTH data (Chapter 4) indicated that these DJ-1 mutations had no effect

 ̂ on DJ-1 interaction with DJ-1 binding proteins other than DJBP. At the time of the study, 

the DJ-1/Daxx and DJ-1/UBA2 interactions were not known and were not therefore 

involved in any anti-FLAG affinity purification experiments. Attempts to amplify full- 

length HIPK2 from frontal cortex cDNA and a RZPD clone for cloning into mammalian 

expression vectors were unsuccessful. Thus, interactions between FLAG-DJ-1 and the DJ-1 

binding proteins SUMO-1, UBC9 and PIASxa were assessed.

Constructs utilized for assessing DJ-1 accessory protein interactions

FLAG-DJ-1, myc-PIASxa, myc-SUMO-1, myc-UBC9 and UBC9-V5-His constructs were 

used to transfect HEK293T cells and confirm the interaction shown in yeast between DJ-1 

and PIASxa, SUMO-1 and UBC9 using the anti-FLAG affinity purification method.

Controls

Testing the interaction between FLAG-DJ-1 and myc-DJ-1 monomers represented a 

positive control for the experiments. Non-specific binding controls involving FLAG and 

myc peptide binding were included to represent negative controls. A non-transfected 

control was also involved in each co-purification experiment.

Affinity purification of DJ-1 with SUMO-1, UBC9 and PIASxa
HEK293T cells were co-transfected with test or control constructs as described above and 

the resultant lysates were subjected to anti-FLAG affinity purification. The results for 

testing FLAG-DJ-1 for interaction with SUMO-1, UBC9 and PIASxa are described below. 

The results for the controls for all the experiments are detailed at the end of this section.

D J-l/P IA S xa  interaction

Western blots indicating the inability of FLAG-DJ-1 to pull down the DJ-1 interacting 

protein PIASxa are displayed in Figure 5.2.1. However, expression of myc-PIASxa was not 

detected using the anti-myc antibody (Figure 5.2.1; panel C; lanes 5 and 6). Despite
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checking the sequence of this construct, no obvious reason for this finding could be 

identified. Therefore the DJ-1/PIASxa interaction could not be tested.

FLAG
DJ-1 DJ-1

myc-

kOa

75 —

5 0 -

Blot:
anti-myc

35 —

DJ-1
30 —  
25 —

15 —

35 —
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30 —  
25 — DJ-1

75 —
Expected position 
of myc-PIASxa5 0 -

Blot:
anti-myc

35 —

DJ-130 —  
25 —

SUMO-1>«
15 —

35 —

Blot:
anti-FLAG 25  —

30 —
DJ-1

1 5 -

Figure 5.2.1 FLAG-DJ-1 pull-downs of myc-SUMO-1 and myc-PIASxa. Western blots indicate 
that while expression of myc-SUMO-1 and myc-DJ-1 were detected, myc- PIASxa was not 
detected in the lysates. For details see text.

D J-l/SU M O -1

Two experiments aimed at co-purification of SUMO-1 with FLAG-DJ-1 were performed. 

The resultant Western blots from the first experiment are displayed in Figure 5.2.1. The
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expression of FLAG-DJ-1 was detected using the anti-FLAG antibody (Figure 5.2.1; panel 

D; lanes 3, 4, 6 and 7), while expression of myc-SUMO-1 and myc-DJ-1 was detected 

using the anti-myc antibody (Figure 5.2.1; panel C; lanes 2 and 4, and lane 7, respectively). 

Binding of FLAG-DJ-1 to the anti-FLAG affinity resin was shown for the eluted samples 

by probing with the anti-FLAG antibody (Figure 5.2.1; panel B; lanes 3, 4, 6 and 7). As 

expected, FLAG-DJ-1 was able to pull down myc-DJ-1, which represented a positive 

control for the experiment (Figure 5.2.1; panel A; lane 7). However, FLAG-DJ-1 was 

unable to pull down myc-SUMO-1 (Figure 5.2.1; panel A; lane 4). The resultant Western 

blots from the second experiment are displayed in Figure 5.2.2. This involved an attempt to 

detect the DJ-l/SUMO-1 interaction in the presence of the SUMO-1 conjugating enzyme 

UBC9. Two constructs encoding myc-UBC9 and UBC9-V5-His were used to transfect 

HEK293T cells together with FLAG-DJ-1 and myc-SUMO-1 constructs. The expression of 

FLAG-DJ-1 and myc-DJ-1 was detected using the anti-DJ-1 monoclonal antibody 3E8 

(Figure 5.2.2; panel D; lanes 4-7 and 7, respectively). The expression of endogenous DJ-1 

was also indicated in all lysate samples (Figure 5.2.2; panel D; lanes 1-7). The expression 

of myc-SUMO-1 and myc-DJ-1 was detected using the anti-myc antibody (Figure 5.2.2; 

panel C; lanes 2-3, 5-6 and 7, respectively). The molecular weights of myc-UBC9 and 

UBC9-V5-His were predicted to be 19.5 kDa and 23.1 kDa, respectively, while the 

predicted molecular weight of myc-DJ-1 was 23.5 kDa (Appendix 3; Table 1). The UBC9 

fusion proteins were therefore expected to migrate slightly faster than myc-DJ-1. However, 

expression of myc-UBC9 was not detected with the anti-myc antibody (Figure 5.2.2; panel 

C; lanes 3 and 6). Only a very weak signal indicating the expression of UBC9-V5-His was 

detected using the anti-V5 antibody (Figure 5.2.2; panel C; lanes 2 and 5). A stronger 

signal was detected for these lanes but at a much higher migration position (-40-50 kDa), 

possibly representing background signal. Since both lanes concerned co-express myc- 

SUMO-1 and UBC9-V5-His it is possible that these high molecular weight bands represent 

a SUMO-1/UBC9 complex. Binding of FLAG-DJ-1 to the anti-FLAG affinity resin was 

evident for the FLAG-purified samples, which was detected using the anti-DJ-1 

monoclonal antibody 3E8 (Figure 5.2.2; panel B; lanes 4-7). FLAG-DJ-1 was able to pull 

down myc-DJ-1 as indicated by probing the FLAG-purified samples with the anti-myc 

antibody, representing a positive control for the experiment (Figure 5.2.2; panel A; lane 7). 

The DJ-l/DJ-1 interaction was also detected by probing the FLAG-purified samples with
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anti-DJ-1 monoclonal antibody (Figure 5.2.2; panel B; lane 7). However, even in the 

presence of UBC9, an interaction between FLAG-DJ-1 and myc-SUMO-1 was not detected 

(Figure 5.2.2; panel A; lanes 5 and 6).
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Figure 5.2.2 FLAG-DJ-1 pull-downs of myc-SUMO-1 in the presence of UBC9. Western blots 
indicate that while expression of UBC9-V5-His was weakly detectable, myc-UBC9 was not 
detected in the lysates. For details see text.
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DJ-1AJBC9 interaction

The interaction between FLAG-DJ-1 and UBC9-V5-His was not clearly detected (in the 

presence of SUMO-1) (Figure 5.2.2; panel A; lane 5).

N egative controls

myc-SUMO-1 and UBC9-V5-His did not directly bind to the anti-FLAG affinity resin or to 

the FLAG peptide (Figure 5.2.1; panel A; lane 2 and Figure 5.2.2; panel A; lane 2, 

respectively). Non-specific binding between FLAG-DJ-1 and the myc and V5-His peptides 

was not detected (Figure 5.2.1; panel A; lane 3 and Figure 5.2.2; panel A; lane 4, 

respectively). The absence of signal in the non-transfected control lane (Figure 5.2.1 and 

Figure 5.2.2; lane 1) indicated that the signal detected on the membrane was due to the 

transfected constructs and not endogenously expressed protein.

5.3 DISCUSSION

Anti-FLAG affinity purification enables the detection of D J-l/DJBP interaction

The anti-FLAG affinity purification procedure was shown to successfully co-purify DJBP 

with DJ-1, indicating a specific interaction between the two proteins of interest. This result 

demonstrated that the system could be employed to confirm the effect of pathogenic DJ-1 

mutations on DJ-l/DJBP interactions. Performing mutagenesis on the FLAG-DJ-1 

construct and testing the encoded FLAG-DJ-1 mutants against DJBP in the anti-FLAG 

affinity purification procedure had the potential to confirm the YTH data in mammalian 

cells.

The pathogenic DJ-1 mutations A104T, D149A and Ë163K disrupt DJ-l/DJBP  

interactions

The effect of DJ-1 mutations on DJ-1 interaction with DJBP was investigated using the 

anti-FLAG affinity purification procedure. YTH data obtained in Chapter 4 suggested that 

certain DJ-1 missense mutations disrupted the ability of DJ-1 to bind to DJBP. This result 

was confirmed in HEK293T cells using anti-FLAG affinity pull-downs. As in the YTH 

system, the DJ-1 missense mutations A104T, D149A and E163K clearly disrupted the 

interaction between exogenously expressed FLAG-DJ-1 and myc-DJBP, but did not affect 

FLAG-DJ -1 /myc-DJ -1 interactions.
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' \ A. < T _  ^ p p ( T - ^ p
The L166P mutation 4jg£upted DJ-l/DJBP interaction _

When the expression levels of the FLAG-DJ-1 mutants were investigated in HEK293T 

cells, Western blotting indicated a low expression level for the FLAG-DJ-1 L166P mutant 

(Figure 5.1.5; panels A-C; lane 8). However, this reduced level was not always obvious 

(Figure 5.1.9; panel D; lane 10). Reduced expression levels of the L166P mutant is 

supported by the current literature (Miller et al., 2003; Blackinton et al., 2005; Zhang et al., 

2005). Detecting differences in expression levels of fusion protein may have been hindered 

by a combination of high sensitivity of the anti-FLAG antibody and the large protein 

content of the lysate samples due to the large-scale transfections performed. It was also 

noted that transfecting HEK293T cells with the FLAG-DJ-1 L166P construct resulted in an 

apparent lower expression level of endogenous DJ-1, indicated by the use of the anti-DJ-1 

monoclonal 3E8 antibody (Figure 5.1.5; panel B; lane 8). This result could suggest that 

interactions between FLAG-DJ-1 L166P and endogenous DJ-1 monomers leads to 

increased degradation of endogenous DJ-1 monomers.

Other DJ-1 interacting proteins

In addition to cloning PIASxa into the pRK5myc vector, PIASxa was cloned into 

pcDNA3.1D/V5-His-TOPO (Appendix 2). The resultant pcDNA3.1D/V5-His-TOPO- 

PIASxa construct encoded a C-terminal V5-His-tagged PIASxa fusion. The expression was 

not detected using the anti-V5 antibody in a Western blot, ruling out the use of this 

construct in the study (Appendix 2; Figure 2). The absence of a PIASxa-expressing 

construct prevented testing the interaction between wild-type DJ-1 and PIASxa. Additional 

experiments involving a single anti-V5 antibody probe were required to examine the 

detection of DJ-1/UBC9 interaction between the FLAG-DJ-1 and UBC9-V5-His fusions. 

Although a functional SUMO-1 construct was identified (pRK5myc-SUMO-l), the pull

down of SUMO-1 by FLAG-DJ-1 was not detected. An indirect DJ-1/SUMO-1 interaction 

in yeast was postulated in Chapter 4: DJ-1 may interact with a substrate for SUMO-1 

modification, rather than directly interacting with SUMO-1. The absence of detection of 

SUMO-1 pull-down by FLAG-DJ-1 in HEK293T cells shown in this chapter may indicate 

an indirect DJ-1/SUMO-1 interaction in mammalian cells. However, SUMO modification 

of DJ-1 has been shown human HI299 cells (Shinbo et a l,  2006). An alternative 

hypothesis is postulated below.
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A putative pathway involved in DJ-1 sumoylation

In order to detect a direct interaction between DJ-1 and SUMO-1, cells may need to co

express the SUMO-1 conjugating enzyme UBC9 and the SUMO-1 ligase PIASxa in 

addition to DJ-1 and SUMO-1. UBC9 is able to recognise substrate proteins and 

subsequently catalyse the formation of an isopeptide bond between the C-terminal glycine 

residue of SUMO-1 and the 8-amino group of the target lysine residue (Muller et a l ,  2001; 

Dohmen, 2004; Girdwood et aL, 2004). However, SUMO ligases (E3) have been identified 

which facilitate SUMO conjugation of target proteins in vitro (Lin et aL, 2002, Tatham et 

a i,  2003). DJ-1 is known to interact with a SUMO ligase: PIASxa. One hypothesis to help 

explain the absence of SUMO-l/DJ-1 interaction detection is that PIASxa is required for 

DJ-1 sumoylation. If a PIASxa expressing mammalian construct had been successfully 

generated, HEK293T cells could have been transfected with this construct, in addition to 

the FLAG-DJ-1, myc-SUMO-1 and UBC9-V5-His constructs. Over-expression of PIASxa 

may have facilitated the SUMO-1 conjugation to DJ-1. Figure 5.3.1 illustrates the potential 

involvement of PIASxa in the DJ-1 sumoylation process. Shinbo et al. (2006) reported the 

sumoylation of endogenous and exogenous DJ-1 in human H I299 cells over-expressing 

epitope-tagged SUMO-1 and UBC9, which was enhanced by over-expression of PIASxa. 

However, without over-expressing PIASxa, the detection of sumoylated DJ-1 was very 

weak, which may explain the absence of DJ-1/SUMO-1 interaction detection in this study.

Summary of findings
The disruptive effect of DJ-1 mutations A104T, D149A, E163K and L166P on the 

interaction of DJ-1 with DJBP observed in the YTH system (Chapter 4) was confirmed in a 

mammalian cell expression system (HEK293T cells) by employing an affinity purification 

method. Also, as predicted, none of these mutations disrupted DJ-l/DJ-1 interactions. The 

effect of DJ-1 mutations on DJ-l/PIASxa, DJ-1/SUMO-1 and DJ-1/UBC9 interaction, 

which was assessed in the YTH system, could not be confirmed in HEK cells due to the 

lack of expression of PIASxa constructs and the failure of FLAG-DJ-1 to interact with 

epitope-tagged UBC9 or SUMO-1. However, the fact that several pathogenic DJ-1 

mutations abolish DJ-l/DJBP interactions in both the YTH system and mammalian cells 

initiated further investigation into the DJBP gene, mRNA splice variants and the 

subcellular distribution of the DJBP protein (Chapter 6).
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Figure 5.3.1 A schematic representation of the proposed pathway resulting in SUMO- 
conjugated DJ-1. Initially, the activation enzyme El (a heterodimer of AOSl and UBA2) uses 
ATP to form a thioester bond between the C-terminal glycine residue of SUMO and a cysteine 
residue in UBA2. SUMO is transferred from El to the E2 conjugating enzyme UBC9 via a 
transestérification reaction, forming the UBC9-SUM0 thioester complex. In conjunction with the 
substrate recognising SUMO ligase PIASxa (E3), UBC9 conjugates SUMO to the substrate protein 
DJ-1.
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6. FURTHER INVESTIGATION OF THE DJ-1 BINDING 

PROTEIN DJBP
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6.1 RATIONALE FOR THE FURTHER INVESTIGATION OF 

DJBP

Using the YTH system (Chapter 4), three pathogenic DJ-1 missense mutations (A104T, 

D149A, E163K) were shown to specifically disrupt DJ-1 interactions with the DJ-1 binding 

protein DJBP, with a fourth mutation (L166P) abolishing all DJ-1 accessory protein 

interactions. The results were confirmed in mammalian HEK293T cells using an anti- 

FLAG affinity purification technique (Chapter 5). However, currently very little is known 

about DJBP. Only one study has been reported, describing the identification of DJBP as a 

DJ-1 interacting protein in vitro and in vivo (Niki et aL, 2003). DJBP was identified by 

YTH screening using DJ-1 as a bait and a human testis cDNA library (Niki et at., 2003). At 

this time, the DJBP cDNA was reported to comprise 2119 nucleotides, encoding a 570 

amino acid protein. A Northern blot containing mRNA derived from various human tissues, 

including brain, heart, spleen, stomach and muscle, and a labelled DJBP cDNA probe 

indicated that the expression of DJBP mRNA was highly tissue specific: DJBP mRNA 

expression was only detected in the testis. However, brain expressed DJBP mRNA was first 

apparent in Chapter 3 when a DJBP construct was being generated for YTH experiments 

(Section 3.3.2). The expression of DJBP in human brain is significant in terms of its role as 

a DJ-1 binding protein in Parkinson’s disease. Since DJ-1 mutations were found to disrupt 

DJ-1 interaction with DJBP, it is possible that DJ-1 and DJBP are involved in a molecular 

pathway which, when disrupted, is pathogenic. To obtain a better understanding of the role 

of DJBP as a DJ-1 protein interactor, several lines of investigation were followed.

6.2 STUDY AIMS

The aim of the study was to investigate DJBP in terms of:

• Gene structure and alternative splicing using online nucleotide databases and brain- 

derived cDNA PCR amplifications

• Protein sequence analysis involving the identification of functional domains and 

subcellular localisation targeting sequences

• Subcellular localisation using confocal microscopy
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6.3 SEQUENCE ANALYSIS OF DJBP 

The identiBcation of DJBP isoforms
The 2119 bp cDNA sequence encoding DJBP identified by Niki et al. (2003) was used to 

search online nucleotide databases in an attempt to identify the gene structure and 

chromosomal location, and additional cDNAs and splice variants. BLAT and BLAST 

searches (using websites www.genome.ucsc.edu and www.ncbi.nlm.nih.gov, respectively) 

revealed that the DJBP gene was located on the long arm of chromosome 22 (22ql3). In 

addition, two longer cDNAs encoding further exons of the DJBP gene were found 

(Genbank accession numbers NM_022785 and NM_198856). The longest cDNA consisted 

of 4817 bp encoding a 1501 amino acid protein, and a slightly shorter 4459 bp cDNA  

encoded a 1349 amino acid protein. The longer variants were identified by expressed 

sequence tag (EST) mapping on human chromosome 22 (Hirosawa et al., 2001). A 

sequence alignment of the various isoforms of DJBP was performed using the online 

MultAlin tool (www.expasy.ch/tools). The resultant alignment is shown in Figure 6.3.1. 

The alignment indicated that the 570 amino acid isoform identified by Niki et al. (2003) 

represented only the C-terminus of the two longer isoforms. The amino acid sequence of 

the 1501 and 1349 amino acid isoforms were identical apart from the length of the N- 

terminal sequence. The 1501 isoform had an additional 152 amino acids at the N-terminus 

and potentially represented the full-length DJBP protein.

DJBP contains multiple EF-hand calcium-binding motifs
To investigate potential motif sequences within the DJBP isoform sequences, the Expert 

Protein Analysis System (ExPASy) website (www.expasy.org) was used. ScanProsite, a 

valuable tool for scanning proteins of interest for domain profiles, was used to identify 

domains within the 1501 amino acid DJBP isoform. Surprisingly, seventeen EF-hand 

motifs in the 1501 amino acid sequence, identified as PS50222 profiles, were detected by 

the tool. An additional EF-hand motif, identified as a PS00018 profile, was also detected by 

the tool. The presence of these domains was not previously reported by Niki et al. (2003). 

The positions of the EF-hand motifs within the DJBP isoforms are shown in Figure 6.3.2. 

An additional tool called Pfam (www.pfam.janelia.org) also detected the presence of 

numerous EF-hand motifs within the DJBP sequence.

http://www.genome.ucsc.edu
http://www.ncbi.nlm.nih.gov
http://www.expasy.ch/tools
http://www.expasy.org
http://www.pfam.janelia.org
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Figure 6.3.1 Amino acid sequence alignment of DJBP isoforms. The multiple sequence 
alignment tool MultAlin was used to align the DJBP amino acid sequence of the known DJBP 
isoforms and the multiple sequence alignment analysis tool ESPript was used to view the alignment 
(www.expasy.ch/tools). The longest isoform of 1501 amino acids (NP_073622.2) is encoded by the 
4.8 kb DJBP variant (NM_022785), the 1349 amino acid isoform (NP_942153) is encoded by the 
4.5 kb DJBP variant (NM_ 198856) and the 570 amino acid isoform (BAB71780) is encoded by the 
2.1 kb DJBP variant (AB073862).

http://www.expasy.ch/tools
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intronic and exonic sequence of the DJBP gene is displayed below each of the DJBP isoforms. The exon positions within the gene, relative to the 
intronic sequence are drawn to scale (the exon lengths are not drawn to scale). The longest 1501 amino acid isoform (NP_073622), encoded by 
the 4.8 kb DJBP variant, is displayed directly above the DJBP gene. Above the 1501 amino acid isoform is the 1349 amino acid isoform 
(NP_942153) and above that is the 570 amino acid isoform (BAB71780). The amino acids encoded by each exon are indicated by boxed regions 
within each isoform. The identified EF-hand calcium binding motifs within the protein sequence are indicated by red and grey boxes. The EF- 
hand motifs identified as PS50222 profiles are shown in red. The EF-hand motif identified as a PSOOOl 8 profile is shown in grey, aa: amino acid. I

00

0000



| V A . o ^ V  MjJnd  ̂ , ^ v v ' - c ^ ^ p .  - V

'i~VA/V/v 5 ^ 6  4 \  "tit— (AAjv_̂ X̂ : . P 0

I '

W  - k

|yru ^  ^

0 M <  c^,_ .  ̂ h x i ^  s U a  c_<-j^-A,

c p - v / ^ Ÿ ^  : |A A ^ A A .

i '  :  '  , / K f f  M l  f"

/ M H

o  M - A / \

A  I / ?  ^ c ^ / y / V L

^  ( - ^

3  0 W w ^  ^  ^ " 1 '

j  ^  A ^ — <- ^ . - J r  ■ - t  A

 ̂ , aA



RESULTS 189

The mitochondrial targeting sequence of DJBP

In addition to scanning the DJBP amino acid sequence for protein domains, the detection of 

subcellular localisation targeting sequences, that could indicate the subcellular location of 

DJBP, was attempted using another online predictor tool. The TargetP tool, an additional 

component of ExPASy, was used to predict the topology of DJBP, based on the detection 

of targeting sequences within the protein sequence. Interestingly, this resulted in the 

prediction of an/M-Wrn!iinal mitochondrial targeting sequence at the N-terminus of the 

longest DJBP isoform. Mitochondrial dysfunction has long been implicated in the 

pathogenesis of Parkinson’s disease, most recently with the discovery of mutations in the 

mitochondrial protein kinase PINKl, which also contains an N-terminal mitochondrial 

targeting motif (Valente et al, 2004). Mitochondrial localisation of DJ-1 has also been 

implicated (Miller et al, 2003; Blackinton et al, 2005; Zhang et al, 2005). For these 

reasons, the potential mitochondrial targeting motif in DJBP was examined in more detail.

