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Abstract
DJ-1 zymogen activation: implication for Parkinson disease
By Jue Chen

Loss-of-function mutations in DJ-1 have been linked to early onset familial PD but the
exact cellular roles of DJ-1 remain unknown. DJ-1 shares structural homology with a
bacterial and archea cysteine protease family but it has an extra a-helix (H8). The HS of
DJ-1 is predicted to prevent substrate entry and formation of a mature catalytic pocket.
To understand the biological functions of DJ-1, we investigated whether DJ-1 is a
cysteine protease and further studied the regulation of DJ-1 zymogen activation and the
role of DJ-1 protease in anti-oxidative stress response.

Our data demonstrate that removal of H8 region enhances DJ-1 protease activity
by increasing substrate affinity and improving catalytic efficiency. Further, DJ-1
functions as a cysteine protease because protease activity of DJ-1 is dependent on the
Cys-His catalytic diad and is inhibited by oxidation. We also find that endogenous DJ-1
undergoes C-terminal cleavage in response to mild oxidation and protease activity
contributes to DJ-1 cytoprotective function.

To further understand the mechanisms by which DJ-1 zymogen is activated, we
investigated whether methionine residues regulate DJ-1 zymogen activation and
cytoprotective function. Methionine residues can be reversibly oxidized, serving as the
basis for redox-dependent regulation of cell signaling. Our findings demonstrate that
selective methionine residues are required for zymogen activation and are critical for DJ-
1 cytoprotective function. Moreover, the PD linked M26I mutation alters DJ-1 secondary
structure and destabilizes DJ-1 protein.

Together the findings presented in this dissertation reveal that DJ-1 functions as a
cysteine protease that requires activation in response to mild oxidation and DJ-1 zymogen
activation is regulated by oxidation of selective methionine residues. Furthermore, our
data suggest that the pathologic effects of PD linked M26I mutation are a combination of

loss of enzymatic function and mild unfolding of DJ-1 protein.
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CHAPTER 1

INTRODUCTION AND BACKGROUND



Opening Remarks

Parkinson’s disease (PD) is a progressive neurodegenerative disorder with
selective lesions in dopaminergic neurons in the substantia nigra pars compacta (SNpc)
(186). Despite recent progress in understanding the pathogenesis of PD, the precise
mechanisms are unclear. PD is believed to be caused by a combination of physiological
changes accompanied with ageing, environmental factors and genetic susceptibilities (76).
Although environmental factors causing sporadic PD remain to be identified, several
chemicals with the ability to induce oxidative stress or mitochondrial dysfunction have
been shown to induce parkinsonism in animal models. Experimental evidence from

studying familial forms of PD also implicate oxidative stress in PD development (76).

DIJ-1 is encoded by a PD gene and loss-of-function mutations have been identified
in patients with familial autosomal-recessive forms of PD (74). DJ-1 has been shown to
protect cells against oxidative stress-induced cell death in various models but the exact
molecular mechanisms are unknown. DJ-1 is a redox-sensitive protein that mediates
antioxidant responses and its function is predicted to be regulated by the intracellular
redox state (74). Indeed, oxidation of DJ-1 has been shown in cell culture models and in
human brain samples. DJ-1 shares structural homology with a bacterial and archean
intracellular protease family, but it has an extra a-helix at the C-terminus that is predicted
to inhibit DJ-1 protease activity (74). The experiments described in the following
chapters investigate the redox-dependent regulation of DJ-1 protease activity, the
functional significance of DJ-1 as a protease, and the impact of methionine oxidation on

DJ-1 structure and function.



Parkinson’s Disease

1. Clinical presentations of PD

Parkinsonism refers to the syndrome rather than a single disease and is defined as
any combination of six specific, independent motor features: resting tremor, bradykinesia,
rigidity, loss of postural reflexes, flexed posture, and freezing. Tremor must be present
and accompanied by at least one other symptom to qualify for the diagnosis of
Parkinsonism (93). Parkinson disease (PD), or primary parkinsonism, is one of the four
classes of parkinsonism and refers to parkinsonism arising from unknown causes. The
other three classes of parkinsonism are secondary parkinsonism, which is caused by
known insults to the brain (drugs, toxins, brain tumor, vascular diseases, or encephalitis);
parkinsonism-plus syndromes, which are associated with other motoric neurological
features (progressive supranuclear palsy, multiple system atrophy, diffuse Lewy body
disease, parkinson—dementia, ALS complex of Guam, and progressive pallidal atrophy);
and heredodegenerative disorders which affects multiple brain regions (Alzheimer’s
disease, Wilson disease, Huntington disease, frontotemporal dementia on chromosome 17,
and X-linked dystonia-parkinsonism) (93). In addition to the core basal ganglia
symptoms, PD patients also present with non-motor symptoms such as loss of smell
sensation, weak muscle tone, soft speech, digestive problems, mood swing, and sleep
disorder. However, these symptoms are easily overlooked and attributed to the natural
course of aging (7) . Moreover, the relevance of these symptoms to the progression of PD
remains to be investigated. Dementia occurs in about 10-15% of PD cases, usually in the
more advanced stages (7). The mean duration of PD is variable, but has been reported to

be about 15 years from diagnosis to death (193).



2. Epidemiology of PD

The prevalence of PD in industrialized countries is 1% of the population over 60
years and 5% in people over 85 years (186). Developed countries appear to have higher
incidence of PD, perhaps due to the ageing of the population. No apparent difference in
incidence of PD has been reported among various ethnic populations, suggesting no
higher risks correlated to any particular ethnic group. Besides ageing, both genetic and
environmental factors are believed to contribute to the progression of PD. The majority of
PD cases are idiopathic and believed to be caused by unidentified environmental risk
factors. This is supported by the findings that PD incidence was not different between
monozygotic and dizygotic twins (337) and several pesticides can induce parkinsonism in
animal models. Since PD may take decades to develop and early symptoms are normally
unnoticed or misinterpreted, identifying environmental causes remains challenging.
Nevertheless, several environmental, occupational, and life-style factors have been linked
to PD. Pesticide exposure has been associated with higher incidences of PD
(16,89,99,283), but most epidemiological studies are case-control studies that cannot
provide strong evidence of a causal-relationship between pesticide exposure and PD
(89,99,283). There are a few prospective studies that investigated whether pesticide
exposure increases risks of PD (16,18,277). One study did not report significant
association between pesticide exposure and PD (277), while the other found that pesticide
exposure increases PD risk in men but not in women (18). A third study, using a larger
cohort group with 140,000 subjects, reported that exposure to pesticides is associated

with 70% higher incidence of PD, suggesting that pesticide exposure is a risk factor (16).



The same study reported that farmers not exposed to pesticides are not at higher risk of
PD, indicating a direct role of pesticide exposure in PD pathogenesis (16). A large variety
of pesticides persist in the environment and because people do not usually know or
remember the one(s) to which they have been exposed, it is difficult to estimate the
contribution of a single pesticide to the development of PD (132). Despite the existence
of several well-characterized animal models of pesticide - induced parkinsonism, the
exact contribution of pesticide exposure to human PD incidence remains unclear (132).
Besides environmental factors such as pesticide exposure, some lifestyle factors
have also been reported to influence PD development. Caffeine consumption and
smoking are reported to inversely correlate to PD, suggesting that antagonizing adenosine
A (2A) receptors by caffeine or activation of nicotinic receptors by nicotine in cigarette
smoke may counteract the degeneration of dopaminergic neurons (131,281,290,291).
However, it might be due to intrinsic novelty-seeking personality traits associated with
the role of dopamine in reward pathways, rather than possible neuroprotective effects of
nicotine or caffeine (91). Further studies are needed to understand whether smoking or
caffeine intake can really prevent PD. Gender differences in the risk of developing PD
have also been reported (193,344). Researchers noticed males have a slightly higher
incidence of PD after age 65, while no differences are observed between men and women
prior to age 65. This is likely due to differences in steroid hormone levels or exposure to

potential environmental neurotoxicants (7).

3. Pathology of PD



Despite the complex nature of PD, two pathological features of PD are observed
in most idiopathic PD patients: loss of dopaminergic (DA) neurons in the substantia nigra
and presence of Lewy bodies (LBs) or lewy neurites (LNs) in the surviving neurons
(128). DA neurons in the nigrostriatal pathway are more susceptible to cell death than
other neurons or DA neurons in other brain regions, possibly due to the detrimental effect
of dopamine metabolism. DA neurons in the nigostriatal pathway contain neuromelanin,
giving rise to the distinct dark pigment. In PD brain samples, the substantia nigra regions
look pale compared to normal human brain samples. Other pigmented nuclei (locus
cerulues, dorsal motor nucleus of the vagus) could also be affected. The degeneration of
DA neurons is followed by replacement with glia cells in that region (128). LBs and LNs
are cytoplasmic inclusion bodies enriched in proteins and components of the ubiquitin
machinery. They are eosinophilic spherical inclusions surrounded by a halo and usually
immunostained positive for a-synuclein. LBs are not restricted to PD, they are also seen
in other neurodegenerative disorders such as Lewy body dementia, suggesting that the
pathological pathways contributing to the formation of LBs are shared by various
neurodegenerative disorders (128). In addition to DA neurons in SN, other neuronal
regions and neurons of other transmitter systems also contain LBs and LN. The
susceptible neurons appear to be projection neurons that have a disproportionately long
axon in relation to the size of the cell soma, especially those with axons poorly
myelinated (35,36). The sparsely myelinated neurons require more energy to transmit
impulses and are subjected to higher levels of oxidative stress. The surrounding of
oligodendroglial cells may also protect neurons from pathological sprouting. Since other

brain regions and neurotransmitter systems are also affected in PD, a staging system has



been developed based on a-synucleon pathology to delineate the sequential involvement
of different type of neurons (35,36).

The pathogenic relevance of LBs to PD is still under debate. Since LBs contain
misfolded proteins and exist in patients with neurodegenerative disorders, they were
initially thought to be toxic. However, recent findings suggest that formation of LBs may
be a cellular self-defense mechanism by which misfolded proteins are isolated from the
rest of cells and are prevented from attacking important cellular components. The fact
that LB is more enriched in neurodegenerative patients suggests it is a cellular stress

response in an attempt to clear out misfolded proteins (128).

4. Treatment of PD

PD is generally progressive, and currently there is no effective treatment to halt or
slow down the progression of the disease. Current therapies can only relieve the
symptoms to some degree. Because dopamine level in the basal ganglia of the brain is
reduced in PD, the mainstream therapies aim to restore DAergic signaling by either
providing the precursor for DA synthesis, using DA agonists to activate DA receptors, or
inhibiting the metabolism of DA by inhibiting monoamine oxidase B (9).