The targeting of cytosolic translated protein to the mitochondria

The majority of mitochondrial proteins are encoded by the nuclear, rather than the 

mitochondrial, genome. The process of targeting such proteins to the mitochondrial 

compartment involves the cytosolic translation of protein, followed by transport into the 

mitochondria (Gakh et al, 2002). Post-translational transport of protein to the mitochondria 

is facilitated by the presence of an N-terminal extension of the protein sequence, that 

targets the protein to the mitochondria. Once the extended precursor protein has reached its 

destination within the mitochondria, the N-terminal extension is cleaved off by specific 

processing peptidases (Gakh et al, 2002). The mitochondrial processing peptidase (MPP) 

is responsible for cleaving the N-terminal extension from most inner membrane-, 

intermembrane space- or matrix-targeted precursor proteins. In addition to the 

targeting sequence, intermembrane space-targeted precursor proteins can 

carry an intermembrane space-sorting signal within the N-terminal extension. These 

proteins undergo a two-step cleavage process: the action of MPP removes the 

mitochondrial targeting sequence, which is followed by the removal of an intermembrane 

space-sorting signal by the mitochondrial intermediate peptidase (hW) protein. 

Comparisons of the N-terminal sequences of large numbers of eukaryotic mitochondrial 

proteins revealed that many leader sequences carry an overall positive charge, and harbour 

^ (M , 5 : A/vfP -f K ip  ,

IK S  " K f  .

■ t v j  O
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an arginine residue at the -2 position from the MPP cleavage site (von Heijne et al., 1989; 

Hendrick et a l, 1989). R-2 and R-10 MPP cleavage site motifs of mitochondrially-targeted 

proteins were reported in 1990 by Gavel and von Heijne (Figure 6.3.3). The R-2 motif has 

an arginine residue at the -2 position from the MPP cleavage site and often a serine residue 

at the -f-2 position. The R-10 motif has an arginine residue at the -2 position from the MPP 

cleavage site, a phenylalanine, leucine or isoleucine residue at the 4-1 position, a serine, 

threonine or glycine residue at the +4 position, and a MIP cleavage site between residues at 

positions 4-8 and 4-9. Since the arginine residue is at the -10 position relative to the MIP 

cleavage site, the motif was termed R-10.

MPP
i

- 2 - 1  1 2

R-2 motif RX XS
X

MPP MIP
i i

- 2 - 1  1 2 3 4 5 6 7 8  9 10

R-10 motif RX FX X T X X X X  XX
L S
I  G

Figure 6.3.3 The R-2 and R-10 cleavage site motifs of mitochondrially-targeted precursor 
proteins. R: arginine; S: serine; F: phenylalanine; L: leucine. I: isoleucine; T: threonine; G: glycine; 
X: any amino acid.

Translocation across the mitochondrial outer membrane is initiated by the electrostatic 

interaction between the positively charged N-terminal extension and the negatively charged 

translocase protein complex of the outer membrane. Translocation across the inner 

membrane is an active process involving a translocase protein complex of the inner 

membrane (Figure 6.3.4).



RESULTS 191

CP +++

Cytosol

OM
translocase

complex
OM

IMS

translocase
complex

Matrix

CP + + +

MPP

Figure 6.3.4 Peptidase cleavage of mitochondria! precursor proteins. The N-terminal extension 
of the mitochondrial precursor protein interacts with the outer membrane (OM) translocase complex 
and initiates an active process which drives the precursor across the OM and inner membrane (IM) 
to the matrix. Mitochondrial processing peptidase (MPP) cleavage removes the mitochondrial 
targeting sequence within the N-terminal extension of the precursor. Precursor proteins carrying an 
inter-membrane space (IMS) sorting signal within the N-terminal extension undergo an additional 
cleavage involving mitochondrial intermediate peptidase (NLKP). Chaperone proteins (CP) within the 
cytoplasm and matrix facilitate the translocation process by stabilising precursor protein 
conformation.  ̂ i fA  -P .

An R-10 m otif is present at the N -term inus o f the 1501 am ino acid DJBP  

isoform

Analysis of the N-terminal sequence of the longest known DJBP isoform (1501 amino 

acids) revealed a potential R-10 motif (Figure 6.3.5). The putative MPP cleavage site was 

positioned between residues K19 and F20 of DJBP and a potential MIP cleavage site was 

positioned between residues S27 and S28 of DJBP.
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MPP MIP
; i

- 2 - 1  1 2 3 4 5 6 7 8  9 10
Start R-10 motif RX FXXTXXXX XX

L S 
I  Gmethionine

i
hDJBP MCKMAII. . l O a a . . R K  FTHSRPHS S P . . .
hOTC MLFNLRI. . 1 5 a a .  .RN FRCGQPLQ NK. . .
hMDH2 MLSALAR. . . 7 a a . . R S  FSTSAQNN AK. . .

Figure 6.3.5 The R-10 motif of the 1501 amino acid DJBP isoform. hOTC: human ornithine 
transcarbamylase; hMDH2: human malate dehydrogenase 2.

6.4 SUBCELLULAR LOCALISATION OF DJBP

Since mitochondrial localisation of DJBP was predicted by sequence analysis, the 

subcellular localisation of the full-length DJBP isoform was examined experimentally. 

Firstly, cDNAs were amplified for the longer isoform from brain firsL^r^i^lcDNA, and ^  

secondly, the functionality of the N-terminal mitochondrial targeting sequence, which is 

only present in the long isoform, was tested. Constructs encoding EGFP-tagged DJBP 

fusion proteins and a mitochondrial marker construct were generated. These were 

transfected into HEK293 cells to assess the possible mitochondrial localisation of DJBP in 

mammalian cells.

A m p lifica tio n  o f  th e 4 .8  kb  D J B P  v arian t  

D JBP cDN A  am plification

Initially, attempts were made to amplify the 4.8 kb DJBP variant, which encodes the 

longest DJBP isoform, from cDNA using a proof-reading DMA polymerase (PfuUltra, 

Stratagene). Specific oligonucleotide primers were designed for cloning the amplified 

DJBP cDNA into the mammalian expression vector pEGFP-Nl. Cloning a gene of interest 

into the MCS of pEGFP-Nl results in the expression of an enhanced green fluorescent 

protein (EGFP) fused to the C-terminus of the protein of interest. The fluorescent properties
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of EGFP allow the localisation of the fusion protein in vivo using microscopy methods. 

PCR amplification of the 4.8 kb variant was attempted using fronta^corte  ̂ cDNA as 

template (detailed in Table 2.5.7) and oligonucleotide primers pEGFPN-DJBPl and 

pEGFPN-DJBP2 (Table 2.5.8). However, this PCR failed using the PfuUltra polymerase 

and an annealing temperature of 60° C. Dropping the annealing temperature led to non

specific amplification of DNA fragments less than 1 kb in size.

RZPD  clone am plification

After failing to amplify DJBP from ^>^^^ /̂]^p0^cDNA, the RZPD cDNA clone database 

(www.rzpd.de) was searched for DJBP cDNA clones that could serve as PCR templates. 

Although several IMAGE clones were identified, none of the clones aligned with the 5’ 

sequence of the 4.8 kb DJBP variant, so these could not be used for amplifying the full- 

length DJBP cDNA. However, a clone derived from a non-IMAGE cDNA library was 

identified as a potential template for the amplification of the 4.8 kb variant. A DKFZ clone, 

derived from a large human cDNA collection III library, aligned with the 5’ sequence of the

4.8 kb variant (see Table 2.5.1). Forward and reverse sequencing reads were performed 

using M13R and SP6 sequencing oligonucleotides (which anneal to vector sequence 

upstream and downstream of the insert, respectively, see Section 2.2.10) to reveal the ends 

of the insert. The forward read indicated that this cDNA encoded amino acids 1-147 of the 

1501 DJBP isoform but following this sequence the alignment ended. Twenty base pairs 

downstream from the aligned sequence was a TGA stop codon, indicating that the clone 

only encoded the N-terminus of the 1501 DJBP isoform. The reverse read revealed the 

alignment of sequence encoding residues 1462-1501 of the DJBP C-terminus. The 

sequence upstream of this alignment revealed an additional insert in the DKFZ clone. The 

identification of the premature stop codon in the DKFZ clone meant that the clone w a ^ ^ ^  

not suitable for the amplification of the longest DJBP variant. However, the 5 ’ sequence of 

the longest DJBP variant, which encodes the predicted N-terminal mitochondrial targeting 

sequence, was now available for amplification.

AmpliHcation of the 5’ sequence of the 4.8 kb DJBP variant
The failure to amplify the 4.8 kb DJBP cDNA and the availability of a DKFZ clone 

encoding the N-terminus of DJBP triggered the concept of using the N-terminus of DJBP, 

rather than the full-length protein, for investigating the subcellular localisation of DJBP. To

http://www.rzpd.de
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examine the functionality of the predicted mitochondrial targeting sequence in DJBP, 

oligonucleotide primers were designed to amplify amino acids 1 to 31 of DJBP (Figure 

6.3.5). Although the R-10 motif finishes at amino acid 29 of DJBP, two additional residues 

of DJBP were incorporated into the construct downstream of the cleavage site. The 5’ 

sequence encoding amino acids 1 to 31 of DJBP was amplified from the DKFZ clone, as 

detailed in Table 2.5.7, using the oligonucleotide primers pEGFPN-DJBPI and pEGFPN- 

DJBP3 (Table 2.5.8) and cloned into the Xho\ and BamWl sites of pEGFP-Nl. The overlap 

of the partial DJBP cDNA and the EGFP coding region in the resultant construct pEGFP- 

DJBP SP (1-31) was sequenced to confirm an in-frame fusion of the DJBP signal peptide 

(SP) 1-31 to EGFP. A plasmid map representing the pEGFP-DJBP SP (1-31) construct is 

shown in Figure 6.4.1.

cmv It p
Xhol(tlJ)

D JB P  S P  (1 3 1 )

pUC

pEGFP-N1 
DJBP SP(1-31) 

4.8 kb

E G F P
H S V  TK p o ly  A

S V 4 0  p o ly  A

K a n /N e o  R

S V 4 0  p B a c t e r i a l  p

Figure 6.4.1 A plasmid map of the pEGFP-DJBP SP (1-31) construct.

Use of the mitochondrial marker DsRed-Mito
The subcellular localisation of a fluorescently-tagged protein of interest can be assessed 

with the use of subcellular localisation markers that fluorescently label the subcellular 

compartment of interest. If a fluorescently-tagged protein of interest colocalises with the 

fluorescently-labelled cellular compartment, then the subcellular localisation of the protein 

of interest is indicated. The excitation and emission wavelengths of the protein fluorescent 

tag and the subcellular compartment fluorescent tag must differ to enable the fluorescence 

to be distinguished.
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G eneration o f the pD sR ed-M ito construct

A cDNA sequence encoding a well characterised mitochondrial targeting sequence^human 

cytochrome c oxidase subunit VIII A (NM_004074), was amplified from human frontal 

cortex cDNA (Clontech) using the thermocycling conditions shown in Table 2.5.10. The 

forward oligonucleotide primer MITOl (EcoRI) and reverse oligonucleotide primer 

{BamWl) were used for the reaction (Table 2.5.8). The EcoRUBamWl fragment was cloned 

into the MCS of pDsRedl-Nl (Clontech). The resultant construct pDsRed-Mito expressed 

the mitochondrial targeting sequence fused in-frame to the red fluorescent protein, DsRed. 

Transfecting cells with the pDsRed-Mito construct and the subsequent expression of the 

DsRed-Mito fusion protein results in fluorescently labelled mitochondria due to the 

fluorescent properties of DsRed and the mitochondrial targeting action of the cytochrome c 

oxidase subunit VIII A signal peptide. A plasmid map representing the pDsRed-Mito 

construct is shown (Figure 6.4.2).

C M V  IE p EcoM ((2S)

M ito

pUCori

p o ly  A  1 ^H S V T K

S V 4 0  p o ly  A

K a n /N e o  R

S V 4 0 p

Figure 6.4.2 A plasmid map of the pDsRed-Mito construct.

Subcellular localisation of DJBP SP (1-31) in HEK293 cells
To investigate the subcellular localisation of DJBP, the pEGFP-DJBP SP (1-31) and 

pDsRed-Mito constructs were co-transfected into HEK293 cells. To ensure that the EGFP 

protein alone did not localise to the mitochondria, a control experiment involving the 

transfection of the pEGFP-N 1 vector was performed. HEK293 cells seeded in poly-L-lysine 

coated coverslip-containing 40 mm TC dishes were transfected (Sections 2.4.7) at
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approximately 20% confluence with different constructs combinations. After an incubation 

of 16-24 hours at 37°C, the -50% confluent cells were fixed with 4% (w/v) 

paraformaldehyde to preserve the cells and quenched in 50 mM NH4CI. The cells were 

washed three times with 1 x PBS before mounting the coverslip onto a microscope slide 

using Vectashield hard set mounting medium (Section 2.4.13). The ratios of plasmid DNAs 

used for co-transfections were optimized due to the significantly stronger expression of 

DsRed-Mito compared with EGFP or EGFP-DJBP SP. For a total of 1 pg DNA transfected, 

0.25 pg pDsRed-Mito and 0.75 pg pEGFP or pEGFP-DJBP SP (1-31) were used. The 

coverslip-mounted microscope slides were examined using a Zeiss LSM 510 Meta confocal 

microscope (Section 2.4.13). EGFP and DsRed fluorescence was detected independently 

using excitation from a single laser. An argon laser which emits light at a wavelength of 

488 was used to detect EGFP. The HeNe laser which emits light at a wavele^t^of 543 was 

used to detect DsRed.

EG FP alone does not specifically localise to m itochondria

HEK293 cells were co-transfected with pEGFP-Nl and pDsRed-Mito. Fluorescence 

microscopy revealed that the EGFP protein did not localise to the mitochondria. EGFP was 

detected throughout the cell, but predominantly in the nucleus (Figure 6.4.3; panel A). As 

expected, DsRed-Mito showed a punctate cytosolic localisation, consistent with 

mitochondrial labelling (Figure 6.4.3; panel B). The absence of overlapping green and red 

fluorescence in the merged image showed that EGFP and DsRed-Mito did not colocalise, 

indicating a non-mitochondrial localisation of EGFP (Figure 6.4.3; panel C).

DsRed-Mito Merge

Figure 6.4.3 Subcellular localisation of EGFP. Control experiments involving the transfection of 
HEK293 cells with pEGFP-Nl and pDsRed-Mito constructs were performed. The EGFP protein 
was shown to localise throughout the cell (panel A) and did not colocalise with the mitochondrial 
marker (panel C).
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EG FP-D JBP SP (1-31) does not localise to m itochondria

HEK293 cells were also co-transfected with pEGFP-DJBP SP (1-31) and pDsRed-Mito. 

EGFP-DJBP SP (1-31) did not localise to the mitochondria; green fluorescence was 

detected throughout the cell, including the nucleus (Figure 6.4.4; panel A). As before 

DsRed-Mito distribution was consistent with a mitochondrial location (Figure 6.4.4; panel 

B). The absence of overlapping green and red fluorescence in the merged image showed 

that the EGFP-DJBP SP (1-31) and DsRed-Mito did not colocalise, indicating a non- 

mitochondrial localisation of the DJBP signal peptide (Figure 6.4.4; panel C).

MergeGFP DJBP SP (1-31) I  DsRed-Mito

Figure 6.4.4 Subcellular localisation of EGFP-DJBP SP (1-31). Co-transfection of HEK293 
cells with pEGFP-DJBP SP (1-31) and pDsRed-Mito constructs revealed that EGFP-DJBP SP (1- 
31) did not localise to the mitochondria.

F o u r  R -2  m o tifs  o f  th e  1501 a m in o  ac id  D J B P  iso fo rm

The absence of mitochondrial localisation detection of EGFP-DJBP SP (1-31) initiated 

further sequence analysis of the N-terminus of the 1501 amino acid isoform. A report 

indicating that cleavable N-terminal extension sequences of mitochondrially-targeted 

precursor proteins normally consists of -20-60 residues (von Heijne et al., 1989) focussed 

attention on the N-terminal 60 amino acids of DJBP. In addition to the cleavage sites 

already mentioned, four additional R-2 motifs were identified (Figure 6.4.5), all positioned 

between amino acids 24 and 46. This finding initiated an additional attempt to detect a 

mitochondrial localisation of DJBP, using a newly synthesized construct encoding a longer, 

48 amino acid, DJBP signal peptide.
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hDJBP
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Figure 6.4.5 The identification of four R-2 motifs within the N-terminal sequence of DJBP.
hAAT2: aspartate aminotransferase 2; hSCSA: succinyl-CoA synthetase alpha subunit.

Generation of the pEGFP-DJBP SP (1-48) construct
The additional R-2 motifs identified in the N-terminus of the 1501 amino acid DJBP 

isoform provided the basis for designing oligonucleotide primers for amplifying amino 

acids 1 to 48 of DJBP. The R-2 motif furthest from the start methionine and within the N- 

terminal 60 amino acids of DJBP was positioned at amino acids 43 to 46 (Figure 6.4.5). 

Amino acids 1 to 48 were amplified in order to incorporate a short sequence downstream of 

the cleavage site. The 5’ sequence encoding amino acids 1 to 48 of the 1501 amino acid 

DJBP isoform was amplified from the DKFZ clone, as detailed in Table 2.5.7, using the 

oligonucleotide primers pFGFPN-DJBPl and pFGFPN-DJBP4 (Table 2.5.8). The resultant 

PCR product was cloned into the Xhol and Bam\{\ sites of pFGFP-Nl and sequenced to 

confirm an in-frame fusion. The construct encoded amino acids 1 to 48 of the long DJBP 

isoform, referred to as DJBP signal peptide (SP) 1-48, fused to the N-terminus of the FGFP 

protein. A plasmid map representing the pFGFP-DJBP SP (1-48) construct is shown 

(Figure 6.4.6).
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CM V  IE p
Xhol (*13)

pUC

pEGFP-NI 
DJBP SP(W8)

4.8 kb

E G F P

H S V  TK p o ly  A

S V 4 0  p o ly  A

S V 4 0  p  B a c t e r i a l  p

Figure 6.4.6 A plasmid map of the pEGFP-DJBP SP (1-48) construct.

Subcellular localisation of EGFP-DJBP SP (1-48)
Cells were seeded, transfected, fixed, quenched, mounted and visualised as described 

above. The absence of mitochondrial localisation for EGFP represented a negative control, 

as shown previously (Figure 6.4.3).

EG FP-D JBP SP (1-48) localises to m itochondria

HEK293 cells were co-transfected with pEGFP-DJBP SP (1-48) and pDsRed-Mito. EGFP- 

DJBP SP (1-48) was not uniformly distributed throughout the cell but colocalised with 

DsRed-Mito, indicating that the DJBP signal peptide can specify mitochondrial 

localisation. Clear mitochondrial localisation was detected in -70% of co-transfected 

HEK293 cells (Figure 6.4.7; panel A). The weak EGFP fluorescence for the remaining co

transfected cells made it difficult to determine the exact subcellular localisation. As before, 

DsRed-Mito fluorescently-labelled the mitochondria (Figure 6.4.7; panel B). The presence 

of overlapping green and red fluorescence in the merged image showed the colocalisation 

of the EGFP-DJBP SP (1-48) and DsRed-Mito fusion proteins, indicating the mitochondrial 

localisation of the DJBP signal peptide (Figure 6.4.7; panel C).

E G F P -P IN K l SP (1-34) localises to m itochondria

To represent a positive control in the subcellular localisation experiments, the pEGFP- 

PINKl-SP (1-34) construct was used to co-transfect HEK293 cells with the DsRed-Mito 

construct. The first 34 amino acids of the Parkinson’s disease protein PINKl have been
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shown previously to target to the mitochondria, suggesting that this region of PINKl is 

sufficient for mitochondrial targeting (Muqit et a l, 2006). Mitochondrial localisation, 

similar to that observed with the EGFP-DJBP SP (1-48) fusion protein, was detected for the 

EGFP-PINKl SP (1-34) fusion protein (Figure 6.4.8; panel C). This result supported the 

finding that the first 48 amino acids of DJBP were successfully targeted to mitochondria.

%
EGFP-DJBP SP(1-48) D sR ed-M ito Merge

Figure 6.4.7 Mitochondrial localisation of EGFP-DJBP SP (1-48). Co-transfection of HEK293 
cells with EGFP-DJBP SP (1-48) and pDsRed-Mito constmcts revealed the mitochondrial 
localisation of the EGFP-DJBP SP (1-48) fusion protein.

/

EGFP-PINIK4 SP (1-34) I DsRed-Mito Merge

Figure 6.4.8 Mitochondrial localisation of EGFP-PINKl SP (1-34). Co-transfection of HEK293 
cells with EGFP-PINKl SP (1-34) and pDsRed-Mito constructs revealed the mitochondrial 
localisation of the EGFP-PINKl SP (1-34) fhsion protein. Details of the generation of the pEGFP- 
PINKl SP (1-34) constmct can be found in the recent Muqit et al. (2006) publication.

6.5 THE IDENTIFICATION OF BRAIN-DERIVED DJBP SPLICE 

VARIANTS
The availability of additional cDNA and a new DNA polymerase triggered additional 

attempts to amplify the 4.8 kb DJBP variant. The PCR products were directionally cloned 

into the mammalian expression Topoisomerase I (TOPO) vector, pcDNA3.1D/V5-His-
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TOPO, generating in-frame C-terminal V5-His tagged fusions. TOPO-cloning was 

employed as a simple and quick procedure for cloning PCR products for sequence analysis 

and generating tagged constructs for investigating protein expression in mammalian cells. 

A plasmid map of the pcDNA3.1 D/V5-His-TOPO vector is shown in Appendix 2 (Figure 

1).

Amplîfîcation of the 4.8 kb DJBP variant from human brain cDNA
Homo sapiens cDNA, derived from frontal cortex, hippocampal, spinal cord and cerebellar 

poly(A)+ RNA (Clontech), was used as template DNA for Pfx polymerase (Invitrogen) 

PCR amplifications. In comparison to the PfuUltra polymerase (Stratagene), Pfic is another 

high-fidelity polymerase, possessing a proofreading 3 ’-5’ exonuclease activity which 

exceeds that of PfuUltra. Specific forward and reverse PCR oligonucleotide primers were 

designed to facilitate TOPO-mediated cloning. The TOPO-cloning method is described in 

more detail in Section 2.2.12. The PCR amplification of the 4.8 kb variant was attempted 

using various human cDNAs as template (detailed in Table 2.5.5) and oligonucleotide 

primers DJBP TOPO-1 and DJBP TOPO-2 (Table 2.5.8). A PCR involving an annealing 

temperature of 60°C and 35 cycles resulted in a failed reaction, whereas a PCR involving a 

60°C annealing temperature and 40 cycles generated high molecular weight fragments. The 

PCR products were loaded onto a 1.2% agarose gel and electrophoresed (Figure 6.5.1). The 

absence of amplified product in a control PCR amplification containing no cDNA, 

indicated by the lack of bands in the ‘no cDNA’ lane, demonstrated the specific 

amplification of the DJBP cDNAs from the samples (Figure 6.5.1; lane 1). A PCR product 

of the expected target size (4.8 kb) was amplified from cerebellar, frontal cortex and 

hippocampal cDNA amplifications (Figure 6.5.1; lane 2, 3 and 4, respectively). The spinal 

cord cDNA amplification did not produce 4.8 kb fragments (Figure 6.5.1; lane 5). This 

could be due to the quality of the RNA sample from which the cDNA was derived, or the 

absence of full-length DJBP mRNAs in this tissue. Non-specific amplification of smaller 

PCR products could have been reduced by increasing the annealing temperature of the 

PCR, but this was also considered likely to reduce the amoimt of high molecular weight 

fragments generated, which was required for cloning. Instead, 4.8 kb fragments were size- 

selected for cloning via exclusion from the agarose gel (see below).
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human brain cDNA

509 0  -
4072
3054
2 0 3 6  -

1018  -

5 06  —

-4 .8  kb 
band

Figure 6.5.1 PCR amplifications of full-length DJBP from human brain cDNA. - : no cDNA 
control; C: cerebellar cDNA, FC: frontal cortex cDNA; H: hippocampal cDNA; SC: spinal cord 
cDNA.

DJBP TOPO-cloning
Slices of agarose containing the 4.8 kb PCR products amplified from cerebellar, frontal 

cortex and hippocampal cDNAs were individually cut from the agarose gel and purified 

using the Sephaglas BandPrep kit (Amersham Biosciences). Details of the method are 

described in Section 2.2.4. The resultant elution product containing the purified DNA was 

added to the TOPO vector pcDNA3.1 D/V5-His-TOPO and a TOPO-cloning reaction was 

performed (see Section 2.2.12). The complete reaction volume was used to transform E. 

coli (Section 2.1.3) and cells were plated on LB agar supplemented with ampicillin to select 

for transformants within the bacterial population. The number of colonies which resulted on 

the LB agar was poor, possibly due to the large size of the fragment to be cloned. Twelve 

colonies grew on the TOPO-cloned frontal cortex PCR product plate and eight and seven 

colonies grew on the TOPO-cloned cerebellar and hippocampal PCR product plates, 

respectively. Minipreps of plasmid DNA were obtained by following the FastPlasmid Mini 

Kit protocol. To identify insert-containing TOPO-vector minipreps, a restriction digest was 

performed. A HindWHXhol digest was carried out according to the protocol in Section 

2.2.5. The HindlW and Xhol restriction enzymes cut only within the MCS of the vector, 

either side of the cDNA insert. Analysing the sequence of the 4.8 kb DJBP variant using 

the online NEBcutter tool (www.tools.neb.com/NEBcutter2) indicated that Xhol was a non-

http://www.tools.neb.com/NEBcutter2
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cutter and //m dlll cut the DJBP insert four times. The HindWllXhcA combination was still 

used to perform restriction enzyme analysis on the DJBP-TOPO clones since the other 

restriction enzymes within the vector MCS were either unavailable, unsuitable for a double 

digest or cut more than four times within the DJBP sequence.

hippocampus________________ frontal cortex____________________ cerebellum
kb 7 6 9 10 11 12 15090

4 0 7 2  I
3054  -
2 03 6  -

1018  -

506  -

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Figure 6.5.2 Restriction enzyme digest of the DJBP minipreps. The brain-derived cDNA 
template used to amplify the DJBP insert is indicated above the agarose gel.

The entire restriction enzyme digest of each miniprep was loaded onto a 1.5% agarose gel 

and subjected to electrophoresis (Figure 6.5.2). A number of the minipreps did not contain 

inserts, as indicated by the sole presence of a vector band (e.g. hippocampal samples 1-6 

above). Only one miniprep derived from hippocampal cDNA amplification was 

recombinant (Figure 6.5.2; lane 7). Two minipreps derived from cerebellar cDNA (Figure 

6.5.2; lanes 20 and 23) and nine minipreps derived from frontal cortex cDNA (Figure 6.5.2; 

lanes 8, 10, 11, 13, 14, 16-19) were recombinant. Size variation of the HMWHXhol 

restriction digest products for each of the recombinant DMAs was also apparent. To 

facilitate the analysis of the digest products, the digest was repeated on the recombinant 

minipreps and reloaded onto a second agarose gel (Figure 6.5.3). Electrophoresis was 

performed at a lower voltage in an attempt to obtain an improved separation of the digest 

products. Although certain molecular weight bands were present for several of the 

recombinant minipreps, there were subtle differences in the digest products for each 

miniprep DNA.

Since the pcDNA3.1D/V5-His-TOPO kit offers directional cloning of cDNA inserts, 

alternative splicing of DJBP offered one explanation for the observed molecular weight
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variation, since splice variants may contain or lack given restriction enzyme sites. To 

investigate this variation in more detail, the insert of each miniprep was fully sequenced.

Figure 6.5.3 Reloading the digested recombinant TOPO-clone minipreps to facilitate analysis.
The cDNA template used to amplify the DJBP insert was derived from the brain region indicated 
above the agarose gel; H: hippocampus, FC: frontal cortex and C: cerebellum.

Preparation for sequencing DJBP-TOPO clones
In order to sequence each of the DJBP-TOPO clones (twelve in total), a number of 

oligonucleotide primers were designed based on the 4.8 kb DJBP variant sequence. The 

approximate length of a sequencing read obtained from loading sequencing products on the 

ABI Prism 310 Genetic Analyzer was known to be 500 -  600 nucleotides. Therefore 

oligonucleotide primers were designed to anneal to the DJBP sequence within the TOPO- 

clone at 400 nucleotide intervals. This would allow for an overlap of sequence to simplify 

the analysis of the sequencing reads. The T7 and BGH oligonucleotide primers, which 

anneal to TOPO vector sequence, and the forward and reverse TOPO PCR primers were 

used to sequence the extreme 5’ and 3’ ends of the insert (Table 2.2.2 and 2.5.8, 

respectively). The sequences of the designed forward oligonucleotide primers (FI-FI2) are 

shown in Table 6.5.1. The identification of 5’ and 3’ inserts within the DJBP sequence of 

the DKFZ clone (Section 6.4) led to the design of additional forward and reverse 

oligonucleotide primers, two of which were useful for sequencing the 5’ terminus of the 

DJBP clones (DJBP FI and DJBPRl; Table 6.5.1).
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Sequencing
primer Direction

Annealing position 
relative to DJBP 
start codon (bp)

Sequence (5’-3’)

FI forward 559-579 ACAAGACTGGACTGGTTCGAC
F2 forward 932-952 CCTGTAAAGGTGGCTACGTGT
F3 forward 1244-1264 TCAACACTAAACCCGATGGAC
F4 forward 1595-1615 TCATGCACGTCTTCTGTCCAT
F5 forward 1889-1909 AGTGTATACAGCAGCAGGACC
F6 forward 2260-2280 GATGCTGACAGGGATGGCATA
F7 forward 2576-2596 CCGATAATGAGGGCAATGGCA
F8 forward 2960-2980 GCAAGATGCAGGAAGTGCTGG
F9 forward 3200-3220 TTGAGTCCTCCCAGCTGGCTT

FIO forward 3539-3559 CCATCACCCAGGAGTTTGAGA
F ll forward 3860-3880 AGTCGCAGAGCCACCCCTGTA
F12 forward 4412-4432 TGCACAGGATGAAGATCCAGA

DJBP FI forward 328-348 CAGTTTCAGGACGTGTTGGCT
DJBPRl reverse 742-762 GAGCTCAAAGGCTTTCATAAC

Table 6.5.1 Sequencing primers used to sequence the insert of each DJBP-TOPO clone. The
name and direction of the primer is detailed in columns one and two, respectively. The annealing 
position relative to the start methionine of the 4.8 kb DJBP cDNA is detailed in column three. The 
sequence of each primer is shown in the last column.

Sequencing the DJBP-TOPO clones
Each DJBP-TOPO clone was subjected to dideoxy-mediated DNA sequencing using the 

protocol described in Section 2.2.10. Each clone was subjected to numerous reactions in 

order to use each of the oligonucleotide primers described above. Each completed 

sequencing reaction was phenol/chloroform extracted and loaded onto the ABI Prism 310 

Genetic Analyzer (Section 2.2.11). A set of sequencing reads obtained for each clone was 

analyzed and aligned against the 4.8 kb DJBP variant sequence (accession number 

NM_022785) using the Sequencher programme. Although overlapping sequencing reads 

simplified this analysis, the detection of multiple deletions and insertions within the DJBP 

sequences necessitated the analysis of the online DJBP gene structure. The sequence of the

4.8 kb DJBP variant (genomic chromosome 22, nucleotides 42249530-42533019; 

www.genome.ucsc.edu) aided the identification of alternatively spliced exons within the 

DJBP sequence of the TOPO-clones. Surprisingly, none of the DJBP variants identified 

was identical. The DJBP gene structure, including the sizes of the exons and introns, 

determined by the available online sequence and the sequencing data, are shown in Table

http://www.genome.ucsc.edu
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6.5.2 and Figure 6.5.4. The longest reading frames of each DJBP cDNA identified is 

summarised in Table 6.5.3.

Frontal cortex recombinant miniprep 1

An exon 4 deletion (212 bp), exon 12 deletion (109 bp), exon 18 deletion (115 bp) and an 

insert between exons 23 and 24 (23b; 62 bp) were identified in the recombinant miniprep 1 

derived from frontal cortex DJBP PCR (Figure 6.5.4; C). The exon 4 deletion causes a 

frameshift and a premature stop codon, resulting in a clone encoding amino acids 1-46 of

the 1501 DJBP isoform plus an additional three amino acids.

Frontal cortex recombinant miniprep 3

Deletion of exon 4 (212 bp) and exon 21 (97 bp), and an insert between exons 31 and 32 

(31b; 258 bp) were identified in the recombinant miniprep 3 derived from frontal cortex 

DJBP PCR (Figure 6.5.4; D). As with miniprep 1, the deletion of exon 4 causes a

frameshift and a premature stop codon, resulting in a clone encoding amino acids 1-46 of

the 1501 DJBP isoform and an additional three amino acids.

Frontal cortex recombinant miniprep 4

Deletion of exon 4 (212 bp), exons 11 to 12 (total deletion of 220 bp), exon 18(115 bp) and 

exon 21 (97 bp) were identified in the recombinant miniprep 4 derived from frontal cortex 

DJBP PCR (Figure 6.5.4; F). Again, the exon 4 deletion causes a frameshift and a 

premature stop codon, resulting in a clone encoding amino acids 1-46 of the 1501 DJBP 

isoform and an additional three amino acids.

Frontal cortex recombinant miniprep 6

The exon 4 to 6 deletion (total deletion of 368 bp) and the 31b insert (258 bp) were 

identified in the recombinant miniprep 6 derived from frontal cortex DJBP PCR (Figure 

6.5.4; F). The exon 4 to 6 deletion causes a frameshift and a premature stop codon, 

resulting in a clone encoding amino acids 1-46 of the 1501 DJBP isoform and an additional 

five amino acids.

Frontal cortex recombinant miniprep 7

The exon 11 to 12 deletion (total deletion of 220 bp) and an insert between exons 21 and 22 

(21b; 186 bp) were identified in the recombinant miniprep 7 derived from frontal cortex 

DJBP PCR (Figure 6.5.4; G). The exon 11 to 12 deletion causes a frameshift and a
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premature stop codon, resulting in a clone encoding amino acids 1-344 of the 1501 DJBP 

isoform and an additional five amino acids.

Exon Size Intron
number (bp) (bp)

1 71 3036
2 137 2 6 6 6 9
3 146 9076
4 2 12 7498
5 89 948
6 67 1 97 72
7 137 404 5
8 113 1 47 2 6
9 125 5224

10 149 2 3 8 9 3
11 1 1 1 3615
12 10 9 5583
13 16 8 5690
14 60 112
15 16 1 292 7
16 17 4 1599
17 169 3 1 8 8 7
18 11 5 2863
19 134 5425
20 233 1 0 5 2 4

2 1 a 97
7  9  9  ^

2 1 b 18 6
/ ^ z. 9

22 119 8218
2 3 a 195

9839
2 3 b 62
24 156 9414
25 196 397 5
26 192 2 1 2 0 0

2 7 a 228
1 4 5 1 1

2 7 b 114
28 231 25 81
29 169 2 504
30 185 3723

3 1 a 150
1839

3 1 b 25 8
32 202 12
33 12 -

Table 6.5.2 The exon and intron sizes of the DJBP gene. The exons found to be deleted within 
any of the sequenced DJBP-TOPO clones are highlighted in red. The identified inserts are 
highlighted in blue.
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Frontal cortex recombinant miniprep 9

Deletion of exons 4 to 6 (total deletion of 368 bp), exons 11 to 17 (total deletion of 952 bp), 

exon 21 (97 bp) and the 31b insert (258 bp) were identified in the recombinant miniprep 9 

derived from frontal cortex DJBP PCR (Figure 6.5.4; H). As with miniprep 6, deletion of 

exons 4 to 6 causes a frameshift and a premature stop codon, resulting in a clone encoding 

amino acids 1-46 of the 1501 DJBP isoform and an additional five amino acids.

Frontal cortex recombinant miniprep 10

Deletion of exons 4 to 6 (total deletion of 368 bp), exons 10 to 12 (total deletion of 369 bp) 

and an insert between exons 27 and 28 (27b; 114 bp) were identified in the recombinant 

miniprep 10 derived from frontal cortex DJBP PCR (Figure 6.5.4; I). Again, the exon 4 to 6 

deletion causes a frameshift and a premature stop codon, resulting in a clone encoding 

amino acids 1-46 of the 1501 DJBP isoform plus an additional five amino acids.

Frontal cortex recombinant miniprep 11

Deletion of exons 11 to 12 (total deletion of 220 bp), exon 18(115 bp), exon 21 (97 bp) and 

the 27b insert (114 bp) were identified in the recombinant miniprep 11 derived from frontal 

cortex DJBP PCR (Figure 6.5.4; J). As with miniprep 7, the exon 11 to 12 deletion causes a 

frameshift and a premature stop codon, resulting in a clone encoding amino acids 1-344 of 

the 1501 DJBP isoform plus an additional five amino acids.

Frontal cortex recombinant miniprep 12

Deletion of exons 11 to 12 (total deletion of 220 bp) and exon 21 (97 bp) were identified in 

the recombinant miniprep 12 derived from frontal cortex DJBP PCR (Figure 6.5.4; K). 

Again, the exon 11 to 12 deletion causes a frameshift and a premature stop codon, resulting 

in a clone encoding amino acids 1-344 of the 1501 DJBP isoform plus an additional five 

amino acids.

Cerebellum recombinant miniprep 1

The exon 4 deletion (212 bp) and inserts 21b, 27b and 31b (186 bp, 114 bp and 258 bp, 

respectively) were identified in the recombinant miniprep 1 derived from cerebellar DJBP 

PCR (Figure 6.5.4; L). The exon 4 deletion causes a frameshift and a premature stop codon, 

resulting in a clone encoding amino acids 1-46 of the 1501 DJBP isoform plus an additional 

three amino acids.
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Cerebellum recombinant miniprep 4

The exon 21 deletion (97 bp) was identified in the recombinant miniprep 4 derived from 

cerebellar DJBP PCR (Figure 6.5.4; M). The exon 21 deletion causes a frameshift and a 

premature stop codon, resulting in a clone encoding amino acids 1-822 of the 1501 DJBP 

isoform plus an additional two amino acids.

Hippocampus recombinant miniprep 7

The exon 4 deletion (212 bp) and the 27b insert (114 bp) were identified in the recombinant 

miniprep 7 derived from hippocampal DJBP PCR (Figure 6.5.4; N). The exon 4 deletion 

causes a frameshift and a premature stop codon, resulting in a clone encoding amino acids 

1-46 of the 1501 DJBP isoform plus an additional three amino acids.

4 -

DJBP
clone

Longest
reading
frame
downstream 
of DJBP 
start MET

Number
of
EF-hand
motifs

Longest
reading
frame
encoded
by DJBP
cDNA

Number
of
EF-hand
motifs

Longest 
reading 
frame 
upstream 
of DJBP 
stop codon

Number
of
EF-hand
motifs

FCl 1-46 0 961-1501 7
FC3 1-46 0 153-822 7 932-1501* 7
FC4 1-46 0 932-1501 7
FC6 1-46 0 178-1501* 16
FC7 1-344 3 932-1501 7
FC9 1-46 0 932-1501* 7
FCIO 1-46 0 435-1216 9 1224-1501 3
FCll 1-344 3 1224-1501 3
FC12 1-344 3 932-1501 7
Cl 1-46 0 153-854 7 1224-1501* 3
C4 1-822 7 932-1501 7
H7 1-46 0 153-1216 12 1224-1501 3

Table 6.5.3 Identified DJBP reading frames. The longest reading frames encoded by the 
identified DJBP variants are shown. : indicates that the longest reading frame is the reading 
frame upstream of the stop codon, detailed in column 6. *: clones which harbour the 31b exon and 
subsequently encode an additional 86 amino acids at the C-terminus.

u



A. Gene structure of the 4.8 kb DJBP variant

1 8 1 9  20  21  22  23  24  2 5 2 6 27  2 8 2 9 3 0 3 1

2 . 8  m b

B. Schematic representation of the 4.8 kb DJBP variant

I I iTTTTTYTTTTTrrTTTTTYYTinrrrnnn I
1 2 3 4 5 6 7 8 9 10  11  12  13  14 15 16  17 18  19  20  21  22  23  24  25  26  27  28  29  30  31 32  33

Figure 6.5.4 Gene structure of the 4.8 kb DJBP variant and the identified DJBP splice variants. (A) The gene structure of the 4.8 
kb DJBP variant is shown, indicating the intronic sequence length between each exon. The exon position within the gene, relative to the 
intronic sequence is shown, but the exon lengths are not indicated. (B) A schematic representation of the 4.8 kb DJBP variant where the 
actual lengths of the introns and exons are not indicated. This representation is used in the proceeding figures to display the DJBP splice 
variants identified (Figure 6.5.4; C-N). (C-N) Two schematic representations for each DJBP splice variants identified are shown. The 
first representation draws attention to the exon deletions and insertions which were identified, highlighted in red and blue, respectively, 
for each splice variant. The second representation displays each variant as the form which was identified, i.e. the deleted exons are 
removed from the DJBP gene structure and the inserted exons are incorporated.
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c. FCl: Frontal cortex DJBP miniprep 1

11 irrTTrrrrTTTTTTTTT^ i
1 2 3 4 5 6 7 8 9 10 11 12 13  14 15  16  17 18 19  20  21 22  2 3 2 3 b 2 4  2 5  2 6  27  28  2 9  30  31 32 33

h t r r n T r r r ~ T T T T r ~ r ^  i
I  2 3 5 6 7 8 9 10  11 13  14 15  16  17 19 20  21  22  2 3 2 3 b 2 4  2 5  26  27 28  2 9  30  31 32  33

D. FC3: Frontal cortex DJBP miniprep 3

I I  i r r r r r r r r r r r r r r r r ^ ^  i
I  2 3 4 5 6 7 8 9 10 11 12 13  14  15 16  17 18 19  2 0  21 22  2 3  24 25  2 6  27  2 8  2 9  30  3 1 3 1 b  32 33

I I  r ^ r r T r T T r r r T T T T r r r ^ ^  i
I  2 3 5 6 7 8 9 10 11 12 13  14 15 16  17 18  19  20  22 23  24 25  2 6  27  28  2 9  30  3 1 3 1 b 3 2  33

E. FC4: Frontal cortex DJBP miniprep 4

II rrrrrrrrrrrrrrr^^ i
I  2  3 4 5 6 7 8 9 10  11 12 13  14 15 16  17  18 19  20  21 22  23  24 25  26  2 7  28 2 9  30  31 32  33

II r Y T r Y r r ~ r ïT T T ^ f fn T T ^ ^  i
1 2 3 5 6 7 8 9 10  13 14 15  16  17  1 9  2 0  22  2 3  24 2 5  2 6  27  28  2 9  30  31 32 33

F. FC6: Frontal cortex DJBP miniprep 6

n  f T A T n r n T r r T r r T Y Y ^ m ^ ^  i I
1 2 3 4 5 6 7 8 9 10 11 12 13  14 15 16  17 18 19  2 0  21 22  23  24 25  26  27  28  2 9  30  31 3 1 b  32  33  ^