Dopamine can not cross the brain-blood-barrier (BBB), so it can not be given
peripherally and is not of great clinical value. L-levodopa (L-dopa) is the immediate
precursor of dopamine synthesis and can cross BBB. L-dopa is converted to dopamine
by dopa decarboxylase in both periphery and brain. To increase the bioavailability of L-
dopa in the brain, it is usually given in combination with a peripheral dopa decarboxylase

inhibitor (carbidopa). L-dopa can be metabolized to 3-O-methyldopa (3-OMD) via



catechol-O-methyltransferase (COMT) and this will reduce the level of dopamine
reaching the brain. To prevent peripheral L-dopa from being metabolized to 3-OMD,
selective COMT inhibitors (tolcapone and entacapone) are sometimes used in adjunct
with L-dopa. L-dopa is most effective for relieving bradykinesia, rigidity and gait
stability in the first few years of treatment. Patients could become less responsive to L-
dopa treatment over time, possibly due to gradual loss of dopaminergic neurons or
desensitization of dopamine receptors. Long-term usage of L-dopa may lead to an on-off
side effect. During the off period, the patients present with akinesia (inability to initiate
movement) and during the on period, they have improved mobility but present with
dyskinesia (diminished voluntary movement and presence of involuntary movement). Co-
administration of COMT inhibitors have been shown to reduce the dosage of L-dopa and
the fluctuations of response to L-dopa, therefore prolonging the effectiveness of L-dopa
therapy (9).

Dopamine receptor agonists directly activate dopamineric signaling without
requiring enzymatic conversion or producing toxic metabolites. They can selectively
activate a subset of dopamine receptors, thus limiting side effects. Dopamine agonists do
not generally lead to on-off effects or dyskinesia, and are commonly used when patients
do not respond L-dopa or can no longer tolerate the side effects of L-dopa. However,
desensitization of receptors will develop over prolonged usage and L-dopa will be used in
combination to increase efficacy. Side effects caused by dopamine agonists include
peripheral edema, hypotension, cardiac arrhythmias, gastrointestinal problems, and
psychiatric problems due to the overactivation of DAergic signaling in periphery as well

as in other brain regions (9).



Monoamine oxidase B (MAO-B) selectively metabolizes dopamine and is
targeted in PD treatment. Inhibition of MAO-B by Selegiline can increase the half-life of
dopamine and prolong the effect of L-dopa. The therapeutic effect of MAO-B inhibitor
alone is minor and it is usually used in adjunct with L-dopa treatment to reduce the
wearing-off or on-off side effects of L-dopa. MAO-B inhibitors are contraindicated in
patients also taking nonselective MAO inhibitors to avoid hypertensive crisis. It should
also be used with cautions for patients taking tricyclic antidepressants or serotonin
reuptake inhibitors due to potential acute toxic interactions with serotonin signaling (9).

Other complementary therapies are used to restore the balance of the
cholinergic and DAergic influences on the basal ganglia by reducing muscarinic
cholinergic signaling on GABAergic cells in the corpus striatum. Amantadine has mild
anti-parkinsonian effects, although mechanisms of action are unknown. It may act as an
antagonist of adenosine A2 receptor. The efficacy and side-effects of these drugs need to
be better characterized before they can become a first-line treatment option for PD. For
patients that do not respond to pharmacological intervention, surgical options are also
available. Deep brain stimulation of subthalamic nucleus or globus pallidus by an
implanted electrode has improved clinical symptoms of advanced PD patients (9). Novel
therapeutic options using gene therapy have also been developed and some of them have
gone through clinical trials. Fetal mesencephalic dopamine cell implantation is proposed
to provide long-term dopamine release (275,278), but the benefits of which are
inconclusive based on two studies (103,258). Human embryonic stem cells can also
differentiate into dopamine neurons and may be another promising source of

dopaminergic neurons (183). However, the safety and efficacy of these novel therapies
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need to be carefully studied. Glial cells-derived neurotrophic factor has neuroprotective
function and can be used to promote endogenous repair. Targeted delivery of either
neurotrophic growth factor or viruses to produce neurotrophic factors has yielded mixed
results. One study reported improved dopamine uptake after a three-month infusion of
neurotrophic factor with therapeutic benefits lasting for 2 years (112). However, two
other studies reported no protection (185,249) and one study showed postoperative
complications in some patients (185). Further studies are needed to investigate the

efficacy and ensure the safety of these treatments.

5. Toxicological models of PD

1-methvl-4-phenyl-1.2.3.6-tetrahyvdropyridine (MPTP)

MPTP-induced parkinsonism was first described in human subjects (187). Young
drug users who intravenously injected drugs containing MPTP as an impurity developed
severe parkinsonian symptoms, including tremor, rigidity, slow movement, and postural
instability (187). These symptoms were alleviated by administration of L-dopa, which
resembles the response of PD patients. Further study of MPTP using mice (244,298) and
primate (102,312,349) models, revealed that MPTP preferentially causes degeneration of
putamental versus caudate dopaminergic nerve terminals and greater loss of neurons in
SNpc than in ventral tegmental area (VTA), reminiscent of PD. One pathological feature
of PD missing from the MPTP model is the formation of intraneuronal inclusions. The
canonical LB inclusion has not been reported in MPTP-intoxicated human patients,

neither has it been demonstrated in MPTP mice or primate models (76). This is likely due

10



11

to the acute administration of MPTP in both human and animal models, which may not
be long enough to allow the formation of LB-like inclusions.

The mechanism of neurotoxicity of MPTP has been studied extensively. The pro-
toxin MPTP is lipophlic and can cross the BBB. It will then be metabolized to an
unstable intermediate 2,3-dihydro-1-methyl-4-phenylpyridinium (MPDP") primarily by
MAO-B in glia cells. MPDP" undergoes oxidation through unknown mechanism to form
the active toxic molecule 1-methyl-4-phenylpyridinium (MPP"). The polar lipophobic
MPP" relies on transporters on plasma membrane to enter cells. MPP" has high affinity
for dopamine transporter (DAT) that are present in dopaminergic neurons, and to a lesser
degree for norepinephrine and serotonin transporters. Once inside neurons, MPP" will
either bind to cytosolic proteins, be packed into vesicular monoamine transporter-2
(VMAT?2), or enter mitochondria with the help of mitochondrial membrane potential
gradient (76,339). MPP" inhibits complex I of the mitochondrial electron transport chain
and thus stimulates the production of superoxide radicals and subsequently other reactive
oxygen species (ROS) or reactive nitrogen species (RNS). Further inhibition of complex I
by MPP" (over 70% for the somatic mitochondria and 25% for the synaptic mitochondria)
impairs oxidative phosphorylation and energy production (76,339). Oxidative stress and
impaired energy production occur hours after MPP" administration while neuronal death
happens several days later. The time lapse suggests that cell signaling pathways
downstream of oxidative stress and disrupted energy production have been altered to
cause cell death within a few days. Various cellular pathways have been demonstrated to
account for MPP" - mediated neuronal death, including activation of p53 and p53-

regulated Bax expression as well as apoptosis signaling kinase 1 (ASK1) pathway. The
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neuronal death is predominantly apoptotic, as activation of caspases has been shown and

inhibitors of caspases 2, 3, and 9 prevent neuronal death induced by MPP" (76,339).
Rotenone

Rotenone is a member of the rotenoids family, which exists in several genera of
tropical plants. It has been widely used as an insecticide and fish poison. Rotenone binds
to the ubiquinone binding site of Complex I (NADH dehydrogenase) and inhibits electron
transport in mitochondria. It is highly lipophilic and can pass the BBB easily (47).
Chronic administration of rotenone to rats results in selective degeneration of nigrostriatl
dopaminergic neurons accompanied by a-synuclein positive LB-like inclusions and
motor symptoms including abnormal postures and slow movement (28). It is the first
animal model to reproduce the pathologic hall mark of PD, a-synuclein positive
inclusions. However, even in chronic low dose intoxication other neurons or neuronal
terminals including striatal serotoninergic fibers, striatal DARPP-32-positive projection
neurons, striatal cholinergic interneurones, cholinergic neurons in the pedunculopontine
tegmental nucleus and noradrenergic neurones in the locus ceruleus are similarly affected
in addition to striatal dopaminergic fibres and nigral dopaminergic neurones that are
affected in PD patients (143). Furthermore, acute administration of rotenone causes non-
neuronal toxicity and has little effect on dopaminergic neurons, challenging how rotenone,
a potent complex I inhibitor that can get access to almost all organs, could preferentially
affect dopaminergic neurons (188). Of course, differences in dosage regime and routes
may explain the variations in the phenotypes of rotenone model. A standard and
optimized model has been proposed and shown to reproduce pathological, neurochemical

and behavioral features of human PD (47). However, the successful use of the rotenone
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model has been restricted to rats, limiting the application of this model in combination

with other genetic PD mice models (76).

6-hydroxydopamine (6-OHDA)

6-OHDA can be formed from dopamine by autooxidation or as a metabolite
(175,340), which makes it more physiologically relevant. It cannot cross the BBB, so it
has to be injected into the substantia nigra or striatum of the animals to target the
nigrostriatal dopaminergic pathway. 6-OHDA binds to DAT and noradrenergic
transporters, thus selectively affects monoaminergic neurons. It generates ROS/RNS and
attacks nucleophilic components of macromolecules in the cytosol. When injected at the
neuronal terminals (striatum), 6-OHDA causes a retrograde degeneration of nigrostriatal
neurons, lasting for 1-3 weeks. When injected at the neurons (substantia nigra),
degeneration of neurons happens within 24h. In neither case, no LB-like inclusions have

been found in the 6-OHDA model (76,339).

Paraquat

Paraquat is one of the most widely used herbicides that is structurally similar to MPP".
But despite the similar structure paraquat does not inhibit complex I of mitochondrial
electron transport chain (284). Instead, it drives a vicious cycle of producing ROS
(primarily superoxide radicals) by redox cycling with cellular diaphorases (79). Paraquat
does not pass the BBB freely and probably depends on the neutral amino acid transport
system for transport into striatal neuronal cells, possibly in a Na' -dependent manner
(305). Systemic administration of paraquat results in degeneration of dopaminergic

neurons and presence of a-synuclein positive inclusions (216). Damages to other types
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of neurons remain to be examined. Paraquat, like rotenone, has been successfully used in
the Drosophila model to study PD. Drosophila treated with paraquat show preferential
loss of DA neurons and several PD gene knock out Drosophila lines exhibit vulnerability

to paraquat treatment (34).