I I  I r n r T T T n r n n T r r r T m n T r r r m  i ~
7 8 9 10 11 12 13  14  15  16  17 18 19  2 0  21  22  23  24  25  2 6  27  28  2 9  30  31 3 1 b 3 2  33



G. FC7: Frontal cortex DJBP miniprep 7

11 r r r T T T T T Y T r T T T r T T T i i ^ r r ^ ^
I  2 3 4 5 £ 7 8 9 10 11 12 1 3  14  15  16  17 18  19  20  2 1 2 1 b  22  2 3  24  25  2 6  27  28  2 9  3 0  31 32  33

I I  i T T r r r r r ~ ~ T T r r r r T T w ^  i
1 2 3 4 5 6 7 8 9  10 13  14 15  16  17  18 19 20  2 1 2 1 b  22  2 3  24  2 5  26  2 7  28  2 9  3 0  31 32  33

H. FC9: Frontal cortex DJBP miniprep 9

I I mmnrTTTrnrTTYTnnnrYYTrrrTT̂ H
1 2 3 4 5 6 7 8 9 10  11 12 13  14 15 16 17 18 19 20  21 22  23  24  2 5  2 6  27  28  2 9  30  31 3 1 b  32 33

I I r~~ïTn-mrrinrrrrrrrm i
I  2 3 7 8 9 10  18 19  20  22  2 3  24 2 5  2 6  27  2 8  2 9  3 0  31 3 1 b 3 2  33

I. FC10: Frontal cortex DJBP miniprep 10

I I  i r r r T T T r T T T r T T T T r r r ^ ^  i
I  2 3 4 5 6 7 8 9 10 11 12 13  14 15  16  17 18  19  20  21  22  2 3  24 2 5  2 6  27  2 7 b 2 8  2 9  3 0  31  32 33

I I  r— n n : — r r r n r r m r Y T T T r n r n m n  I
1 2 3 7 8 9 13  14 15  16  17  18 19 20  21  22  2 3  24 2 5  26  2 7 2 7 b  2 8  2 9  30  31  32 33

J. FC11: Frontal cortex DJBP miniprep 11

I I f T m T r Y Y T T r r r r r r T T T r T ^  i s
1 2 3 4 5 6 7 8 9 10  11 12 13  14 15  16  17  18 19  20  21  22  23  24  2 5  2 6  2 7 2 7 b 2 8  2 9  30  31 32  33

1 2 3 4  5 6  7 8  9 10 13  14 15  16  17 19 20  22  2 3  24  25  26  2 7 2 7 b 2 8  2 9  3 0  31 32  33
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K. FC12: Frontal cortex DJBP miniprep 12

h ^ n r r r r T T T T T T x n r T ^ ^  i
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15  16  17 18 19  20  21 22  2 3  24 2 5  2 6  27  28  2 9  3 0  31  32  33

I I l T T T r T T 1 ^ ^ l T r r T T T r ~ 7 T T ^ ^  I
1 2 3 4 5 6 7 8 9 10 13 14 1 5  16  17  18 19  20  22  23  24  2 5  2 6  27  28  2 9  30  31  32 33

L. C l: Cerebellum DJBP miniprep 1

11 r ï T T T T T T T T n n n n x r T ^ ^  i
I  2 3 4 5 6 7 8 9 10 11 12 13 14 15  16  17 18  19  20  2 1 2 1 b  22  23  24 25  2 6  2 7 2 7 b 2 8  2 9  3 0  3 1 3 1 b 32  33

I I  r r r r r r r r r r r r r r ^ ^  i
1 2 3 5 6 7 8 9 10  11 12  13 14 15  16  17  18 19  2 0  2 1 2 1 b 22  23  24  2 5  2 6  2 7 2 7 b 2 8  2 9  3 0  3 1 3 1 b 3 2  33

M. C4: Cerebellum DJBP miniprep 4

I I f T T T T T T T T T r ï Y T l T m T ^  i
I  2  3 4 5 6 7 8 9 10  11 12  13  14 15 16  17  18 19  20  21  22  23  24  2 5  2 6  27  28  2 9  3 0  31  32 33

I I  i r r r r r r r r r r r r r Y T Y r ^ ^  i
1 2 3 4 5 6 7 8 9 10 11 12  13 14 15  16  17 18 19  20  22  2 3  24 2 5  2 6  27  2 8  2 9  3 0  31  32 33

N. H7: Hippocampus DJBP miniprep 7

11 rrTrrrY Tm rrrm TnTnm iTîTn i I
I  2 3 4 5 6  7 8 9 10 11 12  13  14 15  16  17 18  19  20  21 22  2 3  24  25  2 6  2 7 2 7 b 2 8  2 9  30  31 32  33

I I  r ^ r r T T r T r r T T T T T r r T T T T T r T ^ ^  i
1 2 3 5  6 7 8 9 10  11 12 13  14 15  16  17 18 19  20  21  22  2 3  24  25  2 6  2 7 2 7 b 2 8  2 9  30  31 32  33
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6.6 DISCUSSION

EG FP-D JBP SP (1-48) localised to m itochondria

The finding that the N-terminal 48 amino acids of the 1501 amino acid DJBP isoform 

localised to mitochondria confirmed that this sequence contains a functional mitochondrial 

targeting sequence. The identification of MPP cleavage sites within the N-terminus initiated 

the investigation of the mitochondrial localisation of DJBP. If DJBP is cleaved by MPP, the 

mitochondrial localisation of the N-terminal 48 amino acids of DJBP indicates the presence 

of an MPP cleavage site within this sequence. The absence of mitochondrial localisation of 

the N-terminal 31 amino acids (Section 6.4) indicates that the cleavage site is likely to be 

an R-2 motif, located between amino acids 32 and 48 (three sites predicted; Figure 6.4.5).

The additional positively charged residues between amino acids 32 and 48 of DJBP may 

have also contributed towards the electrostatic interaction between the N-terminal sequence 

and the translocase protein complex of the outer mitochondrial membrane.

Each identified DJBP splice variant encodes the m itochondrial targeting  

sequence, but the reading fram es are often truncated shortly after this m otif

A full-length 1501 amino acid DJBP isoform was not encoded by any of the identified 

DJBP TOPO-clones. Thorough sequencing of each clone revealed exon deletions or 

insertions within the DJBP sequence, indicating that DJBP is highly alternatively spliced.

All the clones encoded at least the N-terminal amino acids 1-46 of the 1501 DJBP isoform. 

However, in nearly all cases, the DJBP pm^in was truncat^shortly downstream of this 

motif. Although the full-length DJBP ispforfn was not amplified, several ;^ariants were 

identified which were longer than the original 570 amino acid isoform. Frontal cortex 

miniprep 6 enqoded the longest variant, encoding amino acids 178-1501 of the full-length V  

isoform and 16 of the 17 FF-hand motifs present on the full-length isoform (Table 6.5.3). 

Frontal cortex minipreps 3 and 10, and cerebellar miniprep 1 and hippocampal miniprep 7 

also encoded long sequences of the full-length isoform which harbour numerous FF-hand 

motifs (Table 6.5.3). The presence of numerous FF-hand motifs in these novel DJBP 

sequences provides a good indication that the identified DJBP mRNA is coding and 

encodes a functional calcium binding protein.
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The D J-1 b inding region is encoded by each D JB P  splice variant, but this w as 

not in  fram e w ith the m itochondrial targeting sequence

YTH assays using various deletion mutants of DJBP were performed by Niki et al. (2003) 

in an attempt to determine the DJ-1 binding region of DJBP. The results indicated that the 

DJ-1 binding site resides within amino acids 372-570 of the 570 amino acid DJBP isoform. 

These amino acids equate to amino acids 1304-1501 of the 1501 DJBP isoform. Each of the 

DJBP TOPO-clones encoded, at least, amino acids 1304-1501 of the 1501 DJBP isoform, 

indicating the DJ-1-binding ability of the encoded DJBP isoforms.

The encoded V5/His-tagged DJBP fusions were not useful for expression studies

The TOPO-cloning strategy was employed in this study as a simple and quick procedure for 

cloning DJBP for sequence analysis and to generate constructs for examining mitochondrial 

localisation of full-length DJBP. None of the resultant DJBP sequences in-ffame with the 

C-terminal V5/His tag harboured the predicted mitochondrial targeting sequence (Table 

6.5.3), and therefore expression studies were not performed using these new constructs.

6.7 FURTHER INVESTIGATION

A m plification  o f  D JB P and calcium  binding

The N-terminal sequence of the 1501 amino acid DJBP isoform was found to localise to the 

mitochondria, which was an indicator of the likely subcellular localisation of the full-length 

protein. Although a small number of 4.8 kb cDNAs amplified and sequenced did not reveal 

a splice variant encoding full-length DJBP, additional PCR amplifications using cDNA 

derived from whole brain or other body tissue may facilitate the amplification of the 4.8 kb 

variant. The presence of numerous EF-hand calcium binding motifs within the DJBP 

isoforms identified suggest that DJBP may function as a calcium binding protein. 

Demonstrating the calcium binding ability experimentally is necessary for confirming the 

identification of DJBP as a calcium binding protein. A simple procedure described by Naik 

et al. (1997), the "̂ Ĉâ "̂  blot overlay assay, could be performed to determine whether 

calcium specifically binds to DJBP. To generate purified DJBP protein for the assay, DJBP 

could be cloned into a pGEX vector. The resultant GST-fusion could be purified by 

glutathione-Sepharose affinity chromatography. The purified recombinant DJBP protein 

could be loaded against a positive control (for example, purified bovine calmodulin) on an
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SDS-polyacrylamide gel and subjected to electrophoresis. The resolved proteins would be 

transferred onto a PVDF membrane and incubated with with or without excess

unlabelled Câ "̂  before autoradiography. If the ^̂ Câ  ̂binding was abolished in the presence 

of unlabelled Câ ,̂ specific calcium binding to DJBP would be indicated. The calcium 

binding stoichiometry of DJBP could be determined by measuring the incorporation of 

"̂ ^Câ înto purified, calcium-free DJBP protein (Thielens et a l ,  1988). For this procedure, a 

known concentration of purified DJBP protein would initially be passed through a solid- 

phase EDTA column to remove bound Câ .̂ The calcium-free DJBP eluate would be 

incubated with before passing the incubation mixture through a gel filtration column 

packed with fine beads. The unbound would remain in the column and the

bound DJBP flow-through would be collected for radioactivity analysis and protein 

content. The gel filtration assay would allow the calcium binding stoichiometry to be 

calculated as the number of ions bound per DJBP molecule.

M itochondrial localisation  o f  D JB P

The amplification of longer DJBP variants and the generation of in-frame EGFP fusions 

would initiate additional subcellular localisation experiments using confocal microscopy. 

The availability of a specific anti-DJBP antibody would allow the intracellular expression 

of endogenous DJBP to be investigated by immunofluorescence microscopy. Subcellular 

localisation could also be indicated by obtaining subcellular fractions of the lysate samples, 

derived from HEK293T cells transiently transfected with affinity-tagged DJBP. The lysates 

could be subjected to SDS-PAGE, transferring the resolved protein onto PVDF membrane 

and Western blotting using an antibody specific for the detection of the affinity tag. To 

confirm the purity of the fractions, the membrane would be stripped and reprobed with 

antibodies which specifically detect subcellular localisation marker proteins (for example: 

GAPDH for cytoplasm, HSP-60 for mitochondrial matrix and cytochrome c oxidase 

subunit IV for mitochondrial inner membrane).
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7. UTILIZING THE TANDEM AFFINITY PURIFICATION 

(TAP) METHOD TO IDENTIFY NOVEL DJ-1 INTERACTING 

PROTEINS
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7.1 THE TANDEM AFFINITY PURIFICATION (TAP) METHOD

The tandem affinity purification (TAP) method - a two-step affinity purification technique 

for isolating protein complexes - was first described by Rigaut et al. (1999). The TAP 

method represented a new and improved strategy for purifying protein samples for mass 

spectrometry.

The TAP tag

The original TAP method involved the use of a TAP tag fused to the C-terminus of the 

protein of interest (Figure 7.1.1). The TAP tag consists of two affinity tags to allow for the 

dual purification strategy: two IgG-binding domains of the Staphylococcus aureus protein 

A are situated downstream of a calmodulin-binding peptide (CBP). A range of affinity tags, 

including protein A, CBP, FLAG and His tags, were tested in terms of their use in the 

recovery of a known associated protein of the yeast protein SmX4p (Rigaut et a i ,  1999). 

The only tags which allowed the efficient recovery of the associated protein were the 

protein A and CBP tags. This result led to the construction of the TAP tag consisting of 

protein A and CBP affinity tags. Within the TAP tag, a cleavage site for the tobacco etch 

virus (TEV) protease separates the protein A and CBP affinity tags. The TEV protease 

recognises the seven amino acid sequence Glu-Asn-Leu-Tyr-Phe-Gln-Gly and cleaves 

between Gin and Gly. The TEV protease cleavage facilitates the first stage of the 

purification involving the removal of the protein A affinity tag and some contaminating 

protein under non-denaturing conditions.

TEV pro tease  
cleavage site

i
N protein of interest CBP f =( protein A C

Figure 7.1.1 Modular structure of a C-terminal TAP-tagged fusion protein.

The original TAP m ethod

The original performance of the TAP procedure was performed in yeast involving 

homologous recombination to incorporate the TAP construct into the yeast genome (Rigaut
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et a l ,  1999). An overview of the TAP procedure is shown in Figure 7.1.2. The tagged 

protein and its binding partners were recovered from the cell lysate by a two-step TAP 

protocol. The first stage of the purification involved the use of IgG sepharose to affinity 

purify the TAP-tagged protein and associated protein via the protein A affinity tag (Figure 

7.1.2; step 1). After washing the bound IgG sepharose, TEV protease was added to release 

the TAP-tagged protein and associated protein from the IgG sepharose (Figure 7.1.2; step 

2). The resultant eluate was subjected to the second stage of the purification: calmodulin 

sepharose affinity purification (Figure 7.1.2; step 3). In the presence of calcium, 

immobilized calmodulin binds to the TAP-tagged protein and associated protein via the 

CBP affinity tag. The second affinity purification removes the TEV protease and any 

residual contaminating protein from the IgG sepharose affinity purification. The bound 

calmodulin sepharose was washed before eluting the bound protein with the chelating agent 

EGTA (Figure 7.1.2; step 4). The eluate is subjected to SDS-PAGE and Coomassie staining 

to reveal the presence of purified proteins. The identity of the purified proteins is then 

determined by mass spectrometry. A two-step purification was shown to be required since 

high levels of contaminating proteins were detected when a single IgG or calmodulin 

sepharose affinity purification was used (Rigaut et a l ,  1999).

The expression  level o f  the T A P-tagged protein  o f interest

The TAP-tagged protein of interest is expressed in the relevant cell type, ideally at the 

natural level of the protein of interest. The level of expression of the TAP fusion has been 

reported as a critical determinant in the success of TAP experiments (Gingras et al., 2005). 

Over-expression of the TAP-tagged protein of interest is likely to result in the detection of 

non-specific interacting proteins. Gingras et al. (2005) reported the finding of large 

numbers of non-specific interacting proteins in lysates derived from transiently transfected 

cells which over-expressed the TAP-tagged protein of interest. It was postulated that the 

TAP-tagged protein interaction with large numbers of non-specific proteins, including heat 

shock proteins and chaperones, was due to the large quantity of protein produced and the 

formation of misfolded protein. Some yeast strains are suitable hosts for the TAP procedure 

since expression of the TAP-tagged protein of interest can be driven by the endogenous 

promoter of the gene of interest. The TAP construct can be incorporated into the yeast 

genome by homologous recombination, replacing the gene encoding the endogenous
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protein of interest, resulting in expression of the encoded TAP fusion at the endogenous 

level.

1.1®* stage of TAP: 
IgG se p h a ro se  

affinity purification

3. 2"d stage of TAP: 
calm odulin  se p h a ro s e  

affinity purification

^ — { p ro tein  A

2. TEV protease 
cleavage

in^eino fT rS res^^  H CBP j protein A Isepharo

o Ca2+
Ca2+

g tein  of interest H CBP

4. EG TA  elution

o
JmWnoflnte

Figure 7.1.2 An overview of the TAP procedure. Contaminating proteins are represented by 
hexagonal symbols.

M odifications o f the original TAP m ethod

Since the use of the TAP procedure as a protein complex purification method in yeast, a 

number of successful studies involving different tag combinations in mammalian cells have 

been reported (Knuesel et a i ,  2003; Li et al., 2004; Drakas et al., 2005). Moderate levels of 

TAP fusion expression were achieved by the generation of stably transfected cell lines. 

Stable cell line generation can involve transfecting cells with a TAP construct carrying a 

gene which confers resistance on the host cell to a certain antibiotic (Li et al., 2004; Drakas 

et al., 2005). Supplementing the growth media with the antibiotic aids the selection of 

resistant host cells which express the TAP-tagged fusion. Continual antibiotic selection
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results in the integration of the TAP construct (carrying the antibiotic resistance gene) into 

the host cell genome (see Section 7.4.3 for more detail). It should be noted that the 

endogenous protein expressed by stably transfected cells will compete with the TAP-tagged 

fusion for binding partners. An elaborate approach for reducing the problems associated 

with competing endogenous protein is to silence endogenous protein expression by RNA 

interference (Forler et al., 2003). For a number of reported studies, the orientation of the 

TAP-tag has been switched from the C-terminus to the N-terminus of the protein of interest 

(Puig et a l ,  2001; Knuesel et a l ,  2003; Li et a l ,  2004). Generating N-terminal TAP-tagged 

proteins has, on occasion, resolved the detrimental effects of the C-terminal TAP-tag on 

protein function (Puig et a l ,  2001).

7.2 RATIONALE FOR ATTEMPTING TO IDENTIFY NOVEL 

DJ-1 INTERACTING PROTEINS USING THE TAP METHOD

To clarify the pathways linking DJ-1 with neurodegeneration, DJ-1 was used as the target 

protein in the TAP procedure. The identification of novel DJ-1 interactors and post- 

translational modifications could potentially indicate the involvement of DJ-1 in specific 

cellular processes or pathways.

Why use the TAP procedure to identify novel interactors?

The TAP procedure is similar to the YTH system in that it can be used to identify novel 

DJ-1 interacting proteins (Chapter 3). However, an advantage of the TAP procedure is that 

many interacting proteins are identified in a single experiment. The YTH screens 

performed in Chapter 3 were relatively successful in that four DJ-1 interactors were 

identified. However, not all protein-protein interactions are detectable in the YTH system, 

so it is possible that not all DJ-1 accessory proteins will be identified using this method. In 

addition, interactions identified in the YTH system need to be verified in a manunalian 

cellular model. Since the initial report (Rigaut et a l ,  1999), the TAP method has proven to 

be a very useful tool for detecting interacting partners of a protein target with low levels of 

false positives and false negatives (Puig et al., 2001).

Why use stable cell lines expressing the TAP-tagged protein of interest?

A moderate expression level of transfected protein is useful for reducing the identification 

of non-specific binding protein artefacts by the TAP procedure. The generation of stable
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cell lines is one approach used to achieve moderate expression levels of the protein fusion 

of interest.

7.3 STUDY AIMS

The aims for this study are as follows:

1. Experimental preparation for utilising the TAP method.

• Generation of the TAP-tagged DJ-1 construct

• Detecting the expression of the TAP-tagged DJ-1 fusion

• Accessing the functionality of the TAP-tagged DJ-1 fusion in terms of its ability to 

pull down a known DJ-1 interactor

• Generation of stable cell lines expressing the TAP-tagged DJ-1 fusion

2. Performing the TAP method on large volumes of lysate derived from stable cell lines 

expressing the TAP-tagged DJ-1 fusion.

7.4 EXPERIMENTAL PREPARATION FOR THE TAP METHOD

Justifying the use o f  N -term inal T A P-tagged D J-1 in  the T A P system

Two empty TAP vectors were available in the laboratory: pcDNA3/C-TAP and 

pcDNA3/N-TAP. Cloning a gene of interest into the MCS of pcDNA3/C-TAP results in the 

expression of a TAP tag fused to the C-terminus of the protein of interest (C-terminal TAP- 

tagged fusion). Cloning a gene of interest into the MCS of pcDNA3/N-TAP results in the 

expression of a TAP tag fused to the N-terminus of the protein of interest (N-terminal TAP- 

tagged fusion). The decision to investigate the TAP system with an N-terminal TAP-tagged 

fusion was based on the previous work carried out with DJ-1 fusion proteins and the current 

literature reporting the use of the N-TAP method. The N-terminal tags LexA (DNA-BD) 

and FLAG did not impair DJ-1 function, in terms of the ability of DJ-1 to bind to known 

binding proteins (Section 3.3.2 and 5.1.2, respectively). Although a C-terminal TAP-tagged 

fusion was used to introduce the TAP system (Rigaut et al., 1999), the use of N-terminal 

TAP-tagged fusions have since been reported (Knuesel et al., 2003; Li et al., 2004).

G eneration o f the N -T A P-D J-1 construct

Full-length DJ-1 was re-amplified from plasmid pACT2-DJ-l (as detailed in Table 2.5.4) 

using oligonucleotide primers DJ-1-NTAPI and DJ-1-NTAP2 (Table 2.5.8) and cloned into
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the Pme\ and P ad  sites of pcDNA3/N-TAP (a gift from A. Gingras, Institute for Systems 

Biology, Seattle, WA 98103, USA). The DJ-1 sequence and the extreme 3’ terminus of the 

TAP tag of the resultant construct pcDNA3/N-TAP-DJ-1 (N-TAP-DJ-1) was sequenced to 

confirm an in-frame fusion. Figure 7.4.1 shows a map of the N-TAP-DJ-1 construct.