6. Genes associated with familial forms of PD

Familial forms of PD exhibit similar clinical, neurochemical, and pathological
markers as sporadic forms of PD, suggesting that genetic and sporadic PD may share
similar pathological pathways. To this end, elucidation of genetic and molecular
pathways in the heritable forms of PD may provide a better understanding of the

pathogenesis of idiopathic PD.

PARK1/4 (SNCA or a-synuclein)

SNCA or a-synuclein is a 144 amino-acid protein with unknown function. Two missense
mutations (AS5S3T and A30P) in a-synuclein and a triplicate of wild type a-synuclein
result in autosomal dominant PD (180,279,311). The clinical symptoms and pathological
features of brains from patient autopsy revealed similarity between a-synuclein affected
PD patients and sporadic PD patients. The exact physiological functions of a-synuclein
are not well understood but it is enriched in presynapitc nerve terminals, suggesting a
possible role in modulating synaptic vesicle function (221). Biochemically, a-synuclein
alone adopts an unfolded structure but in the presence of lipid membranes the N-terminus
of a-synuclein changes the conformation to form a stable a-helix (77). The stabilization
of a-synuclein structure upon binding to lipid membranes suggests a role of a-synuclein

in cellular membrane dynamics. This is supported by findings that a-synuclein binds to
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vesicular trafficking machinery and regulates synaptic function (154). Additionally, o-
synuclein knock down in hippocampal culture reduces the synaptic vesicle pool although
this result has not been successfully repeated in a-synuclein null mice (243). Both wild-
type and disease-linked mutant o-synuclein form amyloid fibrils and nonfibrillary
oligomers, termed “protofibrils”, but the pathogenic mutants have a higher propensity to
form protofibrils (70). The protofibrils may be the toxic species by permeabilizing
membranes and therefore a-synuclein is believed to cause PD through a gain-of-toxic

function mechanism (351).

PARK?2 (Parkin)

Parkin is encoded by a gene within PARK2 loci and is a 456 amino acid protein
containing a N-terminal ubiquitin-like domain and two really interesting new gene
(RING) finger domains, indicative of E3 ubiquitin ligase function (133,372). Several
putative substrates of parkin have been identified, but it remains to be investigated
whether these are true substrates and how these substrates are relevant to PD
pathogenesis (160). Parkin has been reported to mediate ubiquitin proteasome
degradation of misfolded proteins, thereby participating in the clearance of misfolded
proteins (181). It has also been shown to poly-ubiquitinate misfolded proteins via
formation of poly- ubiquitin chain through the internal lysine 63 residue (K63 linkage)
on ubiquitin and facilitate the degradation of the substrates via the aggresome autophagy
pathway (264). Recently, involvement of Parkin in mitochondrial maintenance and
autophagic degradation of dysfunctional mitochondria has been demonstrated

( 8 2 , 9 2 , 2 7 3 , 2 8 0 )
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Mutations in Parkin account for 50% of early-onset PD and over 95 mutations
have been reported. Patients with Parkin mutations typically have good response to L-
dopa treatment and show slow-progression (181). The absence of LB in patients carrying
Parkin mutations as well as in Parkin-null mice suggest that Parkin protein plays a role in
the formation of LB and failure to form LB may contribute to PD development . Parkin
knockout mice show no apparent signs of nitrostriatal DA neuron degeneration or motor
deficits as seen in human patients, but do exhibit decreased dopamine release and uptake,

suggesting pre-synaptic changes in dopamine neurotransmission(268).

PARK3 (Unknown)

PARKS3 locus was mapped to a region on the chromosome 2p and was implicated in
autosomal dominant PD, but candidate genes within this region remain to be identified

(355).

PARKS (UCH-L1)

Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) is a 222 amino acid protein that is
abundant in the brain and exclusively localized in neurons (362). It is predicted to play a
role in maintaining neuronal function based on its localization. This is supported by
findings that UCH-L1 null mice exhibit gracile exonal dystrophy (gad) (293). UCH-LI
was first identified as a member of the ubiquitin carboxyl-terminal hydrolase family that
hydrolyze ubiquitin from small adducts, unfolded polypeptides, or tandemly conjugated
ubiquitin monomers (358). However, the activity of UCH-L1 detected in these assays is
lower than any known deubiquitination protease and the endogenous substrate(s) of

UCH-L1 remain unknown. In agreement with this finding, structural analysis suggests
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that UCH-L1 exists in an inactive conformation and may require activation upon certain
physiological stimuli (75). Additionally, UCH-L1 has been demonstrated to possess Ub
ligase activity in vitro. Its Ub ligase activity is dependent on dimer-formation and
therefore UCH-L1 may function as a deubiquitination protease in the monomeric form
and as a ubiquitin E3 ligase in the dimeric form (206). A third function assigned to UCH-
L1 is stabilizing mono-Ub in vivo, independent of its enzymatic activity (266).
Association of UCH-L1 with mono-Ub has been shown to prevent mono-Ub from being
degraded, and thereby increasing the free Ub pool (266). Several post-translational
modifications on UCH-L1 have been reported and may affect its function. Mono-
ubiquitination on UCH-L1 at Lys-157, nearby the catalytic active cysteine, seems to
disrupt its binding to mono-Ub (230). Furthermore, the mono-ubiquitinated UCH-L1 has
been shown to be hydrolyzed by itself in an intramolecular manner (230), however, the
exact molecular mechanisms regulating this hydrolyzation are still unknown. UCH-L1
can also be oxidized at methionine or cysteine residues as well as carbonylated (58).
However, whether oxidations of UCH-L1 serve as signaling roles or inactivating UCH-
L1 enzymatic activity remains to be investigated. Beta-N-acetylglucosamine (O-GIcNAc)
modification on UCH-L1 has also been found in the synaptosome fraction of rat brain
(68). The physiological implication of this modification is unclear but it may alter the
conformation of UCH-L1 due to changes in steric or electrostatic forces. Since O-
glycosidic linkage can also compete with phosphorylation modification for serine or
threonine residues, it is also likely that O-GlcNAc modification on UCH-L1 may regulate

its phosphorylation status.
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A missense mutation leading to an 193M substitution in UCH-L1 has been
reported in the autosomal dominant form of late-onset PD patients. However, there are
carriers of the same mutation who were not affected at the time of the investigation and
genetic linkage analysis of UCH-L1 to familiar form of PD has not provided strong
evidence, therefore the association of UCH-L1 mutation with human PD has been
questioned (194). Although the deubiquitination activity of 193M mutant is only 55% of
that of the WT UCH-LI1, the loss-of-function theory has not been well accepted (253).
This is because in human patients, the [93M mutation is autosomal dominant.
Additionally, the homozygous gad mice with no deubiquitination activity of UCH-L1 or
the heterozygous gad mice with about 50% of deubiquitination activity of UCH-L1 show
no dopaminergic cell loss (293). It has been proposed that the I93M mutation may induce
PD through a gain-of-toxic-function mechanism. This is supported by the finding that the
secondary structure of 193M mutant has decreased a-helix structure and overexpression
of 193M mutant results in increased number of UCH-L1 positive aggregates compared to
WT UCH-L1 (253). In support of the gain-of-toxic function hypothesis, transgenic mice
expressing UCH-L1 I93M mutant show several pathological changes including reduced
tyrosine hydroxylase positive dopaminergic neurons in the substantia nigra and presence
of UCH-L1 and Ub positive aggregates in dopaminergic neurons in the substantia nigra
(300). In addition to I93M mutation, a polymorphism in UCH-L1 has also been reported
to affect PD susceptibility (218). The single amino acid substitution (S18Y) has been
demonstrated to protect against PD, but further analysis suggests that the inverse
relationship is restricted to certain populations(299). S18Y mutant is reported to have

reduced ligase activity compared to WT, which could stablize a-synuclein through
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mediating K63 linked polyubiquitination. Therefore, S18Y leads to reduced level of a-
synuclein and less potential to have misfolded a-synuclein (205). Another study shows
that S18Y adopts a more globular secondary structure compared to WT, providing some
structural basis for the reduced E3 ligase of SI8Y mutant (248). However, more studies
are required to understand the mechanisms of the dimer-based E3 ligase of UCH-L1 and

the influence of the polymorphism S18Y on UCH-L1 E3 ligase activity.

PARKG6 (PINK1)

Pten induced kinase 1 (PINKI1) is encoded by a gene located to PARKG loci. It is a
mitochondrially targeted serine/threonine kinase. PINK1 has been shown to protect cells
against oxidative stress induced apoptosis partly through phosphorylating a mitochondrial
chaperone TRAP1 and the protection was abrogated by PD linked mutations (282).
PINK1 knockout mice have reduced complex I activity in brain, suggesting that PINK1 is
important for oxidative phosphorylation and energy production(105). In support of this,
fibroblasts from PD patients carrying PINK1 mutation showed decreased respiratory
activity and ATP production as well as increased ROS generation (121). PINK1 has been
shown to exist in a large protein complex with mitochondrial complexes I-IV, which
could explain the requirement of PINK1 for oxidative phosphorylation (80). In addition
to affecting the respiratory chain, PINK1 has also been demonstrated to regulate calcium
efflux from mitochondria. Recently, it has been proposed that PINKI1 regulates the
dynamics of mitochondria, a process crucial in maintaining mitochondrial homeostasis
(81). Knockout of PINK1 in Drosophila resulted in enlarged mitochondria which could
be rescued by overexpressing of a fission-promoting gene dynamin-related protein 1

(Drp-1) or knockout of a fusion-promoting gene dynamic-like GTPase Opa-1, implying
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that PINK1 is involved in promoting mitochondrial fission (34,82). It is unclear whether
PINKI1 directly acts on mitochondrial fission/fusion machinery, indirectly regulates
mitochondrial dynamics through the interaction with Parkin or regulating mitochondrial

membrane potential (80).

PARKY (DJ-1): refer to page 35-51.

PARKS (LRRK?2)

Leucine-rich repeat kinase 2 (LRRK2) was identified as a novel gene localized in the
PARKS locus. LRRK2 encodes a 2527 amino acid protein with a leucine-rich repeat at the
N terminus and a kinase domain near the C terminus. Other domains implicated in
protein-protein interactions were also found in LRRK2, including GTPase, WD40 repeats,
and ankyrin repeats. It has been speculated that LRRK2 plays a role in the formation of a
high molecular weight cellular signaling complex since it contains many protein-protein
interaction domains(73). Mutations of LRRK2 were found in several families with late-
onset PD. More than 75 substitutions in the LRRK2 coding sequence have been identified
but only several are described as pathogenic. The biological functions of LRRK2 and the
pathogenic mechanisms of PD-linked mutations are unknown, but wild-type LRRK2 has
been shown to auto-phosphorylate in vitro and pathogenic mutation G2019S of LRRK2
enhance its kinase activity. Enhanced kinase activity of LRRK2 has been reported to
cause protein aggregation, reduction in neuritic length and branching, increased
phosphor-tau immunopositive inclusions, and apoptosis (73). However, whether other
mutants of LRRK2 also enhance its kinase activity and whether pathogenic mutations of

LRRK2 alter the phosphorylation of endogenous substrates remain unclear. While the
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kinase activity of LRRK2 may be crucial for its pathophysiological functions, other
domains of LRRK?2 involved in protein-protein interaction may also play a role in PD
pathogenesis because mutations in various domains of LRRK2 (Roc, COR, MAPK, and
WD40) lead to the same phenotype (73). Understanding how these mutations lead to a
dominant-negative effect or gain-of-toxic effect would be crucial to elucidate the
mechanisms underlying LRRK2-associated PD. Transgenic, knock out, and knockin of

LRRK2 mice models have been generated, but the phenotypes remain to be elucidated.

PARK9 (ATP13A2)

Loss-of-function mutations in a neuronal P-type ATPase gene, ATP13A2, were identified
in an autosomal recessive form of early onset parkinsonism with pyramidal degeneration
and dementia (Kufor-Rakeb syndrome, KRS) (285). ATP13A2 is a 1180 amino acid long
protein with ten transmembrane domains, reported to express strongly in brain using
Northern blot analysis (285). The two frame-shift mutations that remove three or six C-
terminal transmembrane domains and one in-frame deletion mutation that removes 37
amino acids of exon 13 have been identified in those KRS patients. Over-expressed wild
type ATP13A2 localizes to lysosomes while the truncated mutants are retained in the
endoplasmic reticulum and degraded by proteasomes (285). Several point mutations were
identified later, including a homozygous missense mutation of G504R in a patient with
juvenile onset parkinsonism and two heterozygous mutations (T12M, G533R) in two
carriers with atypical symptoms at the age of onset between 21-40y (84). Another
heterozygous mutation (A746T) was identified in three patients with idiopathic PD at an
age of onset before 50y. The A746T mutation was located between the highly conserved

phosphorylation region and the fifth transmembrane domain (203). The yeast ortholog of
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ATP13A2 rescues DA neuron cell death induced by over-expression of a-synuclein and
knock down of yeast ortholog of ATP13A2 exacerbates misfolding of a-synuclein,
suggesting a functional connection between ATP13A2 and a-synuclein (113). As o-
synuclein is known to be degraded by both the proteasome and autophagy, ATP13A2
may play a role in the removal of misfolded a-synuclein via lysosomal pathways since

ATP13A2 is localized to lysosome (113).

PARK10 (Unknown)

PARK10 locus was implicated in late onset PD (140,217). The susceptibility gene
associated with PD has not been identified, although several candidate genes have been
proposed, including ubiquitin specific peptidase 24 (USP24) (134), human
immunodeficiency virus type | enhancer binding protein 3 (HIVEP3) (200), and RING-

finger protein 11 (RNF11) (12) .

PARK11 (Unknown)

Linkage study suggests an association of PARK11 locus at chromosome 2q36-37 with
PD (271). However, PARK11 gene remains to be defined, although a candidate gene
encoding a protein involved in tyrosine kinase receptor signaling, named GRB10

interacting GYF protein 2 (GIGYF2), has been proposed (33).

PARK12 (Unknown)

A locus on the X-chromosome was reported as PARK12 locus (Xq21-g25) (270) and the
same locus has been implicated in PD by two other groups (140,296). However, PARK12

gene has not been identified yet.
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PARK13 (HtrA2/Omi)

HtrA2/Omi is a nuclear encoded mitochondrial serine protease that contains a domain
related to Drosophila death-promoting proteins Reaper at the N-terminus (137). HtrA2 is
cleaved upon apoptosis stimuli and is released from mitochondria to the cytosol where
the Reaper domain binds to the inhibitor of apoptosis proteins (IAPs). Binding of HtrA2
to IAPs allows for the release of IAPs from apoptosis-inducing proteins and therefore
promotes apoptosis (137,325). However, HtrA2 seems to have anti-apoptotic activity by
preventing mitochondrial damage induced by certain stresses. HtrA knockout mice show
significant loss of neurons in the striatum and present with a parkinsonian like phenotype
that leads to death at around 30 days (224). Additionally, a missense mutation of S276C
at the protease domain of HtrA2 was found in a spontaneous, recessively-inherited
mutation mouse line mnd2 (motor neuron degeneration2). These mice exhibited altered
gait, cessation of normal weight gain, ataxia, akinesia, and death at 40 days (155). Striatal
neurons are most susceptible in mnd2 mice, but other neuronal systems including brain
stem and spinal cord are also affected at later stages (155). S276C mutation does not
seem to affect binding of HtrA2 with IAPs or maturation of the protease but HtrA S276
mutant protein immunoprecipitated from the mnd2 mouse tissues display reduced serine
protease activity, using casein as the substrate (155). A heterozygous mutation (G399S)
found in four PD patients results in defects in the activation of protease activity and
mitochondrial dysfunction accompanied with altered mitochondrial morphology (323),
suggesting that the protease activity or activation of HtrA2 is critical for its

neuroprotection.

PARK14 (iPLA2-VIA)
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PLA2G6 gene localized to the PARK14 locus encodes a calcium-independent group VI
phospholipase A2 (PLA2G6), a class of enzyme that catalyzes the release of fatty acids
from phospholipids. PLA2G6 is active as a tetramer, with proposed roles in phospholipid
remodeling, arachidonic acid release, leukotriene and prostaglandin synthesis and Fas-
mediated apoptosis (20). Several transcript variants encoding multiple isoforms have
been described, but the full-length nature of only two have shown to be enzymatically
active (189).

Mutations in the PLA2G6 gene were identified in patients with infantile
neuroaxonal dystrophy (INAD), neurodegeneration with brain iron accumulation (NBIA)
and related Karack syndromes (239). The calcium-independent PLA2 enzymes are
critical in maintaining cell membrane homeostasis. Levels of phosphatidylcholine,
abundant in mammalian cell membranes and important in maintaining membrane
integrity, are regulated by the opposing actions of CTP: cytidy-lylphosphocholine
transferase and iPLA2-VIA (17). Defects in iPLA2-VIA could lead to a relative
abundance of membrane phosphate-dycholine and secondary structural abnormalities,
which may underlie the axonal pathology observed in INAD and NBIA. This study
suggests that phospholipase A2 dysfunction is associated with imbalance of brain iron
homeostasis, which is underlying several neurodegenerative diseases including PD (17).
Mutations in PLA2G6 were found in 80% of the patients with INAD and 20% of the
patients with NBIA in a genetic screen. Furthermore, all mutation carrying patients
display cerebellar atrophy and half of them show brain iron accumulation, suggesting

defects in phospholipid metabolism may be associated with brain iron metabolism (120).

PARK15 (F-Box protein(07)
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F-box protein 7 (Fbx07) is encoded by the FBX07 gene localizing in the PARK15 locus.
FBXO07 is a member of the F-box protein family that shares an approximately 40-amino-
acid motif, the F-box. The F-box protein (FBP) is one of the four subunits of the ubiquitin
protein ligase complex SCFs (SKP1-cullin-F-box) that mediates ubiquitination. FBPs
serve as molecular scaffolds in the formation of protein complexes and have been
implicated in cellular processes such as cell cycle, genome stability, development,
synapse formation, and circadian rhythms (141). Alternatively spliced transcript variants
of FBXO07 gene have been identified with the full-length but the nature of these variants
has not been determined. The function of Fbx07 is unknown but it has been reported to
interact with several proteins, such as the inhibitor of apoptosis protein 1 (49), the
proteasome inhibitor protein (170), and the heptatoma upregulated protein (148),
suggesting that it may play a role in apoptosis, proteasome degradation and mitosis.

A homozygous missense mutation in FBX07 gene was identified in an Iranian
family with “pallid-pyramidal disease” presenting both parkinsonism and pyramidal tract
signs (308). Three additional mutations on FBX07 gene was later reported in two
Caucasian families. In one family, two affected siblings have a homozygous truncating
mutation in exon 9 (c.C1492T>p.Arg498Stop) (101). Compound heterozygous mutations,
a splice mutation (IVS7 + 1G/T), and a single base substitution in exon 1A (c.C65T > p.
Thr22Met), have been identified in two affected siblings from another family (101). The
affected patients present with early-onset parkinsonism and pyramidal tract defects. The
disease progression is relatively slow as all the patients survive decades after the onset.

In some patients, the parkinsonism is responsive to L-dopa treatment (101).

PARK16 (Unknown)
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PARKI16 locus was identified in a genome-wide association study in a Japanese
population and was confirmed by single nucleotide polymorphism (SNPs) study in a
pooled analysis of one Chinese and two Japanese populations. The PD associated gene(s)

localized within PARK16 locus are yet to be identified (334).

7. Molecular mechanisms of PD

PD is a complex disorder with contributions from ageing, and environmental and genetic
factors (376). Several shared pathways have been implicated in PD pathogenesis based
on experimental evidence from both genetic and toxicological models of PD. Oxidative
stress, mitochondrial dysfunction, protein misfolding, and impaired protein quality
control system have emerged as key mechanisms underlying the pathogenesis of both
sporadic and familial PD. All these pathways are not mutually exclusive but actually
have great cross talk between each other. Impairment of one pathway has been shown to
cause dysfunction of the other pathways. Different insults may initiate dysfunction in one
or several particular pathways, but will affect other pathways and eventually cause the

whole cellular system to collapse.