The D J-l-V 5-H is construct

To access the function of the TAP-tagged DJ-1 fusion in terms of its ability to pull down a 

known interactor, the DJ-l-V5-His fusion was employed to represent a DJ-1 interactor. A 

mammalian expression construct, pcDNA3.1GS/DJ-l-V5-His, encoding the C-terminal 

V5-His-tagged DJ-1 was a gift from Mark Cookson (Laboratory of Neurogenetics, National 

Institute on Aging, Bethesda, USA). A map of this construct is shown in Figure 7.4.1

CMVp
CMVp

T7p

Protein AAmp R
TEV

CBP

DJ 1

S V 4 0  w i

BGH poly A

Neo R SV40 p

T7p

pMBI or,

DJ-1pcDNA3.1GSA/5-His
DJ-1
4.5 kb

V40 poly A

V5
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BGH poly A

S V 4 0  o r i

EM 7 p
SV40 p

Figure 7.4.1 Maps of pcDNA3/N-TAP-DJ-l (left) and pcDNA3.1GS/DJ-l-V5-His (right).

IgG sepharose affinity purification procedure

A small-scale affinity purification procedure using IgG sepharose was performed to verify 

the expression of the N-TAP-DJ-1 fusion protein and to test the ability of N-TAP-DJ-1 to 

pull down a known interactor. An overview of the affinity procedure using IgG sepharose 

affinity resin, exemplified by the co-purification of two DJ-1 monomers, is shown in Figure 

7.4.2. A description of the methods involved is detailed in Section 2.4. Before the IgG 

sepharose affinity purification protocol was optimized, 40 mm dishes seeded with
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HEK293T cells were transfected with 0.4 |ig N-TAP-DJ-1 construct and 0.4 |ag DJ-1-V5- 

His construct (Figure 7.4.2; step 1). After 18 hours, the transfected cells were recovered and 

lysed (Figure 7.4.2; step 3). A 50 pi sample of lysate sample was collected and used to 

determine the protein concentration for gel loading. The remaining volume of lysate was 

subjected to IgG sepharose affinity resin binding for one hour at 4°C on a rotating disk 

(Figure 7.4.2; step 4). The bound sepharose was washed three times in a low percentage 

detergent buffer before performing a TEV cleavage on the drained sepharose for one hour 

at 4°C on a rotating disk (Figure 7.4.2; step 5). The recovered TEV-cleaved eluate or lysate 

samples were resolved by SDS-PAGE and subjected to Western blotting.

pcDN A3.1GS/DJ-1 -V5-His1. Co-transfection of HEK293T cells \  
with NTAP-DJ-1 and DJ-1-V5-His

pcDNAa/N-TAP-DJ-1

2. Expression of N-TAP-DJ-1 
and DJ-1-V5-His

3. Cell lysis

4. Lysate subjected to IgG sepharose 
affinity resin binding

IgG
•epharoi

Prot. a K c B P  I D j-t

5. TEV cleavage

6. Recovery of TEV-cleaved 
complex

IgG
)har<

Prot. A

Figure 7.4.2 IgG affinity purification. A schematic diagram illustrating the procedure, 
exemplified by the pull-down of DJ-1-His by N-TAP-DJ-1.
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Approximately 50 pg lysate sample and 35 pi IgG-purified sample was loaded onto a 10% 

(w/v) pre-cast mini gel adjacent to a full-range molecular weight marker. After transferring 

the resolved samples onto PVDF membrane by semi-dry electrophoretic transfer, 

unoccupied binding sites on the membrane were blocked by incubation overnight at 4°C in 

the appropriate blocking solution. For the specific detection of TAP-tagged proteins, the 

membrane was subjected to an overnight block in 5% (w/v) BSA, followed by incubation 

with the rabbit polyclonal anti-TAP antibody (Open Biosystems; #CAB1001) at a 1:2000 

dilution. For the specific detection of V5-tagged proteins, the membrane was subjected to 

an overnight block in 5% (w/v) BSA, followed by incubation with the mouse monoclonal 

anti-V5 antibody (Invitrogen; #46-0705) at a 1:2500 dilution. Primary antibody incubation 

was followed by washing the membrane in a low percentage detergent-based wash before 

probing the membrane with a horseradish peroxidase (HRP) conjugated secondary 

antibody, specific for the IgG domain of the primary antibody (see Section 2.4.10). After 

additional washing, the membrane was subjected to incubation with a luminol-based 

solution to allow ECL detection of the HRP-conjugated secondary antibodies.

7.4.1 Co-purification of N-TAP-DJ-1 and DJ-l-V5-His

Initial expression  and detection  o f N -T A P-D J-1 and D J -l-V 5 -H is

The anti-TAP antibody was used to detect the expression of N-TAP-DJ-1 in the lysate 

samples and the presence of the TEV-cleaved form of N-TAP-DJ-1 in the IgG-purified 

samples. The anti-V5 antibody was used to detect the expression of DJ-l-V5-His and the 

pull-down of DJ-l-V5-His by N-TAP-DJ-1 in the IgG-purified samples. A very weak 

signal indicating the low expression of N-TAP-DJ-1 was detected in lysate samples and the 

TEV-cleaved form of N-TAP-DJ-1 in the IgG-purified samples was not detected. The 

results suggested that either the anti-TAP antibody did not specifically recognise N-TAP- 

DJ-1 or that N-TAP-DJ-1 was expressed at low levels.

•  The anti-TAP antibody dilution

The DJ-l-C-TAP construct (pcDNA3/DJ-1 -C-TAP) was generated in parallel to the N- 

TAP-DJ-1 construct (Appendix 1). The constructs have the same vector backbone which 

holds the CMV promoter for driving the expression of the TAP fusion. It was postulated 

that if the affinity tag did not disrupt DJ-1 folding, a similar level of expression of DJ-l-C- 

TAP and N-TAP-DJ-1 fusion proteins would be observed. The expression of DJ-l-C-TAP
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in the lysate sample was clearly detectable using the anti-TAP antibody at the 

recommended dilution of 1:2000 (Figure 7.4.3; lane 2). The TEV-cleaved form of DJ-l-C- 

TAP in the IgG-purified sample was also detected by the 1:2000 dilution of the anti-TAP 

antibody (Figure 7.4.3; lane 4). These results suggested that the dilution of the anti-TAP 

antibody was sufficient to detect TAP fusion proteins.

Lysate
IgG-purified,
TEV-cleaved

-C-TAP

anti-TAP 35 —
DJ-1-C-TAP

TEV-cleaved
DJ-l-C-TAP

Figure 7.4.3 DJ-l-C-TAP Western blot. The detection of non-TEV-cleaved and TEV-cleaved 
DJ-l-C-TAP is indicated.

• The apparent low expression of N-TAP-DJ-1

To enable detection of N-TAP-DJ-1 expression, the transfection procedure was scaled up 

by:

1. Increasing the amount of plasmid DNA used to transfect the cells

Instead of a total of 0.8 pg plasmid DNA per transfection, 2 pg was used. The 

transfection reagent volumes were also scaled up accordingly (see Section 2.4.7).

2. Transfecting a larger number of seeded cells

100 mm dishes rather than 40 mm dishes were used to seed the cells prior to transfection.
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The IgG sepharose affinity purification procedure was adjusted by:

1. Increasing the IgG sepharose binding incubation time from one hour to two hours.

2. Increasing the TEV protease incubation time from one hour to overnight.

The SDS-PAGE and Western blotting procedures were adjusted by:

1. Increasing the amount of protein loaded on the polyacrylamide gel from 50 to 100 pg.

O ptim ised expression  and detection o f N -T A P-D J-1

• Testing for interaction

The IgG affinity purification procedure was repeated using the N-TAP-DJ-1 and DJ-1-V5- 

His constructs and the adjusted protocol.

• Controls

Testing for an interaction between N-TAP-DJ-1 and DJ-l-V5-His was used to establish a 

positive control. The TAP peptide encoded by the pcDNA3/N-TAP vector was tested for 

interaction against DJ-l-V5-His and N-TAP-DJ-1 was tested for interaction against the V5- 

His peptide (encoded by the empty pcDNA3.1GS/V5-His vector) to check for non-specific 

binding. A non-transfected control was also included.

C o-purification  o f N -T A P-D J-1 and D J-l-V 5-H is

HEK293T cells were co-transfected with test or control constructs as described above and 

the resultant lysates were subjected to IgG sepharose affinity purification. 100 pg of lysate 

sample and 35 pi IgG-purified sample was loaded onto a 10% (w/v) pre-cast mini gel 

adjacent to the Rainbow molecular weight marker (Amersham Biosciences; 10-250 kDa) 

and subjected to SDS-PAGE. The resolved proteins were subjected to Western blotting 

(Figure 7.4.4).

E xpression  detection

The expression of N-TAP-DJ-1 was detectable when 100 pg of resolved lysate sample was 

probed with the anti-TAP antibody (Figure 7.4.4; panel A; lanes 3 and 4). As expected, the 

migration position of N-TAP-DJ-1 was -40  kDa (Appendix 3; Table 1). The expression of 

DJ-l-V5-His was detectable in the lysate samples using the anti-V5 antibody (Figure 7.4.4; 

panel B; lanes 2 and 4). Although 100 pg of lysate sample was loaded into lanes 2 and 4, 

lane 4 appears overloaded with protein while lane 2 indicates a weak detection of protein. It 

is possible that the lysate samples were not accurately loaded.
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Controls

There was no non-specific binding between the TAP peptide and the DJ-l-V5-His fusion 

(Figure 7.4.4; panel B; lane 5). In addition, non-specific binding between the V5-His 

peptide and N-TAP-DJ-1 was not detected (Figure 7.4.4; panel B; lane 6). The absence of 

signal in the non-transfected lane (Figure 7.4.4; lane 1) indicated that the signal detected on 

the membrane was due to the transfected constructs and not endogenously expressed 

protein.

-VS-His
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Figure 7.4.4 N-TAP-DJ-1 Western blots. The expression of N-TAP-DJ-1 and the pull-down of 
DJ-l-V5-His are demonstrated. The molecular weight positions are indicated on the left of each 
blot. MW; lane loaded with the 10-250 kDa molecular weight marker.
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C o-purification results

Surprisingly, the TEV-cleaved form of the N-TAP-DJ-1 fusion was not detected in the IgG- 

purified samples by the anti-TAP antibody (Figure 7.4.4; panel A; lanes 6 and 7). The 

TEV-cleaved form of N-TAP-DJ-1 was expected to migrate at a molecular weight position 

-10  kDa smaller than the N-TAP-DJ-1 fusion. The binding between N-TAP-DJ-1 and IgG 

beads was therefore not indicated by the use of the anti-TAP antibody. However, the pull

down of DJ-l-V5-His by N-TAP-DJ-1 was indicated when probing the membrane with the 

anti-V5 antibody (Figure 7.4.4; panel B; lane 7). This apparently contradicting result 

suggested that the co-purification of N-TAP-DJ-1 and DJ-l-V5-His had occurred, but the 

TEV-cleaved form of the N-TAP-DJ-1 fusion was not detectable with the anti-TAP 

antibody. The IgG beads were boiled to check that the TEV enzyme was efficiently 

cleaving the TAP tag. A strong signal was detected on the anti-TAP antibody blot at a 

molecular weight position just over 15 kDa (Figure 7.4.4; panel A; lanes 8 and 9). The 

signal was unlikely to represent the TEV-cleaved N-TAP-DJ-1 fusion since DJ-1 alone is 

20 kDa. An explanation for the detected signal is detailed below when the significance of 

the identified fragmented anti-TAP antibody recognition sequence is discussed. The pull

down of DJ-l-V5-His by N-TAP-DJ-1 was also indicated for the boiled bead samples 

(Figure 7.4.4; panel B; lane 9). The weak band indicates that the TEV protease efficiently 

cleaves the N-TAP-DJ-1 fusion and the interacting DJ-l-V5-His fusion from the beads, 

resulting in very little cleaved N-TAP-DJ-1 bound to the beads.

R ecognition  o f  N -T A P-D J-1 by  the anti-T A P antibody

The inability of the anti-TAP antibody to detect the presence of the TEV-cleaved form of 

the N-TAP-DJ-1 fusion triggered the complete sequencing of the N-TAP-DJ-1 construct, 

including the entire TAP tag (Figure 7.4.5). The sequence of the TAP tag was compared 

with the online sequence of the construct (www.proteomecenter.org/protocols). The N- 

terminal Protein A sequence, consisting of two IgG binding domains, was 137 amino acids 

in length (highlighted in yellow; Figure 7.4.5). Immediately downstream of Protein A was 

the seven amino acid TEV protease recognition site (highlighted in red and underlined; 

Figure 7.4.5). Downstream of the TEV protease recognition site was the calmodulin 

binding peptide made up of 27 amino acids (highlighted in green; Figure 7.4.5). Finally, the

http://www.proteomecenter.org/protocols
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189 amino acid DJ-1 sequence making up the C-terminus of the fusion was found to be in

frame with the upstream TAP tag.

The immunising sequence used to obtain the commercially-produced rabbit polyclonal anti- 

TAP antibody indicated the amino acid sequence of the antibody recognition site (Figure 

7.4.6). Fully sequencing the TAP tag revealed that the anti-TAP antibody recognition site 

was fragmented (Figure 7.4.7) in vector pcDNA3/N-TAP. Amino acids 11-21 of the anti- 

TAP antibody recognition site were at the C-terminus of the IgG domain, overlapping the 

TFV protease recognition site. Amino acids 2-7 of the anti-TAP antibody recognition site 

were found at the C-terminus of the calmodulin binding peptide. Amino acids 8-10 were 

completely missing.

1 MKM)AQQITSTKDQQSAFYEILNMPNLNEAQRNGFIQSLKDDPSQSTNVLGEAKKLNESQ
61 APKADNNFNKEQQNAFYEILNMNNLNEEQRNGFIQSLKDDPSQSAJSILLSEAKKLNESQAP
121 KADNKFNKESSTPTTASENLYFQGE L K T A A L A Q H A L E K ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ B
181  H H I d SLNMASKRALVILAKGAEEMETVIPVDVMRRAGIKVTVAGLAGKDPVQCSRDW
2 4 1  ICPDASLEDAKKEGPYDWVLPGGNLGAQNLSESAAVKEILKEQENRKGLIAAICAGPTA
3 01 LLAHEIGFGSKVTTHPLAKDKMMNGGHYTYSENRVEKDGLILTSRGPGTSFEFALAIVEA
3 61 LNGKEVAAQVKAPLVLKD-

I  I = P r o t e i n  A c o n s i s t i n g  o f  2 I g G  b i n d i n g  d o m a i n s  

= C a l m o d u l i n  b i n d i n g  p e p t i d e  

= D J - 1  

I  I  = S p a c e r  s e q u e n c e

ENLYFQG = TEV p r o t e a s e  r e c o g n i t i o n  s i t e ,  c l e a v e s  
b e t w e e n  g l u t a m i n e  (Q) a n d  g l y c i n e  (G)

P r e d i c t e d  m o l e c u l a r  w e i g h t :

N - T A P - D J - 1  = 4 1 0 5 2 . 5 3  d a l t o n s

Figure 7.4.5 The amino acid sequence of the N-TAP-DJ-1 fusion protein. The Protein A 
sequence is highlighted in yellow, the calmodulin binding peptide in green and the DJ-1 sequence in 
grey. The TFV protease recognition site is highlighted in red and underlined. The molecular weight 
of the N-TAP-DJ-1 fusion was approximated using the Fxpasy tool (www.expasy.org/cgi-bin/pi).

C S SGALDYDIPTTASENLYFQ

Figure 7.4.6 The peptide sequence used to obtain the commercially-produced rabhit 
polyclonal anti-TAP antibody. This sequence is linear in most TAP tags, but amino acids 2-7 and 
11-21 are fragmented in pcDNA3/N-TAP, and amino acids 8-10 are missing. The Open Biosystems 
product sheet stated the amino acid sequence of the peptide.

http://www.expasy.org/cgi-bin/pi
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1 MKADAQQITSTKDQQSAFYEILNMPNLNEAQRNGFIQSLKDDPSQSTNVLGEAKKLNESQ
61 APKADNNFNKEQQNAFYEILNMNNLNEEQRNGFIQSLKDDPSQSANLLSEAKKLNESQAP
121 KADNKFNKESSTPTTASENLYFQG E L K T A A L A Q H A L E K ^ ^ ^ ^ I P m i l P ^ I P I ^ M
181  S LNMASKRALVILAKGAEEMETVIPVDVMRRAGIKVTVAGLAGKDPVQCSRDW
2 4 1  ICPDASLEDAKKEGPYDVWLPGGNLGAQNLSESAAVKEILKEQENRKGLIAAICAGPTA
3 01 LLAHEIGFGSKVTTHPLAKDKMMNGGHYTYSENRVEKDGLILTSRGPGTSFEFALAIVEA
3 61 LNGKEVAAQVKAPLVLKD-

PTTASENLYFQ = a m i n o  a c i d s  1 1 - 2 1  o f  t h e  a n t i - T A P  a n t i b o d y  
r e c o g n i t i o n  s i t e

= a m i n o  a c i d s  2 - 7  o f  t h e  a n t i - T A P  a n t i b o d y  
r e c o g n i t i o n  s i t e

Figure 7.4.7 Fragmentation of the anti-TAP antibody recognition sequence in the N-TAP- 
DJ-1 fusion protein. Amino acids 11-21 of the anti-TAP antibody recognition site were at the C- 
terminus of the IgG domain, overlapping the TEV protease recognition site. Amino acids 2-7 of the 
anti-TAP antibody recognition site were found at the C-terminus of the calmodulin binding peptide.

The significance o f the fragm ented anti-TA P antibody recognition sequence

The C-TAP tag sequence was available on the Séraphin group website (www-db.embl- 

heidelberg.de). The anti-TAP antibody recognition sequence, spanning the C-terminus of 

the CBP and TEV protease recognition site only, was continuous and made up of 20 out of 

the 21 amino acids of the anti-TAP antibody immunising sequence. The sequence revealed 

that a TEV protease cleavage of the DJ-l-C-TAP fusion would cleave the DJ-1-CBP from 

the IgG-bound Protein A sequence, leaving the anti-TAP antibody recognition sequence 

intact. The strong detection of TEV-cleaved and non-TEV-cleaved DJ-l-C-TAP by the 

anti-TAP antibody was shown by Western blotting (Figure 7.4.3). The fragmented anti- 

TAP antibody recognition sequence in the N-TAP tag explains the difficulty in detecting 

the N-TAP-DJ-1 fusion using the anti-TAP antibody. Any resultant signal would have 

arisen from the antibody recognising the 6 or 11 amino acid sequence contained in the 

fusion. According to the sequence of the N-TAP-DJ-1 fusion, TEV protease would cleave 

the DJ-1-CBP from the IgG-bound Protein A sequence (Figure 7.4.8). The anti-TAP 

recognition sequence would be physically separated by the cleavage -  the 11 amino acid 

sequence would reside on the IgG-bound Protein A protein and the 6 amino acid sequence 

would reside on the CBP-DJ-1 protein. This explains the absence of detection of TEV-
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cleaved N-TAP-DJ-1 by the anti-TAP antibody. The finding that the anti-TAP antibody 

recognition sequence in the N-TAP tag was fragmented indicated that the anti-TAP 

antibody was not ideal for detecting N-TAP tagged fusion proteins, but should be used with 

C-TAP tagged proteins.

TEV cleavage product 1
1 MKADAQQITSTKDQQSAFYEILNMPNLNEAQRNGFIQSLKDDPSQSTNVLGEAKKLNESQ
61 APKADNNFNKEQQNAFYEILNMNNLNEEQRNGFIQSLKDDPSQSANLLSEAKKLNESQAP
121 KADNKFNKESSTPTTASENLYFQ

TEV cleavage product 2
1   GELKTAALAQHALEI
3 8 SLNMASKRALVILAKGAEEMETVIPVDVMRRAGIKVTVAGLAGKDPVQCSRDW
9 8 ICPDASLEDAKKEGPYDVWLPGGNLGAQNLSESAAVKEILKEQENRKGLIAAICAGPTA
158 LLAHEIGFGSKVTTHPLAKDKMMNGGHYTYSENRVEKDGLILTSRGPGTSFEFALAIVEA 
218 LNGKEVAAQVKAPLVLKD-

Predicted molecular weights :

TEV cleavage product 1 = 1 6 1 1 0 . 5 7  d a l t o n s  

TEV cleavage product 2 = 2 4 9 0 2 . 9 2  d a l t o n s

Figure 7.4.8 The products which result from TEV cleavage of N-TAP-DJ-1. TEV cleavage 
physically splits the fragmented anti-TAP antibody recognition site: TEV cleavage product 1 holds 
amino acids 11-21, and TEV cleavage product 2 holds amino acids 2-7 of the anti-TAP antibody 
recognition site. The predicted molecular weights were calculated using the Expasy tool 
(www.expasy.org/cgi-bin/pi).

7.4.2 Co-purification of N-TAP-DJ-1 with V5-His-tagged DJ-1 and DJBP
Since the anti-TAP antibody was found to be unsuitable for the detection of N-TAP-DJ-1, a 

monoclonal anti-DJ-1 antibody (3E8; Stressgen) was utilised in Western blots to detect the 

DJ-1 sequence within the N-TAP-DJ-1 fusion protein. The pull-down of DJ-l-V5-His by 

N-TAP-DJ-1 using IgG affinity purification was repeated. Since the TOPO construct 

pcDNA3.1D/DJBP(570)-V5-His-TOPO was shown to express the C-terminally V5-His- 

tagged 570 amino acid DJBP isoform (Appendix 2; Figure 2), a pull-down of DJBP(570)- 

V5-His (referred to DJBP-V5-His in the subsequent text) by N-TAP-DJ-1 was also 

attempted.

http://www.expasy.org/cgi-bin/pi
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Testing for interaction

The N-TAP-DJ-1 and DJ-l-V5-His constructs were co-transfected into HEK293T cells to 

examine DJ-l/DJ-1 interaction using the IgG affinity purification procedure. To show an 

interaction between DJ-1 and DJBP, the N-TAP-DJ-1 and DJBP-V5-His constructs were 

co-transfected.

Controls

The positive control was represented by the pull-down of DJ-l-V5-His by N-TAP-DJ-1 

(Section 7.4.1). Non-specific binding of the TAP peptide with DJ-l-V5-His and DJBP-VS- 

His was tested, and N-TAP-DJ-1 was tested for interaction with the V5-His peptide. A non- 

transfected control was also included.