Oxidative stress

It has been recognized for decades that oxidative stress is associated with
neurodegenerative disorders, including PD, but whether oxidative stress contributes to the
pathogenesis of PD is still debatable (129). The first line of evidence supporting the
involvement of oxidative stress in PD is that markers of oxidative modifications on
macromolecules are more enriched in brain samples from postmortem PD patients. Most

of the markers detected are irreversible oxidative modifications on lipids, proteins, and
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DNA, because these markers are stable and readily measurable (129). The brain is
enriched in polyunsaturated fatty acids, which are susceptible to oxidative modification.
Markers for lipid oxidations, such as 4-hydroxy-2-nonenal and malondialdehyde, are
increased in the substantia nigra of PD patients (83,368). Irreversible modifications of
proteins, such as carbonyl modifications, are also significantly increased in the substantia
nigra of postmortem PD brains (5,100). A Marker of RNS modification on proteins,
nitrotyrosine, is also elevated in MPTP mouse model of PD (276,295). Likewise,
oxidative modifications of DNA, measured by the conversion of deoxyguanosine to 8-
hydroxydeoxyguanosine (8-OHdG), is also markedly increased in substantia nigra of
postmortem PD brain samples (6,250). The second line of evidence is that in samples of
postmortem PD patients, there is a decrease in activity of antioxidant enzymes, such as
glutathione peroxidase and catalase (8,171). One exception is superoxide dismutase
isoform 2 (SOD2). Increased activity of SOD2 has been reported in samples from PD
patients (225,292). Since SOD2 is known to be induced by ROS in mitochondria, the
increased activity of SOD2 suggests elevated level of superoxide ROS in mitochondria of
PD patients. In addition to the enzymatic system, small antioxidant molecules have also
been examined in PD brains. Level of glutathione has been shown to be lower in PD
brain samples (310). Ubiquinone, another small antioxidant molecule has also been
shown to be lower in PD patients (309). In summary, there is an accumulation of
oxidatively modified lipids, proteins, and DNA in PD patients and decreased level of
most antioxidant enzyme or nonenzymatic antioxidants in PD patients, suggesting that
oxidative stress is involved in PD. Although the causative role of oxidative stress in PD

remains to be defined, establishment of several aforementioned toxicological models of
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PD (MPTP, rotenone, paraquat, and 6-OHDA) has provided strong evidence that

oxidative stress contributes to the initiation and/or progression of PD.

Mitochondrial dysfunction

Substantial evidence from genetic and toxicological studies suggests that mitochondrial
dysfunction is critical to PD pathogenesis. Several proteins implicated in familial forms
of PD, including PINK1, DJ-1, Parkin, and HtrA2/Omi, directly or indirectly regulate
mitochondrial function (refer to page 16 — 20 for details). Neurotoxins rotenone and
MPP" that induce parkinsonism in animal models also specifically inhibit complex I of
mitochondrial electron transport chain and cause mitochondrial dysfunction (refer to page
10-12 for details). The discovery that MPTP, an inhibitor of complex I, causes
Parkinsonism in human beings strongly support the hypothesis that mitochondrial
dysfunction plays a causal role in PD (187). The toxic effects of MPTP have been
repeated in non-human primates and mice, supporting the important role of complex I
inhibition in PD pathogenesis. Further evidence comes from other toxicological models
using rotenone, another potent inhibitor of complex I. Rats administrated with rotenone
develop parkinsonism including presence of a-synuclein positive inclusions. Whether the
effects of rotenone are mediated through inhibition of complex I has been tested using a
model in which rotenone-insensitive complex I subunit NDI1 was over-expressed
unilaterally via viral transduction. Overexpression of NDI1 protects against rotenone
induced dopaminergic degeneration, suggesting that rotenone acts through inhibiting
complex I (220). Contradictory to this finding, complex I activity seems to be dispensible
for rotenone-induced toxicity in mice. Knock out mice lacking NADH ubiquinone

oxireductase iron sulfur protein 4 (Ndufs4) gene, which is required for the assembly of
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complex I, does not affect the susceptibility of dopamine neurons to rotenone induced
cell death (61). But the Ndufs4 knockout mice have normal ATP level and oxygen
consumption, implying the complex I might be dispensable for aerobic metabolism.
However, complex I activity decreases gradually over decades in the pathogenesis of PD,

which is different from the sudden complete depletion of complex I in this animal model.

Mitochondrial complex I defect has been reported in sporadic PD patients. The
SNpc seems to be affected the most, but complex I activity in other brain regions or other
tissues is also lower in PD patients compared to normal individuals (124,274,294). The
cause of the reduction in complex I activity is unknown but several components of
complex I have been shown to be more oxidized in PD brain samples. The irreversible
oxidation of these components may cause complex I dysfunction and disassembly,
thereby leading to mitochondrial dysfunction and ROS generation (162). Although there
is a systemic decrease in complex I activity in sporadic PD patients, DA neurons in the
SNpc appear to be more prone to the impairment of complex I and mitochondrial
function. The vulnerability of DA neurons in SNpc is likely due to higher ROS levels
generated by dopamine metabolism and auto-oxidation, a higher level of iron that
catalyzes the Fenton reaction, and a lower level of antioxidants, such as glutathionine, in

t h e s e n e u r o n s ( 5 6 )

In addition to reduced complex I activity, mutations in mitochondrial DNA
(MtDNA) or nuclear-encoded mitochondrial proteins have also been found to cause
parkinsonism, in addition to other diseases (210,326). MtDNA is more prone to
mutations because MtDNA has less efficient DNA repair machinery, no protective

histone, and is close to ROS generating sources (204,226). However, mitochondria have
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high copies of DNA which provides protection via redundancy. The mutated MtDNAs
co-exist with wild type mtDNA in a mitochondrion and can be divided into daughter
mitochondria during expansion of mitochondria or during mitosis. Only when mutant
MtDNA exceeds the threshold will lead to mitochondrial dysfunction. Symptoms usually
occur first in post-mitotic cells with high energy demands including neurons, skeletal and
cardiac muscle cells, which explains the higher susceptibility of neurons to MtDNA
mutations. Proteins regulating mitochondrial fusion and fission are also likely to

determine the susceptibility of cells to mitochondrial genomic instability (204,226).

An age dependent increase in somatic MtDNA deletions associated with a
respiratory chain defect has been reported in dopaminergic neurons from the SN (176).
The mutations within each neuron are clonal and the percentage of mutations correlate to
the degree of cytochrome c¢ oxidase deficiency, suggesting mtDNA deletions may be
directly responsible for impaired mitochondrial respiration (176). Mutations in maternally
inherited MtDNA were also identified in one family with PD, suggesting mitochondrial
dysfunction is associated with PD development (326). MtDNA polymerase y (POLG), an
enzyme required for MtDNA synthesis, is encoded in the nucleus. Mutations in POLG
cause multisystem disorders including Parkinsonism(210). The involvement of
mitochondria in PD is further supported by the finding that a conditional knockout of
mitochondrial transcription factor (TFAM), a protein necessary for mitochondrial
replication and transcription, in midbrain DA neurons results in reduced MtDNA,
respiratory chain defects, and neuronal cell death, accompanied by progressive motor
symptoms that are responsive to L-dopa treatment (88). These findings suggest that

mitochondrial dysfunction can lead to PD. However, DA neurons in SNpc may not be the
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most susceptible, since skeletal and cardiac muscle, peripheral nervous system, and retina

are equally affected by most MtDNA mutations.

Protein misfolding and impaired protein quality control

One third of the newly synthesized proteins are estimated to be folded improperly and
require several protein quality control systems to keep guardian. As a counterbalance,
complex protein quality control systems have evolved in cells to repair or remove faulty
proteins. The first line of defense is the chaperone system, which consists of several
families of highly conserved proteins that facilitate the folding or assembly, as well as
targeting, transporting, and degradation of the client protein (242). Almost all heat shock
proteins (HSPs) function as molecular chaperones and are classified into six families
based on their molecular mass: HSP100, HSP90, HSP70, HSP60, HSP40, and small
HSPs (242). Chaperones have been implicated in the pathogenesis of various
neurodegenerative disorders including PD (241,242). Several HSPs are found to co-
localize with a-synuclein in LBs (228), suggesting the involvement of HSPs in formation
of LBs. It has been demonstrated that over-expression of HSPs can protect against

neuronal cell death induced by misfolded proteins such as a-synuclein (267,288,383).

Unfolded or misfolded proteins can be tagged with ubiquitin and targeted to the
proteasome for degradation. The proteasome consists of a 20S proteolytic core containing
a barrel-shaped protease complex and two 19S regulatory caps on each side of the 20S
core (71). Substrates are usually polyubiquitinated through K48 linkages and are
recognized by the 19S proteasome. A major E3 ligase that polyubiquitinates and mediates

misfolded proteins for proteasome degradation is CHIP. CHIP binds to chaperone
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HSP70/HSC70 and uses chaperone(s) for substrate recognition (182). Protein degradation
through UPS system is an ATP-dependent process, as misfolded proteins need to be
unfolded by chaperones before they can enter the 20S protealytic core. This intrinsic
feature of the proteasome limits the substrates of the proteasome to misfolded proteins
that can be unfolded via chaperones since the barrel of the proteasome is too narrow to
allow still misfolded/aggregated proteins to pass through. Therefore, not only can energy
deficiency diminish the capacity of UPS but also result in accumulation of misfolded
proteins, which could jam the proteasome and inhibit its activity (71). A decrease in
proteasome activity is seen in elderly people and reduction of proteasomal function in

patients with AD or PD has also been reported (71).

The autophagy-lysosome system is another quality control system that degrades
cytosolic proteins. In addition to regulating the turn-over of long-lived cytosolic proteins
under basal condition, macroautophagy also degrades misfolded and aggregated proteins
possibly via recognizing K63 polyubiquitinated substrates through two major proteins

p62 and neighbor of BRCA1 gene (NBR1) (182).

DJ-1

1. DJ-1 is oncogenic

DJ-1 was first identified in 1997 as an oncogene that could transform cells in cooperation
with H-Ras (246). Since then the association of DJ-1 with cancer has been validated by
several reports showing that DJ-1 level is elevated in breast cancer(190), lung
cancer(212), and uveal malignant melanoma (272). Additionally, DJ-1 has been

demonstrated to negatively regulate a tumor suppressor phosphatase and tensin homolog
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(PTEN) (164) and positively regulate phosphatidylinositol 3-kinases/protein kinase B
(PI3K/Akt) signaling (350,367), which could account for its oncogenicity. Moreover, DJ-
1 was found to suppress the apoptosis signal regulating kinase (ASK1) pathway and

therefore inhibit apoptosis (237,352).

2. Loss of function mutations of DJ-1 linked to PD

The association of DJ-1 with PD became apparent when it was discovered as the PARK7
gene and mutations in DJ-1 caused autosomal recessive early onset PD (32). The first
mutation reported was a large deletion including promoter regions and coding sequences,
essentially resulted in no DJ-1 protein. Afterwards, several point mutations have been
described, including homozygous mutations of L166P (32), M26I (2) , E64D (139), and
E163K (15), as well as some heterozygous mutations (Table I-2). Only L10, A104, P158,
and L166 are conserved among all species from C.elegans to Homo sapiens, other
residues mutated in PD patients are not well conserved (Fig.I-1A). All the point
mutations found in familial form of PD are also illustrated in 3-dimensional DJ-1
structure (Fig.I-1B). Although PD caused by DJ-1 mutations is rare [15], the study of the
pathological consequences of DJ-1 deficiency has provided insights into the molecular
mechanisms of oxidative stress-related neurodegeneration.

Aexon 1-5: The DJ-1 gene contains 8 exons distributed over 24 kb and encodes a
ubiquitously expressed and highly conserved protein. The first two exons are noncoding
and alternatively spliced in the DJ-1 mRNA (32). One major transcript of about 1 kb
contains a 570-bp ORF that encodes a 189-aa protein and is expressed in almost all

tissues including the brain regions affected in PD. The 14kb deletion found in a Dutch
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family spans from 4 kb of sequence upstream of DJ-1 gene ORF start site till the start site

of the exon 6, resulting in no DJ-1 protein production (32).

L166P: A homozygous point mutation (T3C transition at position 497 from the ORF
start in cDNA), resulting in the substitution of a highly conserved leucine at position 166
of the DJ-1 protein by a proline was identified in an Italian family and absent from the
general Italian population. This change showed complete cosegregation with the disease
allele in the Italian family (32). The Leu-166 is at the center of helix 7 and proline is
regarded as helix-breaker. The L166P mutation was predicted to destabilize helix 7. It
was demonstrated by several investigators using different approaches that L166P
mutation unfolds DJ-1 protein and results in destablization of DJ-1 protein (116,238,262).
As a result of the destabilization, DJ-1 L166P expresses at very low level and has

significantly less cytoprotective function compared to DJ-1 WT (116,238,262).

M261: Homozygous missense mutation resulting in substitution of Met-26 with Ile in
exon 2 was found in an Ashkenazi Jewish patient with an age-onset of 39y (2). This
methionine is highly conserved among vertebrates. It is located at the middle of helix 1
but is not believed to involve in dimer formation (145,149). Controversial results have
been reported regarding the secondary structure, oligomeric state, protein stability, and
intracellular localization of DJ-1 M26I mutant. DJ-1 M26I mutant has been demonstrated
to have reduced secondary structure and is less stable thermodynamically using circular
dichroism (151) but it was shown to have no change in secondary structure and thermal
stability by another investigator (184). As far as the oligomeric state, M261 mutant has

been reported to still form heterodimer using coimmunoprecipitation (29,331) or
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sedimentation equilibrium ultracentrifugation (184), but it has also been shown to
equilibrate between unfolded monomer and higher molecular weight oligomer using size-
exclusion chromatography and sedimentation-equilibrium ultracentrifugation (151).
Protein level of DJ-1 M26I has been reported to be reduced (29,151,198,331) or
unchanged (184,238,371), compared to DJ-1 WT. The colocalization of DJ-1 M26I with
mitochondria was reported to be unchanged under basal condition (371) or increased
upon treatment with paraquat (29), using both biochemical and immunostaining methods.
The major discrepancy between Hulleman et al and Lakshminarasimhan et al’s data is
likely due to the different oxidation status of DJ-1 protein. The recombinant DJ-1 protein
used by Hulleman et al is believed to be more oxidized, containing a mixture of C106-
sulfinic and sulfonic acids. M26I mutation may preferentially destabilize more oxidized
forms of DJ-1 used by Hulleman et al (151,184), although this requires further

verification.

E64D: Homozygous mutation of E64D (c.192G>C substitution) was identified in a
Turkish patient with early onset PD. The patient showed significant reduction of
dopamine uptake transport (DAT) binding in striatum and loss of presynaptic
dopaminergic afferents (139). The pathogenic nature of E64D mutation is undetermined.
E64D is not thought to be critical for stabilizing the structure of DJ-1 because it is not
conserved among vertebrates (rat DJ-1 has a glutamine residue at position 64) (22) and is
located far from the dimer interface, at the C-terminal end of a-helix 2 (145,149,192) .
DJ-1 E64D mutant has been crystallized and showed no apparent difference compared to

DJ-1 WT (139). Although E64D displays no global structural changes based on X-ray
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crystal structure (139), it appears to have a more stiff secondary structure than WT and
may form more stable dimers (151). Additionally, DJ-1 E64D may have different
binding profiles as E64D mutant cannot be recognized by a monoclonal antibody raised
against DJ-1 WT (116). However, the same investigator also reported reduced steady
state levels of DJ-1 E64D protein compared to DJ-1 WT protein (116). The cause of the
discrepancy between the reduced steady state level and increased secondary and thermal

stability remains unknown.

L10P: Homozygous mutation of L10P in DJ-1 was identified in a consanguineous
Chinese family with disease onset of 19 years of age, the earliest age reported for any PD
case linked to DJ-1 mutation (122). L10P mutant has reduced stability compared to wild-
type DJ-1 and inhibition of proteasome function could increase the protein level of L10P,
implying that L10P mutation may destabilize DJ-1 protein and is partly degraded through
proteasome system (286). Moreover, L10P mutant has reduced solubility and inhibits
proteasome function possibly caused by accumulation of insoluble L10P, implying that
the structural changes resulted from L10P mutation are severe enough to cause protein
misfolding and aggregation when proteasome degradation system is impaired (286).
However, the effects of L10P on folding and stability are not as dramatic as L166P since
L10P mutant could still form heterodimer with DJ-1 WT protein and the half-life of L10P

is longer than that of L166P (286).

P158DEL: Homozygous mutation resulting in deletion of highly conserved P158 on DJ-
1 was identified in a Dutch family (211). Similar to L10P, P158DEL was characterized as

an “intermediate” mutant, with structural disturbances not as severe as L166P but enough
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to disrupt homodimerization and reduce protein solubility and stability (286). The

pathological nature of this mutation remains to be investigated.

A107P: Homozygous mutation of A107P was identified in an Iranian PD patient with
early onset PD (107). Ala-107 is conserved among all species and is right next to the
predicted catalytic cysteine Cys-106 (107). Replacement of Ala with Pro at residue 107 is
expected to alter the catalytic activity of DJ-1 but experimental evidence is lacking to

support this hypothesis.

A104T: Heterozygous substitution of A104T was found in one sporadic PD patient (125).
The residue Ala-104 is well conserved and is located close to the reactive cysteine, Cys-
106. The small size of alanine at that position allows for tight packing in the central
parallel of B-sheet 5. The A104T mutant shows a slightly reduced secondary structure and
has a melting temperature 8°C lower than DJ-1 WT, suggesting that this mutation may
cause mild structural disturbances (213). The crystal structure of DJ-1A104T mutant
shows displacement of Lys-72 and Lys-112 as a result of steric repulsion by the bulkier
side chain of Thr-104, suggesting that A104T mutation causes local perturbations without
major changes in global structure of DJ-1 protein (184). The mild effect of A104T on DJ-
1 structure alone may not account for the pathological consequences of this heterozygous
mutation. Further studies are needed to understand whether A104T mutation alters DJ-1
function or whether A104T mutation in conjunction with other mutations is responsible

for the disease.

D149A: A heterozygous mutation in exon 7 was found in an Afro-Caribbean patient

resulting in substitution of a charged polar Asp to a non-polar Ala (2). No second
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mutation was found, suggesting a second hit, environmental insults or other genetic
mutations, may contribute to the initiation and progression of the disease (2). The
pathogenic mechanism of this mutation is unknown although it has been reported recently
that Asp-149 is a caspase-6 cleavage site. By mutating Asp-149 to Ala-149, DJ-1 D149A
mutant is resistant to the cleavage by caspase6 and thereby abolishes anti-apoptotic
function of DJ-1 (109). However, it is not well-established how cleavage of DJ-1 WT by
caspase6 contributes to its anti-apoptotic activity. Additionally, stability of the cleaved
fragments of DJ-1 protein remains to be examined. Another proposed mechanism is that
D149 causes slight disruption of the folding and thermal stability of DJ-1 protein, as
shown that D149A mutant has less secondary structure features and lower melting

temperature (213).

R980Q: Heterozygous substitution of R98Q (G/A substitution at the second codon) was
found in three unrelated but pathologically proven cases of idiopathic PD and a disease
affected sibling (125,136). No other mutation was identified in DJ-1 coding sequence and
no large rearrangement mutation on DJ-1 was found in these subjects (125). The
pathogenic relevance of this mutation is still under debate. It could be benign, as evidence
suggests that the protein’s stability and intracellular localization are no different from DJ-
1 WT (29). However, it could also cause disease in combination with other mutations or
environmental insults. Lastly, it could be a risk factor that renders vulnerability to the
disease. Hedrich et al. reported that presence of R98Q mutation is 1.69% in 300 early
onset PD patients and 1.52% in 99 controls (136). The occurrence of this mutation is

higher than 1% and is not significantly different between patients and controls, therefore
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R98Q variant should be considered as a polymorphism (136). Whether this variant poses

as a risk factor to PD remains to be examined.

A179T and Exonl-5 duplication: Two novel heterozygous mutations on DJ-1 were

recently identified in a screening of early-onset PD patients (average age of onset 41y).
All three patients present with tremor. One patient has cognitive problems, and one has
depression and sleep disorder (211). The substitution of a hydrophobic alanine by a polar
hydrophilic threonine at helix 8 may interfere with the activation of DJ-1 zymogen. The

pathogenic mechanisms of these two mutations remain to be characterized.
3. Phenotypes of DJ-1 knockout mice

Five lines of DJ-1 knockout (KO) mice have been generated and characterized. In one of
the DJ-1 KO lines, exons 3-5 were replaced with a neomycin (Neo) selectable cassette in
C57Bl1/6 background (165). Cortical neurons derived from DJ-1 KO embryos show 20%
increase in cell death induced by H,O,, compared to that of WT, and this vulnerability
can be rescued by overexpression of DJ-1. Mesencephalic dopaminergic neurons (TH")
from DJ-1 KO mice also show 30% decrease in rotenone-induced cell death. However,
DJ-1 KO has no influence on the vulnerability caused by non-oxidative insults such as
camptothecin, a topoisomerase I inhibitor. DJ-1 KO mice at the age of 8w and 13m
display no gross motor behavior under normal conditions. However, locomotor activity
was reduced by 50%, compared to DJ-WT mice, when treated with MPTP.
Amphetamine-induced hyperlocomotion is reduced in DJ-1 KO mice as well, indicating
that DJ-1 KO mice exhibit normal locomotor behavior when unchallenged, but have

deficits upon challenges to the dopaminergic system. Loss of DJ-1 also sensitizes SNpc
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neurons to MPTP-induced apoptosis, assessed by the number of viable TH' neurons after

MPTP treatment (165).