C o-purification  o f N -T A P-D J-1 with D J-l-V 5-H is and DJBP-VS-EKs

HEK293T cells were co-transfected with test or control constructs as described above and 

the resultant lysates were subjected to IgG sepharose affinity purification. 50 pg of each 

lysate sample and 35 pi of each IgG-purified sample was loaded on a 10% (w/v) pre-cast 

mini gel and subjected to SDS-PAGE. The resolved proteins were subjected to Western 

blotting using the monoclonal anti-DJ-1 antibody and the anti-V5 antibody (Figure 7.4.9).

Detection of N-TAP-DJ-1 and DJ-l-V5-His

The expression of the N-TAP-DJ-1 fusion was detectable when 50 pg of resolved lysate 

sample was probed with the monoclonal anti-DJ-1 antibody 3E8 at the recommended 

dilution of 1:2000 (Figure 7.4.9; panel A; lanes 3, 4 and 6). The expression of DJ-l-V5-His 

was detectable in the lysate samples using both anti-DJ-1 and anti-V5 antibodies (Figure 

7.4.9; panels A and B; lanes 2 and 4, respectively). Expression of DJBP-V5-His was 

detected using the anti-V5 antibody (Figure 7.4.9; panel B; lanes 5 and 6).

Controls

There was no non-specific binding between the TAP peptide and the DJ-l-V5-His and 

DJBP-V5-His fusion proteins (Figure 7.4.9; panel B; lanes 7 and 10, respectively). In 

addition, non-specific binding between V5-His peptide and N-TAP-DJ-1 was not detected 

(Figure 7.4.9; panel B; lane 8). Endogenous DJ-1 was detected in all lysate samples by the 

anti-DJ-1 antibody (Figure 7.4.9; panel A; lanes 1-6). The use of anti-DJ-1 antibody 

allowed the expression levels of endogenous DJ-1 and N-TAP-DJ-1 to be compared. A
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high level of endogenous DJ-1 expression relative to N-TAP-DJ-1 and D J-l-V 5-H is 

expression was apparent.

Lysates
IgG-purified,
TEV-cleaved

N-TAP- N-TAP-

DJ-1 DJ-1 DJ-1 DJ-1

-V5-His

Blot:
A. anti-DJ-1

m onoclonal 3 0  —

B Blot: 
anti-V5

8  9 10 11

N-TAP-DJ-1

DJ-1-VS-His 
endog. DJ-1

DJBP-VS-His

DJ-1-VS-His

Figure 7.4.9 Western blots indicating the pull-down of DJ-l-V5-His by N-TAP-DJ-1. It should 
be noted that the pull-down of DJBP-V5-His by N-TAP-DJ-1 was unsuccessful.

Co-purification results

The TEV-cleaved form of N-TAP-DJ-1 was not detected in the IgG-purified samples by the 

anti-DJ-1 antibody (Figure 7.4.9; panel A; lanes 8, 9 and 11). Supporting the finding in 

Figure 7.4.4, the pull-down of D J-l-V 5-H is by N-TAP-DJ-1 was indicated when probing 

the membrane with the anti-V5 antibody (Figure 7.4.9; panel B; lane 9). In an attempt to 

detect the TEV-cleaved form of N-TAP-DJ-1, the IgG-purified samples were reprobed with 

the anti-DJ-1 antibody at a 1:1000 dilution for 3 hours (compared with a 1:2000 dilution
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and a one hour incubation for the previous experiment). In addition, the IgG-purified 

samples were reprobed with the anti-V5 antibody. Figure 7.4.10 shows the resultant blots. 

TEV-cleaved N-TAP-DJ-1 was not detected by the anti-DJ-1 antibody (Figure 7.4.10; 

panel A; lanes 2, 3 and 5; indicated by arrows). Although TEV-cleaved N-TAP-DJ-1 and 

D J-l-V 5-H is were predicted to migrate to similar molecular weight positions, the band in 

lane 3 of the anti-DJ-1 probed blot was likely to represent the pull-down of D J-l-V 5-H is 

due to the absence of the detection of TEV-cleaved N-TAP-DJ-1 in lanes 2 and 5 (Figure 

7.4.10; panel A). The pull-down of D J-l-V 5-H is by N-TAP-DJ-1, detected by anti-V5 

antibody was indicated (Figure 7.4.10; panel B; lane 3). DJBP-V5-His was not pulled down 

by N-TAP-DJ-1, indicated by the absence of signal when probing the membrane with the 

anti-V5 antibody (Figure 7.4.9; panel B; lane 11 and Figure 7.4.10; panel B; lane 5). The 

interaction between DJ-1 and DJBP may have been disrupted by the V5-His tag at the C- 

terminus of DJBP or the N-terminal TAP tag of DJ-1.

-VS-His

A.

B. Blot:
anti-VS

kDa

75

50 —
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anti-DJ-1 35 
m on o clo n a l 30  

25

20
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50

35
30
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IgG-purified,
TEV-cleaved

N-TAP-

DJ-1

I  3

DJ-1

a m

DJ-1-VS-His

DJ-1-VS-His

Figure 7.4.10 Absence of TEV-cleaved N-TAP-DJ-1 detection. Reprobing IgG-purified samples 
with monoclonal anti-DJ-1 antibody at a 1:1000 dilution for 3 hours did not indicate the presence of 
TEV-cleaved N-TAP-DJ-1.
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7.4.3 Generation of stable cell lines expressing the N-TAP-DJ-1 fusion
Transient transfection involves a short-lived expression of the transfected DNA. Stable - or 

long-lasting - transfection involves the integration of transfected DNA into the cellular 

chromosomal DNA, resulting in long-lasting expression of proteins encoded by the foreign 

DNA. The N-TAP construct carries the neomycin resistance gene which allows for the 

selection of transfected cells by adding the antibiotic gentamycin (G-418) to the culture 

media. Although the neomycin gene is derived from bacteria, it can be expressed in 

eukaryotic cells and confer resistance to G-418. G-418 inhibits protein synthesis by binding 

to the 30S subunit of the ribosome, resulting in a toxic effect on cell growth. Under 

continuous antibiotic selection, the construct integrates into the host cell genome. The cells 

containing the integrated sequence will live due to the incorporated neomycin gene and 

non-transfected cells die. UEK293 cells were chosen for the large-scale TAP procedure and 

were subjected to stable transfection of the N-TAP-DJ-1 construct in an attempt to generate 

stable cell lines expressing the N-TAP-DJ-1 fusion protein. The following stages of the 

procedure are indicated below:

1. Verifying the suitability of HEK293 cells for stable transfection

2. Transfection and selection of stable cell lines

3. Verifying the expression of N-TAP-DJ-1 in stable cell lines

U se o f  H E K 293 cells for generating stable cell lines

While transient transfection of HEK293T cells was useful for verifying the expression of 

N-TAP-DJ-1 and performing a small-scale affinity purification (Sections 7.4.1 and 7.4.2), 

HEK293 cells were the chosen cell type for generating a stable cell line in preparation for 

large-scale purification experiments. This is because HEK293 cells express moderate 

amounts of protein compared with HEK293T cells (www.proteomecenter.prg/protocols), 

and over-expression of an affinity-tagged protein could produce artefacts such as 

mislocalisation or association with unnatural binding partners.

A m plification  o f D J-1 from  cell line cD N A s

An ideal cell line for studying proteomics of a given protein should also express the protein 

of interest endogenously. Although endogenous DJ-1 protein had been detected by Western 

blotting.(see Figure 7.4.9), the expression of endogenous DJ-1 mRNA in HEK293 cells

http://www.proteomecenter.prg/protocols
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was also confirmed by performing a PCR amplification using cDNA derived from HEK293 

poly(A)+ RNA (Ambion). Oligonucleotide primers were designed to anneal to the non

coding sequence upstream of exon 2 of DJ-1, and the non-coding sequence downstream of 

exon 7 of DJ-1 (see Section 2.4.12; Table 2.4.3). Amplification of a larger DJ-1 fragment 

avoided possible contamination issues involving the amplification of previously used DJ-1- 

encoding plasmids. A Pfx accuprime PCR was performed (Section 2.2.2, PCR reaction 4), 

using cDNA derived from several cell lines including HEK293. The PCR reaction products 

were loaded onto a 1.5% (w/v) agarose gel and subjected to electrophoresis (Figure 7.4.11). 

The amplification of endogenous DJ-1 demonstrates the suitability of the HEK293 cells for 

use in a TAP experiment involving the search for novel DJ-1 interactors.

cDNA tem plate

J8?S :
3 0 5 4  -I
2 0 3 6  -I
1 6 3 6

1 0 1 8  - I

5 1 7 /
5 0 6
3 9 6  - I  
3 4 4  -I
2 9 8  -I

Figure 7.4.11 PCR amplification of endogenous DJ-1 from different cDNA templates. The
PCR product amplified from cDNA derived from HEK293 poly(A)-r RNA was loaded in lane 1, 
followed by additional PCR products. T-24; Bladder carcinoma; KG-1: Leukemia; DU4475: Breast 
carcinoma; PC-3; Prostate adenocarcinoma.

Stable transfection o f H EK 293 cells

For stable transfection, low passage HEK293 cells were seeded. At -70%  confluence the 

cells were transfected with 1 pg N-TAP-DJ-1 construct using the transfection reagent 

Effectene (Section 2.4.7). Two separate transfections were performed; a pcDNA3/N-TAP 

construct transfection, representing a negative control, and an N-TAP-DJ-1 construct 

transfection. The cells were cultured in standard growth media for three days to allow the 

transfected cells to express the neomycin gene product. The antibiotic G-418 was used to
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select for cells transfected with constructs carrying the neomycin-resistance gene (the TAP 

constructs). An initial concentration of 400 |ig/ml G-418 was used to kill non-transfected 

cells and generate isolated colonies of transfected cells. Colonies were transferred to 

separate wells of a 24-well TC plate and cultured under the G-418-supplemented growth 

media. Confluent clones were split into two 6-well TC plates: one poly-L-lysine coated 

coverslip-containing 6-well TC dish for verifying protein expression by 

immunocytochemistry and one 6-well TC plate for continuing the growth of the clones in 

selection media. Expression positive clones revealed by immunocytochemistry were frozen 

down.

Generation of stable cell lines

• Cell lines expressing N-TAP-DJ-1

Supplementing the growth media with 400 pg/ml G-418 resulted in the formation of 

isolated colonies with a ‘doughnut’ appearance. Ten colonies were transferred to separate 

wells of a 24-well TC plate containing growth medium supplemented with G-418. Forty- 

eight hours later five of the ten colonies were growing in the 24-well plate. Once confluent, 

each of the growing colonies was split into two 60 mm TC dishes. One 6-well TC dish 

contained a poly-L-lysine coated coverslip for immunocytochemistry. The other 60 mm TC 

dish was used to continue the growth of the colony.

• Cell lines expressing N-TAP control

As above, ten colonies were transferred to separate wells of a 24-well TC plate containing 

growth medium supplemented with G-418. Forty-eight hours later, eight of the ten colonies 

were growing in the 24-well plate. Each of the growing colonies was split into two 60 mm 

TC dishes, as for the N-TAP-DJ-1 colonies.

• Immunocytochemistry

The immunocytochemistry procedure is detailed in Section 2.4.13. Cells seeded on poly-L- 

lysine coated coverslip-containing TC dishes were fixed at -50% confluency and probed 

with the rabbit polyclonal anti-TAP antibody at 1:100, 1:200, 1:400 and 1:600 dilutions. 

The goat anti-rabbit Alexa Ruor 488 antibody, a green-fluorescent dye-conjugated 

secondary antibody, was used at a 1:200 dilution. After several PBS washes the cells were 

subjected to incubation with TO-PRO-3, a nucleic acid stain, to indicate the presence of
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non-transfected cells. After additional PBS washes the coverslip was mounted onto a 

microscope slide and viewed using the Zeiss LSM 510 confocal microscope and the 63 x 

objective lens. In addition to using the five 60 mm TC dishes and eight 60 nun dishes 

containing potential N-TAP-DJ-1 and N-TAP stably transfected clones, respectively, a non- 

transfected control was involved in the immunochemistry procedure. However, due to the 

fragmented TAP epitope in N-TAP-DJ-1, immunocytochemistry was not useful for 

indicating the expression of TAP constructs since non-transfected control cells were found 

to show a similar level of green fluorescence to the potential stable line cells. Due to 

endogenous expression of DJ-1 in these cell lines, clones could not be distinguished as 

expressors or non-expressors of the TAP construct using anti-DJ-1 antibodies, and so all 

clones were frozen down (Section 2.4.6). Confluent cells on 60 mm TC dishes were 

transferred to 100 mm TC dishes and, once confluent, transferred to T-75 flasks. The clones 

were continually cultured in growth media supplemented with 400 pg/ml G-418. Once the 

T-75 flasks were confluent, the clones were frozen down into separate cryogenic vials.

7.5 PERFORMANCE OF LARGE-SCALE TAP

Although the stable expression of N-TAP-DJ-1 had not been confirmed using 

inununocytochemistry, an attempt was made to purify DJ-1 protein interactors using the 

TAP method on one of the five potential N-TAP-DJ-1 expressing clones. The cell line was 

expanded by thawing the frozen cryovial (Section 2.4.4) and resuspending the cells in 

growth media supplemented with 200 pg/ml G-418. Growth media supplemented with 200 

pg/ml G-418 was continually used to expand the cell line until a sufficient number of cells 

were grown for seeding ten 100 mm TC dishes. An N-TAP cell line was processed in 

parallel.

7.5.1 Large-scale TAP procedure
The lysates of HEK293 cells recovered from ten 100 mm TC dishes were subjected to IgG 

sepharose affinity purification, followed by calmodulin sepharose binding. Details of the 

large-scale TAP method are described in Section 2.4.12.
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• Cell lysis

When the cells reached -80%  confluence in the 100 mm dishes, the cells were recovered, 

pooled and lysed in detergent-based lysis buffer. A sample of the lysate was collected as a 

pre-IgG sepharose binding control.

• IgG sepharose binding

The resultant -1 0  ml lysate was subjected to IgG sepharose binding for 4 hours at 4°C on a 

rotating disk. After the binding incubation, the bound beads were washed three times with a 

low percentage detergent-based buffer to remove non-specific binding proteins. For TEV 

cleavage, the beads were transferred to a TEV buffer-equilibrated Poly-prep column (Bio- 

Rad) and subjected to an overnight incubation with 100 units of TEV protease at 4°C on a 

rotating disk. _  „  ^  ^

• Calmodulin sepharose binding ^  d  ̂ C ^
Calmodulin sepharose was added to a calmodulin bidding buffer-equilibrated Poly-prep 

column. The IgG sepharose column was positioned over the calmodulin sepharose column, 

the bottom of the IgG sepharose column was uncapped and the TEV-cleaved eluate was 

allowed to flow into the calmodulin sepharose column at 4°C (Figure 7.5.1). Calmodulin 

binding buffer (a non-denaturing buffer containing 2 mM CaCL) was used to wash the IgG 

sepharose column and transfer any remaining eluate from the IgG sepharose column to the 

calmodulin sepharose column. The eluate from the TEV cleavage was subjected to 

calmodulin sepharose binding for two hours at 4°C on a rotating disk. In the presence of 

calcium, conformational changes occur in the calmodulin protein which exposes binding 

sites for calmodulin binding proteins. Non-specific ionic interactions were inhibited and 

CBP binding was promoted by the low concentration of NaCl in the calmodulin binding ^  

buffer.

' Y  cV A
• Elution of bound protein from calmodulin sepharose ^

[A
After the calmodulin sepharose binding in the presence of calcium, the calmodulin 

sepharose was drained. A sample was collected as a pre-calmodulin sepharose elution 

control. The drained calmodulin sepharose was washed with calmodulin binding buffer to 

remove non-specific binding proteins. The bound proteins were collected by elution with 

the calmodulin elution buffer containing 2 mM EGTA. EGTA is a chelating agent which ^  

strips calmodulin of Ca'"^ and reverses the conformational changes of calmodulin,^tjahf
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exposing the binding sites for calmodulin binding proteins. The presence of EGTA results 

in the elution of the TAP-tagged protein and the associated protein. The eluate was 

collected in a microcentrifuge tube and stored at -20°C until SDS-PAGE analysis.

• The identification of TAP-purified proteins

The elution product was subjected to SDS-PAGE to separate the purified proteins. The 

resolved proteins were transferred to PVDF membrane for Coomassie staining (for the 

detection of any protein within the samples) or W estern blotting (for the detection of 

specific proteins). Protein bands of interest were sent for mass spectrometry analysis at The 

Babraham Institute in Cambridge (Dr D. Oxley, Proteomics Research Group, Cambridge, 

UK). The Coomassie-stained membranes were sent in sealed, silica gel-containing 50 ml 

Falcon tubes to remove excess moisture. Before mass spectrometry, each protein sample 

was subjected to trypsin digestion to generate a mixture of peptides. Bioinformatic tools 

were used to recombine the identified peptides and deduce the proteins present in each 

sample.

IgG
sepharose

column

calmodulin
sepharose

column

TEV-cleaved eluate

Settled IgG sepharose

Porous polyethylene 
support

Settled calmodulin 
sepharose

Final elution 
collection tube

Figure 7.5.1 IgG and calmodulin sepharose column positioning in large-scale TAP. During the 
transfer of TEV-cleaved eluate, the IgG sepharose column was placed above the calmodulin 
sepharose column. After calmodulin sepharose binding in the presence of Ca^ ,̂ bound protein is 
eluted by the use of the Ca^  ̂ chelating agent EGTA. The final eluate is collected in a 
microcentrifuge tube.
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7.5.2 N-TAP-DJ-1 large-scale purification analysis

In addition to the collection of the final elution product (from the calmodulin sepharose 

elution), numerous samples were collected over the duration of the TAP procedure to 

enable the analysis of each of the purification steps.

•  A nalysis part 1.

Preliminary SDS-PAGE analysis involved loading the final elution products from the N-

TAP-DJ-1 and N-TAP samples. Samples of N-TAP-DJ-1 and N-TAP (TAP-purified) were

loaded onto a gradient 4-12% (w/v) pre-cast mini gel adjacent to a full-range molecular

weight marker and electrophoresed; 35 pi of each sample was loaded (the maximum

capacity of the gel well in the pre-cast gel). Resolved protein was transferred onto PVDF

membrane by semi-dry electrophoretic transfer. After transfer, the membrane was

immersed in 1 x PBS before the Coomassie staining procedure (Section 2.4.11). Coomassie

staining involved immersing the membrane in a methanol-based solution containing 0.1%
c w, a ^ C. c—tA------------------------------------------------------------

(v/v) Coomassie blue for a maximum of five minutes. The membrane was de-stained with a

methanol-based solution containing 10% (v/v) acetic acid. Care was taken to ensure that the

de-stain incubation time was minimal. The finding that no protein bands were apparent

initiated an overnight Coomassie staining in an attempt to detect very weak protein bands,

but this was unsuccessful. The transfer of the molecular weight marker indicated that the

transfer procedure was not causing the absence of detected protein.

•  A nalysis part 2.

To establish the reason for the apparent failure of the TAP procedure, the N-TAP-DJ-1 

control samples collected during the affinity purification were analysed (Figure 7.5.2). 35 

pi samples were loaded onto a gradient 4-12% (w/v) pre-cast mini gel adjacent to a full- 

range molecular weight marker and electrophoresed. In addition, a molecular weight 

marker indicating the quantity of protein present in the samples was loaded adjacent to the 

samples (Perfect protein marker; Merck). Samples from the previous small-scale IgG 

sepharose purification involving the transient transfection of HEK293T cells (Section 7.4.2) 

were also loaded to aid the identification of protein bands potentially representing N-TAP- 

DJ-1 and TEV-cleaved N-TAP-DJ-1 (Figure 7.5.2; wells 7 and 8). The samples were 

loaded onto gradient mini gels in duplicate to allow for a Coomassie stain (Figure 7.5.2;
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panel A) and a Western blot (Fignre 7.5.2; panel B) of the resolved samples. The Western 

blot involved the transfer of resolved sample onto PVDF membrane and probing the 

membrane with the anti-TAP antibody (Section 2.4.10). The preliminary experiments 

indicated the absence of TEV-cleaved N-TAP-DJ-1 detection by the anti-TAP antibody in 

the affinity purified material (Sections 7.4.1 and 7.4.2). However, probing the membrane 

with anti-TAP antibody was expected to detect the non-TEV-cleaved form of N-TAP-DJ-1 

in the pre-IgG sepharose binding, lysate sample. Multiple protein bands were expected in 

the pre-IgG sepharose lysate sample in the Coomassie-stained membrane (Figure 7.5.2; 

panel A; lane 2). The absence of protein detection by Coomassie staining for the post-TEV 

cleavage, boiled IgG sepharose sample (Figure 7.5.2; panel A; lane 3) could be interpreted 

as the indication of a successful TEV cleavage, since no protein would remain on the IgG 

sepharose after TEV cleavage. The post-calmodulin sepharose binding flow-through before 

EGTA elution sample (Figure 7.5.2; panel A; lane 4) was collected to test the ability of 

TEV-cleaved N-TAP-DJ-1 to bind to calmodulin sepharose. Loading this sample indicates 

the identification of proteins which bind to IgG sepharose but not to calmodulin sepharose. 

A weak band which migrated at a molecular weight of -25-30 kDa was detected by 

Coomassie staining (Figure 7.5.2; panel A; lane 4; boxed band #3). The post-EGTA elution 

boiled calmodulin sepharose sample tests the ability of EGTA to elute protein bound to the 

calmodulin sepharose. Coomassie staining did not reveal any protein bands (Figure 7.5.2; 

panel A; lane 5), suggesting an efficient EGTA elution. However, when the final elution 

product from the EGTA elution was loaded (Figure 7.5.2; panel A; lane 6), no protein 

bands were detected by Coomassie staining, indicating the absence of proteins purified by 

the TAP method. Multiple protein bands, similar to the pre-IgG sepharose lysate sample for 

the large-scale TAP, were detected by Coomassie staining of the lysate sample from the 

small-scale IgG sepharose purification (Figure 7.5.2; panel A; lane 7). Loading the TEV- 

cleaved N-TAP-DJ-1 from the small-scale preliminary experiment revealed a weak protein 

band between 25 and 30 kDa by Coomassie staining (Figure 7.5.2; panel A; lane 8; boxed 

band #4).
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A.