Another line of DJ-1 knockout mice were created by homologous recombination,
resulting in deletion of exon 2 (114). This line of DJ-1 KO mice was found to share
similar phenotypes as dopamine D2 receptor null mice, although D2 receptor mRNA and
protein levels are unaltered in DJ-1 knockout mice. The DJ-1 knockout mice have normal
numbers of DA neurons in SN at 12m, but the evoked DA overflow in the striatum is
reduced, primarily as a result of increased reuptake. Nigral neurons from knockout mice
are less sensitive to the inhibitory effects of D2 autoreceptor stimulation as the inhibitory
response of nigral neurons and the blockage of action potential by D2 receptor agonist are
decreased in neurons from DJ-1 knockout mice. Corticostriatal long-term potentiation is
normal in medium spiny neurons of DJ-1 knockout mice (which requires D1 receptor),
but long-term depression (LTD) is absent (which requires both D1 and D2 receptor). The
LTD deficit is reversed by treatment with D2 but not D1 receptor agonists. Furthermore,
DJ-1 knockout mice display hypoactivity in the open field. The findings suggest an

essential role for DJ-1 in DA physiology and D2 receptor-mediated functions (114).

The third line of DJ-1 knockout mice shows no major phenotypes. They have
normal numbers of DA neurons in the SN, normal levels of dopamine, and normal levels
of dopamine metabolites in the striatum at the age of 24-27 m. The number of the
noradrenergic neurons in the locus coeruleus is also unchanged. Moreover, there is no
accumulation of oxidative damage or inclusion bodies in brains from aged DJ-1 knockout
mice, suggesting that loss of DJ-1 alone is insufficient to cause nigral degeneration and

oxidative damage in the life span of mice (366).
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The fourth line of DJ-1 mice was created by making a 9.3kb deletion, including
the first 5 exons and part of the promoter. This deletion mutation resembles what was
reported in patients. Behavioral analyses indicate that DJ-1 deficiency leads to age-
dependent and task-dependent locomotor deficits. These deficits are detectable by 5 m of
age, even though no obvious DA neuron loss can be detected in 6-month- and 11-month-
old mice. However, neurochemical examination reveals significant changes in striatal DA
function, consisting of increased DA reuptake rates and elevated tissue dopamine content.
These data provide in vivo evidence that loss of DJ-1 function alters nigrostriatal DA

function and produces motor deficits (53).

The fifth line of DJ-1 knockout mice was generated using an embryonic stem (ES)
cell line from a library created with a gene trap targeting vector (Bay genomics, Davis,
CA). An ES line with B-geo trap insertion located in the DJ-1 gene locus between exon 6
and 7 causes premature termination of DJ-1 protein transcription, resulting in a truncated
transcript lacking the C-terminal portion that includes a-helix 6. The resultant truncated
DJ-1 protein is likely not stable because using antibodies against the N- or C-terminus
could not detect the protein (215). DJ-1 KO mice show a subtle locomotor deficit
without changes in striatal DA or DA metabolites levels. However, increased DA uptake
and binding were found in DJ-1 KO mice, probably due to increased level of dopamine
transporter (DAT) in the pre-synaptic membrane fractions (215). MPTP exposure
exacerbates striatal dopamine depletion in DJ-1 KO mice without affecting DA neuronal
loss, evaluated by tyrosine hydroxylase (TH) and nissl staining. Consistent with the

increased DAT level in presynpatic membrane, MPP" uptake by DA neurons is also
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increased, potentially causing vulnerability of DJ-1 knockout mice to MPTP- induced

toxicity (215).

4. Structure of DJ-1 protein

DJ-1 is a 189 amino-acid long protein that belongs to the DJ-1/ThiJ/Pfpl superfamily of
proteins. The function of ThiJ is currently unknown, although it might be related to the
biosynthesis of thiamin. Pfpl is an intraceullar protease that was first identified from the
archaecon Pyrococcsu furiosus, and it is present in most bacteria and archaea
(145,149,360). All of the proteins belonging to this superfamily have hydrolase activity
and contain Cys-His or Cys-His-Asp/Glu as the catalytic group (145). The catalytic
cysteine residue is structurally well conserved in the glutamine amidotransferase (GAT)
superfamily and is located on the short kinked-loop connecting an a-helix and a B-strand,
characterized as the “nucleophile elbow”. As a result, the catalytic cysteine residue falls
in an unfavorably allowed region in the Ramachandran plot. The structure of the
intracellular protease PH1704 from Pyrococcsu horikoshiihas been solved and reveals the
presence of a Cys-100/His101/Glu-74’ catalytic triad. A Cys-185/His-186/Asp-214
catalytic triad was found in a structural homolog of this protease, the heat shock protein

Hsp31 from E. coli (145,149,360).

In DJ-1 the connecting loop between a-helix5 and B-strand5 was found to form
the nucleophile elbow similar to its homolog protease PH1704 (145). Cys-106 is located
on the nucleophile elbow and has an unfavorable main chain conformation. His-126 is the
putative catalytic residue located in close proximity to Cys-106 (145,149,360). The

residues around the putative catalytic site in DJ-1 are also well conserved in DJ-1
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homologues but no acidic residues are positioned near the HI126 side chain.
Conformational changes upon activation of DJ-1 protease may be required to form the
complete catalytic triad, or the active site of DJ-1 family members may contain only Cys-
His as the catalytic diad, similar to caspases. A cluster of three acidic residues (Gluls,
Glul6, and Asp24’) and two basic residues (Arg-48 and Arg 28’) has been found near
Cys-106. Arg48 and Arg28’ residues are approximately 8A away from the C106 residue
in DJ-1, similar to the distance for the two Arg residues that recognize the P1 Asp residue
in the substrate of caspases, suggesting that the substrate binding pockets of DJ-1 could

be similar to that of caspases.

Structural comparison between DJ-1 and its archacon homolog reveals that DJ-1
contains an additional a-helix (H8) at the C terminus, which distinguishes DJ-1 from the
rest of the GAT superfamily (145,149,338). The extra a-helix H8 is thought to block the
catalytic site of DJ-1 and may play regulatory roles. Additionally, His-126 has been
shown to form hydrogen bond interaction with Pro-184 from the other subunit of DJ-1
monomer, which imposes an unfavorable orientation on the His-126 imidazole ring to
form mature catalytic diad (145). It is also likely that helix H8 may prevent the
formation of the catalytic triad with an acidic residue on the counterpart as in protease
1704. Most of the helices flank the two faces of a B- sheet, but the helix H8 projects
away from the rest of the protein (192). A deletion mutant of DJ-1 missing residues 178-
189 is still dimeric in solution and folded properly, suggesting that helix H8 is not critical
for DJ-1 dimerization (192). But it contains several hydrophobic residues that may be

part of the hydrophobic patch essential for the proposed chaperone activity of DJ-1. This

43



44

is supported by the finding that deletion of residues 178-189 on DJ-1 reduces its

chaperone activity by 25% (192).
5. DJ-1 as protease zymogen

We have previously shown that wild type DJ-1 has intrinsic protease activity but its
activity is weak, indicating that DJ-1 may exist as a zymogen and require activation to
function as a mature protease. o-helix 8 (H8) is predicted to block DJ-1 protease
activation and removal of H8 either by proteolysis or conformational change may activate
DJ-1 zymogen function. Cleavage of DJ-1 has been reported by several investigators.
Cleavage of recombinant DJ-1 between Gly-157 and Pro-158 has been shown under
severe oxidation (265). The catalytic defective mutant DJ-1 C106S is not cleaved under
the same condition, suggesting that DJ-1 may undergo oxidation-dependent cleavage
(265). However, since this cleavage will remove a-helix 7, predicted to involve in
dimerization based on DJ-1 structure, the stability of the cleaved DJ-1 is uncertain.
Recently, caspase-6 has been shown to cleave DJ-1 at the C-terminus of Asp-149 and the
C-terminal fragment of DJ-1 is proposed to be cytoprotective. However, the stability of
the small segment of DJ-1 has not been demonstrated and the mechanisms by which it
exert cytoprotection are largely unknown (109). Matrix metalloproteinase-14 (MMP14)
has been shown to hydrolyze DJ-1 in a proteomic search to identify novel MMP14
substrates. Recombinant GST-DJ-1 could also be hydrolyzed by recombinant MMP14
(200:1 ratio) in vitro. The cleavage site on DJ-1 has been identified to be at the C-
terminus of Gly-37 and Ala-111 using Edman sequencing (42). More recently, matrix
metalloproteinase-3 (MMP3) has been reported to cleave DJ-1 in cells treated with MPP"

and the cleavage of DJ- by MMP3 impairs its antioxidant function (57). However, since
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DJ-1 is predominantly a cytosolic protein while MMPs localize to the plasma membrane
or matrix, how DJ-1 is cleaved by MMPs in cells and the functional consequences of DJ-

1 cleavage by MMPs remains to be investigated.

6. DJ-1 is a redox-sensitive protein and has antioxidant function

During an effort to identify hydroperoxide-responsive proteins (HPRPs), DJ-1 was found
to be one of the 8 proteins that shifted its isoelectic point (pl) to more acidic isoforms in
response to H,O, treatment in human endothelial cells (235). It was later confirmed that
the pl shift of DJ-1 was not restricted to H,O, treatment but also occurred when cells
were treated with herbicide paraquat, a ROS inducer (236), or endotoxin, an endogenous
ROS elicitor (234). Oxidation of thiol side chain of Cys-106 to sulfinic acid has been
demonstrated to account for the pl shift of DJ-1 (168). However, mutation of Cys-53 to
Ala has been reported to abolish the pl shift of DJ-1 as well (145), suggesting that
oxidation of Cys-53 could also be responsible for the pl shift. In addition to oxidations on
cysteine residues, other modifications, including oxidation of other amino acids (such as
methionine), and phosphorylation, that would cause acidic pl shift of DJ-1 can not be
completely ruled out. Although the pl shift to more acidic form has been considered as a
way to quench ROS and neutralize oxidants, the functional consequences of the PI shift
of DJ-1 are still unclear. The cytoprotective activity of DJ-1 against oxidative stress
cannot be explained solely by its direct scavenger of ROS, other mechanisms of
activation of DJ-1 function in response to oxidation may exist to explain its roles in
antioxidant defense.