B.

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 
Lane 5. 
Lane 6. 
Lane 7. 
Lane 8. 
Lane 9.

Large scale TAP
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anti-TAP 35
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Rainbow molecular weight marker; 10-250 kDa
Pre-IgG sepharose binding; lysate sample
Post-TEV cleavage; boiled IgG sepharose sample
Post-calmodulin sepharose binding; flow through prior to EGTA elution
Post-EGTA elution; boiled calmodulin sepharose sample
Post-EGTA elution; final elution product
Pre-IgG sepharose binding; lysate sample from a small-scale IgG binding 
Post-TEV cleavage sample from a small-scale IgG binding 
Perfect protein marker; 15-150 kDa

Figure 7.5.2 Analysis of the N-TAP-DJ-1 TAP control samples collected during the TAP 
procedure. The control samples for the N-TAP-DJ-1 TAP experiment, in addition to final elution 
product were loaded onto a gradient 4-12% (w/v) pre-cast mini gel and subjected to SDS-PAGE.
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•  Interpretation  o f A nalysis part 2.

The TAP experiment could have been followed more thoroughly by collecting a sample of 

IgG sepharose-bound sample after the IgG sepharose binding step and before TEV 

cleavage. Boiling the IgG sepharose-bound sample and loading the resultant dissociated 

protein on an SDS-polyacylamide gel would have indicated the binding of protein to the 

IgG sepharose. A protein band at the -40  kDa position, representing the N-TAP-DJ-1 

fusion, would have been expected. The justification for not collecting this sample was to 

use the complete IgG sepharose-bound sample for TEV cleavage and subsequent 

calmodulin sepharose binding. It was postulated that a strong band of -40  kDa, detected by 

Coomassie staining of the pre-IgG sepharose lysate sample for the large-scale TAP and the 

small-scale IgG sepharose purification, represented the expression of N-TAP-DJ-1 (Figure 

7.5.2; panel A; lanes 2 and 7; boxed bands #1 and #2, respectively). Although the anti-TAP 

antibody did not detect a specific protein band in the lysate samples, a prominent band at 

-4 0  kDa position was apparent (Figure 7.5.2; panel B; lane 2 and 7; boxed bands #1 and 

#2, respectively). If the Coomassie-stained weak band which migrated at a molecular 

weight of -25-30 kDa represents TEV-cleaved N-TAP-DJ-1 (Figure 7.5.2; panel A; lane 4 

and 8; boxed bands #3 and #4), then these results suggest that N-TAP-DJ-1 is capable of 

binding to IgG sepharose, but after TEV cleavage, does not bind to calmodulin beads. To 

aid the interpretation of these results, the protein bands of interest were sent for mass 

spectrometry analysis to identify the proteins within each band (Figure 7.5.2; panel A; 

boxed bands #1-4).

A nalysis part 3.

Loading the final product from the calmodulin bead EGTA elution did not indicate the 

purification of N-TAP-DJ-1 using the TAP method (Figure 7.5.2; panel A; lane 6). Use of 

the pre-cast gels limits the amount of protein sample which can be loaded (maximum of 35 

pi). In an additional attempt to detect any protein purified by the large-scale TAP method, 

significantly more of the EGTA elution product was loaded by pouring a 12% (w/v) SDS- 

polyacrylamide gel and performing electrophoresis using the Mini-Protean II system (Bio- 

Rad). Gel pouring is detailed in Section 2.4.9. A 200 pi volume of the EGTA elution 

product from the N-TAP-DJ-1 TAP sample was loaded adjacent to 200 pi N-TAP EGTA 

elution product. A Coomassie stain was performed on the resultant PVDF membrane

a



RESULTS 246

(Figure 7.5.3). A weak band was detected by the Coomassie stain in the N-TAP-DJ-1 TAP 

sample (Figure 7.5.3; lane 3; boxed band #5) which was not present in the N-TAP sample 

(Figure 7.5.3; lane 5), indicating purified protein(s). The band was more obvious on the 

membrane than the scanned image of the membrane. The band was sent for mass 

spectrometry analysis to identify the proteins within band.

50 —

C o o m a ss ie  35 — 
b lue s ta in

Lane 1. Rainbow molecular weight marker; 10-250 kDa 
Lane 2. Blank
Lane 3. Final FGTA elution product for N-TAP-DJ-1 sample 
Lane 4. Blank
Lane 5. Final FGTA elution product for N-TAP control sample

Figure 7.5.3 Reloading an increased volume of the final elution product. A 200 (il volume of 
the FGTA elution products from N-TAP-DJ-1 TAP and N-TAP samples were loaded on a 12% 
(w/v) SDS-polyacrylamide gel, electrophoresed, transferred onto PVDF membrane and stained with 
Coomassie.

M ass spectrom etry did not detect N -TAP-DJ-1 fusion protein  expression

The protein bands sent for mass spectrometry analysis were processed and the identified 

proteins were reported. The expression of N-TAP-DJ-1 was not identified, indicating the 

failure to generate stable cell lines expressing the N-TAP-DJ-1 construct. Protein band five 

(Figure 7.5.3; boxed band #5) was reported to contain only keratins. The insignificant 

proteins identified in protein bands one to four (Figure 7.5.2; panel A; boxed bands #1-4) 

are tabulated in the appendices (Appendix 4; Table 1).
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7.6 DISCUSSION

IgG sepharose affinity purification enables the detection of DJ-l/DJ-1 interaction

An N-TAP-DJ-1 construct was generated and the expression of the encoded N-TAP-DJ-1 

fusion protein was detected using a monoclonal anti-DJ-1 antibody. The anti-TAP antibody 

detected N-TAP-DJ-1 but only when double the amount of protein was loaded on the mini 

gel. The TEV-cleaved form of N-TAP-DJ-1 was not detected by Western blotting. The 

fragmented anti-TAP antibody recognition sequence explains why the anti-TAP antibody 

would not be useful for detection. However, the absence of detection by the anti-DJ-1 

antibody is less clear. The cleavage of the Protein A sequence may affect the overall 

Conformation of the fusion and disrupt the accessibility of the anti-DJ-1 antibody

recognition sequence. Since the interaction between N-TAP-DJ-1 and DJ-l-V5-His was ^  

shown, this result indicates that the TEV-cleaved N-TAP-DJ-1 is present an^^^tional in^^

\  terms of its abilitĵ  to bjnd to j, DJ-1 interacting protein. However, i) TEV-cleaved N-TAP-

DJ-1 may be unstable and ii) N-TAP-DJ-1 failed to pull down DJBP-V5-His, suggesting 

that it may not be ideal for proteomic studies of DJ-1 interactors.

Reasons for the difficulties encountered in generating stable cell lines for N-TAP-DJ-1

The mass spectrometry analysis indicated the failure to generate stable cell lines expressing 

the N-TAP-DJ-1 construct, yet these cells were able to survive under G-418 selection. In 

hindsight, the G-418 concentration should not have been lowered until the expression of the 

TAP constructs had been confirmed. A kill curve was not performed before initiating the 

generation of stable cell lines. Therefore the survival of non-transfected cells in 

concentrations less than 400 pg/ml was not known. When the cell lines were thawed and 

expanded in preparation for a large-scale TAP experiment, a concentration of 200 pg/ml 

G-418 was used to aid the recovery of the cells. It is possible that the lowered G-418 

concentration allowed the recovery of non-transfected cells. Another possibility is that the 

initial incorporation of the TAP construct into the genome of HEK293 cells was followed 

by the deletion of the N-TAP-DJ-1 encoding sequence, resulting in the survival of non- 

N-TAP-DJ-1 -expressing cells in G-418-supplemented growth media. The large-scale TAP 

procedure should not have been carried out before the expression of N-TAP-DJ-1 was 

determined. The use of cells which were not stably transfected with the pcDNA3/N-TAP- 

DJ-1 construct explains the failure of the large-scale TAP experiment.
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7.7 FUTURE WORK

Performing a purification to identify DJ-1 interactors would be tackled differently if

additional experiments were performed. Several possible approaches are discussed below.

• It has been demonstrated that the pcDNA3/N-TAP construct generated problems in the 

TAP procedure. The expression level of N-TAP-DJ-1 was low and TEV-cleaved 

N-TAP-DJ-1 was not detectable with the anti-TAP or anti-DJ-1 antibodies. The 

expression of N-TAP-DJ-1, resulting from transiently transfecting HEK293T cells with 

pcDNA3/N-TAP-DJ-1, was shown to be lower than endogenous DJ-1 in HEK293T 

cells using the anti-DJ-1 monoclonal antibody (Figure 7.4.9; panel A; lanes 3, 4 and 6). 

By optimising the amount of DNA used to transfect HEK cells, a similar expression 

level of the N-TAP-DJ-1 fusion and endogenous DJ-1 could potentially be identified. A 

large-scale transient transfection of HEK cells with the pcDNA3/N-TAP-DJ-1 construct 

involving ten 100 mm TC dishes could be performed, followed by the TAP procedure 

on the resultant lysate from the recovered cells. In an ideal situation, the endogenous 

target protein expression level would be low. A stable cell line expressing a similar low 

level of the target TAP-tagged fusion protein would be generated and used to perform 

the TAP procedure.

• If an additional attempt to generate stable cell lines was performed, a bicistronic vector 

consisting of an EGFP cDNA downstream of N-TAP-DJ-1, would be employed to 

facilitate the detection of TAP fusion-expressing cell lines. The commercially available 

mammalian expression construct pIRES2-AcGFPl-Nuc (Clontech; Figure 7.7.1) would 

provide the vector backbone for cloning the N-TAP-DJ-1 sequence into the MGS. The 

construct holds the internal ribosome entry site of the encephalomyocarditis virus 

between the MGS and the GFP coding region, enabling both the N-TAP-DJ-1 coding 

region and the GFP gene to be translated from a single bicistronic mRNA. The fusion of 

three nuclear localisation signal sequences to the GFP gene allows for efficient nuclear 

labelling of transfected mammalian cells expressing GFP and N-TAP-DJ-1 fusion. This 

would aid the monitoring of the stable cell lines expressing N-TAP-DJ-1 without the 

use of immunocytochemistry. A Western blot would still be performed before 

proceeding with a TAP experiment to determine the expression levels of the TAP- 

tagged DJ-1 fusion compared to endogenous DJ-1.
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The use of an alternative dual tag fused to the N-terminus of DJ-1 may have resolved 

the expression level problems which were encountered. Alternative dual affinity tags 

have been used to purify protein complexes from mammalian cells, including a 

biotinylation/protein A tag (Drakas et al., 2005) and a FLAG/protein A tag (Knuesel et 

al., 2003). A small FLAG/His tag could be fused to the N-terminus for complex 

purification experiments, but each tag would have to allow for efficient recovery of the 

fusion, in addition to proteins present at low concentrations in a complex mixture.

The C-terminal TAP-tagged DJ-1 fusion may have been useful for TAP experiments. In 

addition to IgG binding, the calmodulin binding and pull-down ability of the fusion 

would have been checked before going on to perform large-scale TAP experiments.

MCS
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Figure 7.7.1 Map of the pIRES2-AcGFPl-Nuc vector (Clontech).
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8. DISCUSSION
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This section provides an overview of the results described in the thesis and the relevance of 

the findings in terms of PD pathogenesis. Future work involving the project will also be 

discussed.

8.1 IDENTIFICATION OF NOVEL DJ-1 INTERACTING PROTEINS

Two methods were employed in attempts to identify novel DJ-1 interacting proteins: one 

involving yeast two-hybrid cDNA library screening and another involving a two-step 

affinity purification of protein complexes - the tandem affinity purification (TAP) method - 

in mammalian cell lines. Although the generation of stable cell lines expressing the TAP- 

tagged DJ-1 construct and subsequent large-scale TAP experiments were unsuccessful, 

YTH screening resulted in the identification of several new potential DJ-1 interactors.

Yeast two-hybrid screening
Performing numerous screens of human brain cDNA libraries resulted in the identification 

of a small number of novel and known DJ-1 interacting proteins. The identification of 

SUMO-1 conjugating enzyme UBC9, a component of the sumoylation machinery, as a 

DJ-1 binding protein supported previously reported studies which indicate that DJ-1 

activity is regulated by SUMO-1 modification (Takahashi et a l ,  2001; ;^ îi(^o^WW0'2£ÎO6). 

The isolation of a cDNA clone encoding DJ-1 confirmed the ability of DJ-1 to form dimers. 

The identification of a hypothetical protein as a DJ-1 interactor did not provide any clues 

towards a better understanding of DJ-1 function. The sequence of the hypothetical protein 

did not display homology with other known proteins and no known protein domain profiles 

were found using bioinformatic tools such as Pfam and ScanProsite. The identification of 

homeodomain-interacting protein kinase 2 (HIPK2) as a novel DJ-1 interactor was more 

significant.

Molecular pathways involving DJ-1, Daxx and HIPK2
The cell death protein Daxx was recently identified as a novel DJ-1 interactor by screening 

a human brain cDNA library (Junn et a l,  2005). This finding led these researchers to 

identify an additional anti-oxidative stress mechanism associated with DJ-1 function (other 

than ROS elimination). Daxx was previously shown to interact with, and subsequently 

activate, apoptosis signal-regulating kinase 1 (ASK-1), which promotes cell death (Chang 

et al., 1998). It was demonstrated that DJ-1 interacts with, and sequesters, Daxx in the
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nucleus and disrupts Daxx-mediated ASK-1 activation in the cytoplasm, resulting in the 

inhibition of the ASK-1 apoptosis pathway (Junn eî a i,  2005) (Figure 8.1.1). It was 

proposed that the regulation of Daxx sequestering of^DJ-l prior to ASK-1 activation is an 

important mechanism by which DJ-1 exerts its protective function in the cell (Junn et al., 

2005).

Nucleus

DJ-1 sequesters  
Daxx

Inhibition of Daxx export 
from nucleus

ASK-1

Inhibition of Daxx 
interaction with  

ASK-1 ?
Inhibition of ASK-1 
apoptosis pathway

Cell death

Figure 8.1.1 A proposed pathway involving the interaction of DJ-1 with Daxx. The interaction 
results in the inhibition of ASK-1 activity and cell death (Junn et al., 2005).

The identification of an additional DJ-1 interactor, namely HIPKl, led to further 

investigation of the protective role of DJ-1 in the Daxx-ASK-1 apoptosis pathway (Sekito 

et al., 2006). HIPKl was previously shown to catalyse the phosphorylation of Daxx under 

conditions of oxidative stress, which was postulated to trigger the export of Daxx from the 

nucleus and result in activation of the ASK-1 apoptosis pathway (Song and Lee, 2003). 

Sekito et al. (2006) showed that high expression levels of DJ-1 resulted in HIPKl 

degradation by an unknown mechanism, predicted to inhibit phosphorylation of Daxx and 

subsequently disrupt nuclear export of Daxx and activation of the ASK-1 apoptosis
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pathway (Sekito et a l,  2006). The sequence identity between HIPKl and the DJ-1 

interacting protein identified in this study, HIPK2, is 62.9% (Sekito et al., 2006). The 

sequence homology between HIPKl and HIPK2 may indicate that these proteins share 

similar functions. Since HIPK2 also appears to associate with DJ-1, HIPK2 may also 

participate in anti-apoptotic pathways similar to those involving HIPKl. A study reporting 

an interaction between HIPK2 and Daxx, in addition to HIPK2 phosphorylation of Daxx, 

supports this hypothesis (Hofmann et al., 2003). It should also be noted that HIPK2 binds 

to transcription factors, a property shared by a number of DJ-1 interacting proteins (DJBP, 

PIASxa, Daxx, HIPKl), indicating a role in transcriptional modulation (Kim et al., 1998). 

However, whether the ASK-1 apoptosis pathway and DJ-1 associated transcriptional 

regulation has a role in the neuronal degeneration observed in individuals with PD is not 

yet known (Junn et al., 2005). Certainly, none of the missense mutations in DJ-1 appeared 

to disrupt DJ-1/HIPK2 interactions, which was why this interactor was not designated as 

high priority for further study.

8.2 DISRUPTION OF DJ-1 DIMERISATION IS NOT THE COMMON 

PATHOGENIC MECHANISM UNDERLYING DJ-1 RELATED PD
Identification of the first DJ-1 missense mutation L166P led to numerous studies which 

indicated the pathogenicity of this mutation in PD. The L166P mutation disrupts the ability 

of DJ-1 to dimerise, resulting in a loss of functional DJ-1, which is predicted to be 

pathogenic (Bonifati et a l ,  2003; Macedo et al., 2003; Miller et al. 2003; Tao and Tong,

2003). In this study, the effect of the more recently identified missense mutations on dimer 

formation was investigated. Since no mutations other than L166P had a disruptive affect on 

DJ-1 dimérisation, it was concluded that disruption of dimérisation is not a common 

pathogenic mechanism underlying DJ-1 related PD.

8.3 DJ-1 MUTATIONS HAVE A SPECIFIC DISRUPTIVE EFFECT 

ON DJ-1 INTERACTION WITH CERTAIN DJ-1 BINDING PROTEINS
Since an alteration of protein-protein interactions has been found to contribute to the cause 

of a number of diseases, the effect of DJ-1 mutations on interaction with DJ-1 binding 

proteins was investigated. DJ-1 mutations were found to have a specific disruptive effect on 

DJ-1 interaction with DJ-1 binding proteins. This result suggests that disruption of DJ-1
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interaction with accessory proteins is a more common pathogenic mechanism underlying 

DJ-1 related PD, compared with dimer disruption. One DJ-1 mutation in this study (E64D) 

did not affect DJ-1 interactions with any of the known binding proteins. It is possible that 

the identification of additional DJ-1 interacting proteins may reveal the functional 

significance of the E64D mutation, i.e. E64D may alter the interaction between DJ-1 and an 

as yet unknown DJ-1 interacting protein.

M26I abolishes the DJ-1/SUMO-1 interaction in yeast
The M26I mutation specifically abolished DJ-1 interaction with SUMO-1, a small 

ubiquitin-like modifier. The M26I mutation involves the substitution of a highly conserved 

methionine residue, an amino acid with a small linear, non-polar side chain, for an 

isoleucine residue, which has a branched, non-polar side chain, in a-helix 1 of the DJ-1 

protein. The M26 residue is not thought to form part of a consensus sequence for SUMO-1 

modification, since lysine residues are the targets for sumoylation. Predictions show that 

isoleucine would have difficulty in adopting an a-helical, rather than a (J-sheet, 

conformation due to the spatial arrangement of the side chain. This may explain the effect 

of the M26I mutation on SUMO-1 interaction since M26I could change the overall 

conformation of DJ-I, resulting in an altered ability to bind SUMO-1. However, M261 did 

not appear to interfere with other DJ-1 accessory protein interactions. Although we were 

able to show that M261 did not affect interactions with some of the other proteins required 

for sumoylation (UBC9 and PIASxa), it is possible that M261 affects other components of

this process, such as UBA^ that were not tested. Certainly, the disruption of DJ-1
y

sumoylation is likely to influence DJ-1 function. SUMO modification has been implicated 

in several cellular processes including transcription factor regulation, subcellular 

localisation targeting and inhibition of ubiquitin-mediated protein degradation (Dohmen,

2004). Loss of SUMO modification may disrupt subcellular targeting of DJ-1, resulting in a 

pathogenic loss of functional DJ-1 in a specific subcellular location. Since identical lysine 

residues within proteins can be targeted for modification by both SUMO-1 and ubiquitin, 

sumoylation of DJ-1 may regulate its degradation via the ubiquitin proteasome system. 

Disruption of SUMO modification could expose a lysine residue for ubiquitin-mediated 

protein degradation, resulting in a pathogenic loss of DJ-1. Although the M261 mutant 

appeared to be expressed at equivalent levels to wild-type DJ-1 in HEK293T cells, reduced
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levels of M26I mutant expression have been reported in neuronal cells, supporting the 

possible disruption of SUMO modification of this mutant and subsequent proteasomal 

degradation (Takahashi-Niki et al., 2004; Blackinton et a l ,  2005). Sumoylation may also 

alter the conformation of the target protein or provide a binding site to facilitate protein- 

protein interactions (Watts, 2004). In this context, molecular pathways upstream or 

downstream of DJ-1 may be disrupted by loss of SUMO modification, which may be 

pathogenic. Several reports have implicated the SUMO pathway in the pathogenesis of 

neurodegenerative diseases caused by polyglutamine repeat expansion such as 

Huntington’s disease and spinocerebellar ataxias (Chan et a l,  2002, Terashima et a l ,  2002; 

Steffan et a l ,  2004). Disruption of the SUMO pathway in Drosophila models of 

polyglutamine disease increased polyglutamine toxicity and subsequent neurodegeneration 

(Chan et a l,  2002).

A104T, D149A and E163K abolish DJ-l/DJBP interaction
Mutations A104T, D149A and E163K specifically abolished DJ-1 interaction with a single 

DJ-1 interactor: DJBP. Charged, hydrophilic residues such as aspartate and glutamate are 

generally surface residues and are often involved in binding sites (Betts and Russell, 2003). 

Therefore it seems reasonable to predict that the side chains of DJ-1 D149 and El 63 

residues are directly involved in DJBP binding, and that a mutation at either position 

disrupts the interaction. The A104T mutation involves the substitution of an alanine 

residue, an amino acid with a small linear, non-polar side chain, for a threonine residue, 

which has a branched, polar side chain, in ^-strand 7 of the DJ-1 protein. Alanine residues 

are rarely involved in surface binding sites due to the non-reactive and non-polar properties 

of alanine side chains (Betts and Russell, 2003). A104 is predicted to lie in a hydrophobic 

region directly below the DJBP docking site, between residues D149 and E l63 (Figure 

8.3.1). The substitution of the alanine residue for a threonine residue at this position may 

alter the conformation of the docking site, resulting in disruption of DJBP interaction.
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E163

D149

E163

D149

A104

r - w

Figure 8.3.1 Model of DJ-1 residues A104, D149 and E163 in a proposed DJBP docking site.
Superimposed ribbon and surface representations of the DJ-1 monomer are shown. A 104, D149 and 
E l63 are displayed as red 'spheres’ The images are identical except that the surface representation 
of the bottom image is transparent to allow the detailed ribbon representation to be seen. The top 
image indicates that D149 and E l63 are surface residues. The bottom image shows the position of 
the buried A 104 residue between D149 and E l63. The molecular modelling program PyMol 
(www.pymol.sourceforge.net) was used to generate the images by incorporating the data of the high 
resolution crystal structure of the DJ-1 monomer reported by Wilson et al. (2003).

http://www.pymol.sourceforge.net
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The specific disruptive effect of DJ-1 mutations A104T, D149A and E163K on the DJBP 

interaction were identified using the yeast two-hybrid system. To confirm these findings, 

epitope-tagged constructs encoding DJBP and wild-type or mutant DJ-1 were over- 

expressed in HEK293T cells and protein-protein interactions were detected by affinity 

purification. In preparation for the affinity purification experiments, the expression of the 

epitope-tagged wild-type and mutant DJ-1 constructs was tested using monoclonal and 

polyclonal anti-DJ-1 antibodies. Western blotting revealed a disrupted epitope region in 

two of the DJ-1 mutants. The E64D mutation disrupted monoclonal antibody (3E8) 

recognition of DJ-1 and the D149A mutation disrupted polyclonal antibody (#2134) 

recognition of DJ-1. These findings indicate that the use of several anti-DJ-1 antibodies 

with varying epitope recognition sequences is necessary for detecting the expression of all 

the DJ-1 mutants in cellular models or in vivo. The knowledge of the disruptive affect of 

these mutations on antibody epitope recognition will be useful for Western blot analysis of 

homogenates, or immunohistochemistry analysis on brain sections, from PARK? patients 

carrying the E64D or D149A mutations.

8.4 DJBP: A MITOCHONDRIALLY-LOCATED CALCIUM-BINDING 

PROTEIN?

The EF-hand calcium-binding domains of DJBP
The initial NCBI entry of the DJBP protein indicated the presence of seven EF-hand 

calcium-binding domains within the 570 amino acid protein sequence. Seventeen EF-hand 

motifs were identified by scanning the longer DJBP isoform of 1501 amino acids for 

protein domain profiles. In this study, a number of DJBP splice variants (derived from 

human frontal cortex, cerebellar and hippocampal cDNA PCR amplifications) were 

identified. The encoded protein sequences of these variants also harboured numerous 

EF-hand motifs, which provides a good indication that the identified DJBP mRNA is 

coding and encodes a functional calcium binding protein.

The mitochondrial targeting sequence of DJBP

Computer-assisted sequence analysis of the 1501 amino acid DJBP isoform led to the 

identification of an R-10 and several R-2 mitochondrial targeting sequence motifs within 

the N-terminus. Failure to amplify the 4.8 kb variant encoding the 1501 amino acid DJBP
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isoform led to the investigation of N-terminal DJBP sequences harbouring predicted 

mitochondrial targeting sequences in subcellular localisation studies. The N-terminal forty- 

eight amino acids of DJBP, fused to EGFP, colocalised with the mitochondrial marker 

DsRed-Mito, indicating the presence of a functional mitochondrial targeting sequence at the 

N-terminus of longer DJBP isoforms.

DJBP may protect cells from mitochondrial calcium accumulation and 

subsequent cell death
Several researchers have postulated that an accumulation of mitochondrial calcium, in 

combination with oxidative stress, can trigger a cascade of events resulting in cell death 

(Rego and Oliveira, 2003; Duchen, 2004; Saris and Carafoli, 2005; Chinopoulos and 

Adam-Vizi, 2006; Halestrap, 2006) (Figure 8.4.1). Mitochondrial calcium overload and 

oxidative stress-induced ROS production can activate the opening of the mitochondrial 

permeability transition pore (MPTP), a channel considered to span both the inner and outer 

mitochondrial membrane (Chinopoulos and Adam-Vizi, 2006). Intramitochondrial calcium 

is thought to activate the binding of cyclophilin D to the matrix side of the channel, 

resulting in the opening of the MPTP (Gunter et a/.^ 2̂004T Oxidative stress increases the 

probability of pore opening by modulatin^^^̂ ulphyd^ which govern pore Ar

f  U/ 1 opening (Duchen, 2004). Opening of the MPTP causes a collapse of the mitochondrial

g  membrane potential (the membrane potential which drives ATP production). The disruption

I c V l  JUyyc. o f  ATP production results in necrotic or apoptotic cell death, depending on the rate of ATP 

\  consumption (Duchen, 2004; Gunter et al, 2004). The involvement of calcium

accumulation in cell death has been implicated in neurodegenerative disease pathogenesis 

(Perl et al., 1982; Selkoe et at., 1982; Peterson and Goldman, 1986). It was postulated that

. alterations in intraneuronal calcium binding may account for the altered calcium levels

(Peterson and Goldman, 1986; Peterson et al, 1988). An additional study reported the

finding that increased intraneuronal calcium initiated cellular processing which resulted in 

cell deterioration, whereas increasing the calcium binding capacity of a cell decreased its 

vulnerability tfwlarnage (Scharfman and Schwartzkroin, 1989). It has been hypothesised 

that expression levels of calcium binding proteins within neuronal cells correlate with cell 

survival in neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease. Low 

Itnpdt^ or calbindin-D expression levels were detected in brain areas known to be ^
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affected by neurodegenerative disease, compared with brain areas unaffected by disease 

(lacopino and Christakos, 1990). A neuroprotective role for calcium binding proteins has 

been suggested: excessive intraneuronal calcium concentrations are prevented by the 

calcium binding ability of calcium binding proteins (Mouatt-Prigent et al., 1994; Loopuijt 

and Schmidt, 1998; Heizmann and Braun, 1992). Inhibiting intraneuronal calcium buffering 

may contribute to calcium-mediated cytotoxic events in neurodegenerative disease 

pathogenesis (lacopino and Christakos, 1990).

Mitochondrion

I ROS 

I [CaM

MPTP

MPTP opens

Collapse of the 
mitochondrial membrane potential

Reduced levels of ATP

Apoptotic cell death

ATP depletion

Necrotic cell death

Figure 8.4.1 A proposed molecular pathway involving mitochondrial calcium overload and 
cell death. Mitochondrial calcium overload and oxidative stress-induced ROS production can 
activate the opening of the mitochondrial permeability transition pore (MPTP), resulting in a 
collapse of the mitochondrial membrane potential (which drives ATP production) and subsequent 
cell death.
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8.5 A PROTECTIVE MOLECULAR PATHWAY INVOLVING DJ-1 

AND DJBP IS POSTULATED
An additional mechanism, by which DJ-1 exerts its protective function, is proposed. It is 

postulated that DJ-1 and DJBP are involved in a mitochondrial pathway which involves 

calcium sequestering. DJ-1 binding to DJBP may activate a protective pathway involving 

the regulation of calcium sequestering by DJBP in the mitochondria, especially under 

conditions of oxidative stress, when the MPTP is more susceptible to increased calcium 

levels. Activation of this pathway would inhibit the opening of the MPTP and subsequent 

cell death. Disruption of DJ-1 interaction with DJBP may abolish this postulated pathway, 

resulting in excessive mitochondrial calcium concentrations. The increased calcium levels 

would trigger the MPTP to open and cause the mitochondrial membrane potential to 

collapse. A permanently open MPTP would result in cell death.

8.6 FUTURE WORK
To date, the reported studies on oxidative stress-induced mitochondrial localisation of DJ-1 

are contradictory. In an attempt to clarify the subcellular localisation of wild-type and 

mutant DJ-1, experiments involving immunofluorescence and subcellular fractionation 

should be performed in various cell lines under basal and oxidative stress conditions. The 

effect of DJ-1 mutations on mitochondrial function could also be assessed using 

tetramethylrhodamine methyl ester (TMRM) as a fluorescent probe to monitor the 

membrane potential of mitochondria. TMRM is an indicator dye which accumulates in 

mitochondria in proportion to the mitochondrial membrane potential. By comparing the 

mitochondrial membrane potentials of cells over-expressing wild-type or mutant DJ-1 

under basal and oxidative stress conditions, it may be found that expression of some forms 

of mutant DJ-1 results in stress-induced mitochondrial dysfunction, indicating that wild- 

type DJ-1 protects cells from stress-induced mitochondrial dysfunction and subsequent cell 

death, an effect which might be abrogated by DJ-1 mutations.

The expression of the longer isoforms of DJBP has not yet been confirmed, although PCR 

amplifications indicate the existence of brain-derived mRNAs which encode splice variants 

of the longer isoforms. The availability of a specific anti-DJBP antibody would allow the 

subcellular and tissue-specific expression of endogenous DJBP to be investigated. SDS- 

PAGE and Western blot analysis on lysates derived from various cell lines would indicate
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the expression of longer isoforms. In addition, the subcellular localisation of DJBP could be 

investigated by immunofluorescence and subcellular fractionation techniques. These 

experiments may confirm the mitochondrial localisation of DJBP. The calcium binding 

ability of DJBP could be confirmed experimentally by blot overlay assays. To

investigate the effect of DJBP on mitochondrial function, a TMRM assay (described above) 

could be performed. Successful cloning of the longer DJBP variants would enable the 

performance of the assay. Additional PCR amplifications using cDNA derived from whole 

brain or other body tissue may facilitate successful cloning.

Finally, the finding that DJ-1 mutations specifically disrupt binding with DJBP suggests 

that the gene encoding DJBP on chromosome 22ql3 is a suitable candidate for genetic 

analysis in PD. At present, idiopathic PD and control cases are being genotyped for certain 

SNPs across the DJBP locus in an attempt to identify disease-associated SNPs (Dr Mark 

Cookson and Dr Andrew Singleton, Laboratory of Neurogenetics, NIH, Maryland, USA).
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APPENDIX 1

Generation of the C-terminal TAP-tagged DJ-1 construct
Full-length DJ-1 was re-amplified from pACT2-DJ-l plasmid construct (as detailed in 

Table 2.5.4) using oligonucleotide primers DJ-1-TAPl and DJ-1-TAP2 (Table 2.5.8) and 

cloned into the BamWl and EcoRI sites of pcDNA3/C-TAP (a gift from B. Séraphin, Centre 

de Génétique Moléculaire, Gif-sur-Yvette, France). The DJ-1 sequence and the TAP tag of 

the resultant construct pcDNA3/DJ-l-C-TAP was sequenced to confirm an in-frame fusion 

of DJ-1 to the TAP tag. Figure 1 shows the plasmid map representing the pcDNA3/DJ-l-C- 

TAP construct.

CM V p

T 7 p

DJ-1

A m p R

CBP

TEVpcDNA3/C-TAP
DJ-1
6.5 kb P ro te in  A

CoKI o n

SV4S o n

BGH po ly  A
M ofi

SV40 pN eo R

Figure 1. Map of the DJ-l-C-TAP construct.

Detection of DJ-l-C-TAP expression
The expression of the DJ-l-C-TAP fusion protein was examined by transfecting HEK293T 

cells with the pcDNA3/DJ-1 -C-TAP construct and subjecting the resultant lysates to IgG 

sepharose affinity purification (Section 2.4.8). SDS-PAGE was performed on the TEV- 

cleaved samples as well as crude lysates, and the resolved proteins were subjected to 

Western blot analysis using the anti-TAP antibody (Sections 2.4.9 and 2.4.10).
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APPENDIX 2

G en era tio n  o f  V 5 -H is-ta g g ed  T O P O  co n stru cts

DJBP(570)-V5-His, SUMO-1-V5-His, UBC9-V5-His and PIASxa-V5-His constructs 

The pcDNA3.1 TOPO-cloning kit (Invitrogen) was used to generate C-terminal V5-His- 

tagged constructs for DJBP, SUMO-1, UBC9 and PIASxa. The 570 amino acid isoform of 

DJBP and full-length SUMO-1, UBC9 and PIASxa were re-amplified from pACT2-DJBP, 

pACT2-SUM0-l, pACT2-UBC9 and pGADGHx-PIASxa, respectively (as detailed in 

Table 2.5.5). Oligonucleotide primers were used to amplify DJBP, SUMO-1, UBC9 and 

PIASxa were DJBP TOPO-1 and DJBP TOPO-2, SUMO-1 TOPO-1 and SUMO-1 TOPO- 

2, UBC9 TOPO-1 and UBC9 TOPO-2 and PIASxa TOPO-1 and PIASxa TOPO-2, 

respectively (Table 2.5.8). The incorporation of the sequence CACC into the 5' 

oligonucleotide sequence facilitated directional topoisomerase I-mediated cloning (TOPO- 

cloning), enabling the resultant PCR product to be TOPO-cloned into the pcDNA3.1 

mammalian expression vector. TOPO-cloning is described in more detail in Section 2.2.12. 

The plasmid map of the empty pcDNA3.1D/-V5-His-TOPO construct is shown in Figure 1.

HindIU (S02)
Kpnl (M2)
B4mHI(92t)

T o p o iso m e ru c  I clewwge sMe (935)

EcoRV (9*3) 
Not! (97?)

-  Xhol (9*3) 
Xb*l(9*9) 
S«cU (1992)

BGH poly A

SV40 p

pcDNA3.1D/V5-His-TOPO 
vector

Amp
Neo R

SV40 poly A

Figure 1. A plasmid map of the pcDNA3.1D/V5-His-TOPO vector.
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D etec tio n  o f  V 5 -H is-T O P O  fu sio n  ex p ressio n

The expression of C-terminal V5-His-tagged fusion proteins were examined by transfecting 

HEK293T cells with the appropriate pcDNA3.1D/V5-His-TOPO construct and subjecting 

the resultant cell lysates to SDS-PAGE (Section 2.4.9). The resolved proteins were 

subjected to Western blot analysis using the anti-V5 antibody (Section 2.4.10). The 

Western blot indicated the detection of DJBP(570)-V5-His and UBC9-V5-His expression 

(Figure 2; lanes 1 and 3, respectively), but not PIASxa-V5-His or SUM0-1-V5-His.

kDa

-V 5-H is-T 0P0

U s  I
O Q. 3  (0

Blot:
Anti-V5

DJBP(570)-V5-His

UBC9-V5-His

Figure 2. A Western blot indicating DJBP(570)-V5-His and UBC9-V5-His expression. Note 
that the expression of PIASxa-V5-His (lane 2) and SUM0-1-V5-His (lane 4) fusion proteins was 
not detected.
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APPENDIX 3 

Predicted molecular weights of proteins and fusion proteins

Protein/Fusion
protein

Predicted molecular 
weight (kDa)

DJ-1 19.9
SUMO-1 11.6
UBC9 18.0
PIASxa 63.4
DJBP(570) 65.3
LexA-DJ-1 42.5
FLAG-DJ-1 21.3
myc-DJ-1 23.5
myc-SUMO-1 13.0
myc-UBC9 19.5
myc-PlASxa 64.9
myc-DJBP(570) 66.8
DJ-l-V5-His 23.6
SUM0-1-V5-His 16.7
UBC9-V5-His 23.1
PlASxa-V5-His 68.5
DJBP(570)-V5-His 70.4
N-TAP-DJ-1 41.1
DJ-l-C-TAP 42.2

Table 1. Predicted molecular weights of fusion proteins. The bioinformatic tool at 
www.expasy.org/cgi-bin/pi was used to calculate these values.

http://www.expasy.org/cgi-bin/pi
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APPENDIX 4 

Mass spectrometry analysis of protein bands indicating the absence of 

N-TAP-DJ-1 purification
B a n d P r o t e i n S c o r e

1 (P 6 0 7 0 9 )  A c tin , c y to p la s m ic  1 (B e ta -a c t in ) 934
(P 0 4 0 7 5 )  F r u c to s e - b i s p h o s p h a t e  a l d o la s e  A  (E C  4 .1 .2 .1 3 )  ( M u s c le - ty p e  a ld o l a s e ) 504
( P I  2 2 7 7 )  C r e a t in e  k in a s e  B -ty p e  (E C  2 .7 .3 .2 )  (C r e a t in e  k in a s e  B c t ia in )  (B -C K ) 481
(Q 5 3 F L 3 )  A s p a r ta t e  a m in o t r a n s f e r a s e  2  v a r ia n t  ( F r a g m e n t) 211
( Q 1 5 3 6 6 )  P o ly ( rC )-b in d in g  p ro te in  2  (A lp h a -C P 2 )  (h n R N P -E 2 ) 62
( P I  7 1 7 4 )  A s p a r ta t e  a m in o t r a n s f e r a s e ,  c y to p la s m ic  (E C  2 .6 .1 .1  ) ( T r a n s a m in a s e  A ) 45
(P 2 4 7 5 2 )  A c e ty l-C o A  a c e ty l t r a n s f e r a s e ,  m ito c h o n d r ia l  p r e c u r s o r  (E C  2 .3 .1 .9 ) 42
(Q 9 Y 3 7 1 )  S H 3  d o m a in  G R B 2 -lik e  p ro te in  B1 (E C  2 .3 .1 .- )  (E n d o p h i lin -B 1 )  (B a x - in te r a c t in g  f a c to r  1) 39
( 0 0 0 2 7 3 )  D N A  f r a g m e n ta t io n  f a c to r  s u b u n i t  a lp h a  (D N A  f r a g m e n ta t io n  f a c to r  4 5  k D a s u b u n it)  (D F F -4 5 ) 36

2 (P 0 1 8 5 7 )  Ig g a m m a -1  c h a in  C  re g io n 274
(P 0 1 8 5 9 )  Ig g a m m a - 2  c h a in  C  re g io n 246
(P 0 2 7 6 9 )  S e r u m  a lb u m in  p r e c u r s o r  (A lle rg en  B o s  d  6 )  (B S A ) 81
(P 0 0 7 6 1  ) T ry p s in  p r e c u r s o r  (E C  3 .4 .2 1 .4 ) 71

3 (Q 6 G M W 0 ) IG K V 1 -5  p ro te in 194
(Q 6 P IH 6 ) IG K V 1 -5  p ro te in 189
(Q 6 G M W 1 ) IG K C  p ro te in 183
(P 0 4 2 6 4 )  K e ra tin , ty p e  II c y to s k e le ta l  1 (C y to k e ra tin -1  ) (C K -1 ) (K e ra tin -1  ) (K1 ) 181

(Q 6 P IL 8 )  H y p o th e t ic a l  p ro te in 172
(P 0 0 7 6 1  ) T ry p s in  p r e c u r s o r  (E C  3 .4 .2 1 .4 ) 139
(Q 6 G M V 8 ) H y p o th e t ic a l p ro te in 139
(Q 5 E B M 2 ) H y p o th e t ic a l  p ro te in 132
(Q 6 G M W 3 ) H y p o th e t ic a l  p ro te in 129
(Q 6 G M V 7 ) H y p o th e t ic a l  p ro te in 119
( P I  3 6 4 5 )  K e ra tin , ty p e  1 c y to s k e le ta l  10  (C y to k e ra tin -1 0 )  (C K -1 0 )  (K e ra t in -1 0 )  (K 1 0 ) 92
( P 0 1 6 2 0 )  Ig k a p p a  c h a in  V -lll re g io n  S IE 92
(Q 4 F Z U 2 )  H y p o th e t ic a l  p ro te in 72
( P 0 4 4 3 3 )  Ig k a p p a  c h a in  V -lll r e g io n  V G  p r e c u r s o r  ( F r a g m e n t) 60

( P 0 1 6 2 5 )  Ig k a p p a  c h a in  V -IV  re g io n 57
( P 3 1 0 2 5 )  L ip o ca lin -1  p r e c u r s o r  (V o n  E b n e r  g la n d  p ro te in )  (V E G  p ro te in )  ( T e a r  p r e a lb u m in )  (T P ) 52

( P 0 2 6 6 2 )  A lp h a - 8 1 - c a s e in  p r e c u r s o r 51

(P 0 2 6 6 6 )  B e t a - c a s e i n  p r e c u r s o r 40

4 (Q 6 G M W 0 ) IG K V 1 -5  p ro te in 214

(Q 6 P IH 6 ) IG K V 1 -5  p ro te in 209
(P 0 2 7 6 9 )  S e r u m  a lb u m in  p r e c u r s o r  (A lle rg en  B o s  d  6 )  (B S A ) 186

(Q 6 P IL 8 )  H y p o th e t ic a l  p ro te in 179

( Q 8 N E J 1 )  H y p o th e t ic a l  p ro te in 140

(P 0 0 7 6 1  ) T ry p s in  p r e c u r s o r  (E C  3 .4 .2 1 .4 ) 119

(Q 6 G M W 3 ) H y p o th e t ic a i  p ro te in 111
( P I  3 6 4 5 )  K e ra tin , ty p e  1 c y to s k e le ta l  10  (C y to k e ra tin -1 0 )  (C K -1 0 )  (K e ra t in -1 0 )  (K 1 0 ) 99

(Q 6 G M V 7 ) H y p o th e t ic a l  p ro te in 97

(Q 8 N F 1 7 )  F L J 0 0 3 8 5  p ro te in  ( F r a g m e n t) 87

(P 0 1 6 2 5 )  Ig k a p p a  c h a in  V -IV  re g io n 84

(P 0 1 6 2 0 )  Ig k a p p a  c h a in  V -lll re g io n 79
(P 0 4 4 3 3 )  Ig k a p p a  c h a in  V -lll r e g io n  V G  p r e c u r s o r  (F r a g m e n t) 47
( P 0 1 6 2 1 )  Ig k a p p a  c h a in  V -lll r e g io n  N G 9  p r e c u r s o r  ( F r a g m e n t) 41

Table 1. Mass spectrometry results. Protein bands one to four (Section 7.5.2; Figure 7.5.2; top 
panel; boxed bands #1, 2, 3 and 4) were subjected to trypsin digestion and mass spectrometry 
analysis. The reported proteins identified in the bands are detailed.
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