Besides the above mentioned redox-dependent changes, DJ-1 has also been

demonstrated to be oxidized at cysteine (168) and methionine residues (59). The reactive
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cysteine, Cys-106, on DJ-1 is oxidized more easily than the other two cysteines, Cys-46
and Cys-53 (168). This is supported by other reports that Cys-106 is sensitive to radiation
damage during X-ray crystal structural analysis (360). Although it is acknowledged that
Cys-106 is readily oxidized, the functional implication of its oxidation is still debatable.
Cys-106 is highly conserved among DJ-1 homologues, including Pfpl family and ThiJ
family. Regardless of the exact enzymatic function DJ-1 may have, the Cys-106 is a
reactive cysteine and is critical for DJ-1 enzymatic activity. As it shares structural
homology to Pfpl protease family, DJ-1 has been demonstrated to possess intrinsic
protease activity (261). The Cys-106 is the catalytic nucleophile for DJ-1 protease
activity and it has to be at the thiol state (-SH) to carry out nucleophilic attack (52,261).
Cys-106 on DJ-1 has been shown to be indispensible for DJ-1 protease activity and
oxidation of DJ-1 has been shown to abolish its protease activity (52), as expected for
any cysteine protease. DJ-1 has also been proposed to have chaperone activity, which is
only active when Cys-106 is in cysteine sulfinic acid form (303). Therefore, oxidation on
DJ-1 may activate or inactivate its enzymatic activity, depending on the extent of the
oxidation and the nature of the enzymatic activity. Further investigation on the
biochemical property and biological function of DJ-1 is required to understand the
regulation of DJ-1 function via oxidation at the critical cysteine residue. Two
methionines at the core of DJ-1 protein are oxidized to MetO in brain samples from
normal individuals, indicating a signaling role (59). Studies in Chapter III are aimed to

address how methionine oxidation affects DJ-1 function.

DJ-1 has displayed another potential redox-dependent change. In addition to the

induced expression of DJ-1 protein by oxidative stress (168,234,235) or UV irradiation
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(306,329), translocation of DJ-1 to mitochondria upon oxidative stress (44) or to nuclei
when cells were irradiated by UV has also been demonstrated (306). The mechanisms of
the induction and translocation of DJ-1 are still unknown but it is possible that the
binding profile of DJ-1 is different when cells are under oxidative stress. The redox-
dependent changes of DJ-1 binding profile, possibly resulting from conformational
changes of either DJ-1 or its interactors, could then lead to rapid changes in intracellular
localization of DJ-1. Conformational changes of DJ-1 itself under oxidizing conditions
could be induced by posttranslational modifications such as ubiquitination, SUMOylation,
oxidation or phosphorylation. On the other hand, the changes in DJ-1 binding profile
could also be caused by conformational changes of DJ-1 interacting proteins, which may
be subjected to redox-dependent regulation. Additionally, expression of DJ-1 protein is

reportedly to be induced by oxidative stress or UV irradiation too.
7. The mechanisms underlying DJ-1 mediated antioxidant function are unknown

Despite the acknowledgment that the antioxidant function of DJ-1 contributes to its
cytoprotection the precise mechanism is undetermined. DJ-1 has been shown to quench
H,0,, which may explain part of its antioxidant function (329). Although DJ-1 has also
been shown to act as an atypical peroxidase, its catalytic efficiency is 1-2 orders lower
than peroxiredoxin, a known peroxidase (13). No other antioxidant enzymatic activity of
DIJ-1 has been reported. Notably, it was demonstrated that H,O, -induced ROS burst was
not altered in DJ-1 = ES cells, despite the sensitivity of DJ-1 = ES cells to H,0,-
induced apoptosis (222). This leads to the hypothesis that the main effect of DJ-1 is not to
quench ROS directly but to potentiate cellular responses to ROS. This hypothesis is

supported by findings that DJ-1 regulates the activity of a variety of redox-dependent
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proteins, such as Akt (367), ASK1 (117,159,352), glutamate cysteine ligase (GCL) (378),
p53(38,94,95,307), nuclear factor erythoroid 2-related factor 2 (Nrf2) (66), and
peroxisome proliferator-activated receptor —y coactivator lo (PGC-1a) (364,373,375).
DJ-1 has been shown to potentiate Akt pro-survival pathway in Drosophila (367),
possibly through inhibition of the Akt inhibitor phosphotase PTEN (167). Additionally,
DJ-1 was reported to suppress ASK1-mediated apoptosis by either preventing ASK1
release from its inhibitors (352) or by sequestering ASK1-effector Daxx (159). There is
also evidence that DJ-1 can upregulate glutathione synthesis by increasing the
transcription and enzymatic activity of the rate-limiting enzyme of glutathione synthesis
GCL in response to oxidative stress (378). Understanding how DJ-1 regulates a variety of
signaling proteins to increase cellular response to oxidative stress is important and will

shed light on the pathophysiological mechanisms of PD.

Proteases

Proteases, also known as proteolytic enzymes, are enzymes that catalyze the breakdown
of proteins by hydrolysis of peptide bonds. Using bioinformatics analysis of the mouse
and human genomes, at least 500-600 proteases (~2% of the genomes) have been
identified (208). Through evolution, proteases have adapted to the wide range of
conditions found in complex organisms and use different catalytic mechanisms for
substrate hydrolysis. Proteases can be classified into six classes based on their
mechanisms of catalysis: serine, cysteine, threonine, aspartic, metallo- and glutamic
proteases (with glutamic proteases being the only subtype not found in mammals so far)
(208). To maintain normal cell/tissue development and organism homeostasis, protease

activity needs to be tightly controlled. Inappropriate proteolysis has been implicated in
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cancer, cardiovascular disease, inflammation, neurodegeneration, and infectious disease

(208).

1. Catalytic strategy of cysteine proteases

For all six classes of proteases, a nucleophile is required to attack the carbonyl group of
the substrate. For a cysteine protease, a cysteine residue, activated by a histidine residue,
serves as the nucleophile that attacks the peptide bond (Figure I-1, adapted from figure
9.8 in chapter 9 of Biochemistry) (26). After substrate binding (stepl), the reactive
cysteine thiol group attacks the carbonyl group of the substrate (step 2). The nucleophilic
attack changes the geometry around the carbon atom from trigonal planar to tetrahedral,
which is unstable. The charge is stabilized by interactions with NH- group from the
substrate in a site termed the “oxyanion hole” and this interaction helps the formation of
the acyl-enzyme intermediate (step 3). The amine component is then free to depart from
the enzyme (step 4) and is replaced by a water molecule (step 5). The ester group of the
acyl-enzyme is now hydrolyzed by a process that is essentially a repeat of steps 2 through
4. The water molecule attacks the carbonyl group while a proton is removed by the
histidine residue, which acts as a general acid catalyst now, forming a tetrahedral
intermediate (step 6). This structure breaks down to form the carboxylic acid product
(step 7). Finally, the release of the carboxylic acid product (step 8) allows the enzyme to

function in another round of catalysis.

2. Substrate specificity of proteases

The substrate binding pocket of a protease contains so called subsites that are numbered

Si-S, upwards towards the N terminus of the substrate (non-primed sites), and S;’-S;’
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towards the C terminus (primed sites), beginning from the sites on each side of the
scissile bond (Figure 1-2). Each subsite can accommodate a single side chain of a
substrate residue. The substrate residues being accommodated are numbered P;-P,, and
P,*-P,, respectively. The structure of the substrate binding pocket of a protease therefore
determines which amino acid can fit in (known as the intrinsic subsite occupancy),
thereby determining substrate specificity of a protease. For example, the specificity of
chymotrypsin is dependent on a hydrophobic pocket at the amino-terminal side of the
scissile bond (the bond to be cleaved), into which long and uncharged side chains of

phenylalanine and tryptophan can fit (25).

3. Activation of zymogens

Proteases can be regulated by various ways, including transcriptional regulation,
activation of zymogens, blockage by endogenous inhibitors, targeting to specific
compartments, and post-translational modifications such as glycosylation, metal binding,
disulfide bridging, proteolysis, and degradation (208). However, a common way of
protease activation is by cleavage of zymogens. In fact, many proteases including digest
proteases (pepsin, chymotrypsin, trypsin), blood clotting proteases, caspases, are
activated by limited proteolysis of zymogens (208). The activation of zymogens can be
either autoproteolytic (115) or proteolyzed by other proteases (86). In some cases it
requires additional factors or platforms, such as the apoptosome which mediates the
activation of caspase zymogens (86). Some pro-domains have no known function, such
as digestive proteases, but some pro-domains of zymogens contain recognition sites for
interaction with substrates or cofactors, determining localization of proteases and how the

zymogen is activated (208). For example, the pro-domain of the initiator caspase-8
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contains the death effector domain (DED) that recruits caspase-8 to Fas-associated
protein with death domain (FADD). The recruitment allows dimerization of caspase-8,
which is monomeric in the dormant state. The dimeric caspase-8 is activated through
induced fit and will cleave the pro-domain. Caspase-7 is an executioner caspase and
exists as a dimer in dormant state already, but the dimeric caspase-7 has little protease
activity. Instead, the dimeric caspase-7 is cleaved by initiator caspases at the consensus
caspase cleavage site located at the linker domain. The N-terminal pro-domain of
caspase-7 is much shorter than initiator caspases and does not appear to interact with

other proteins but is still required for the activation (31).

4. Physiological and pathological roles of proteases

Protein degradation is as important for cellular viability as protein synthesis and therefore
proteases have been considered as the guardians of cellular homeostasis. In addition to
regulating protein turnover, proteases can also modulate protein function irreversibly by
limited proteolysis. A number of key cellular functions are controlled by different
proteases such as the execution of apoptotic cell death by caspases, degradation and
elimination of abnormal proteins by lysosomal proteases or proteasome, and cancer
metastasis facilitated by metalloproteases and cathepsins (208). Therefore, dysfunction of
proteases could lead to various diseases, including cancer, neurodegenerative disorder,

inflammation, and infectious diseases.

The importance of properly controlled protease activity in maintaining neuronal
function and survival has been recognized. Mitochondrial proteases are important for

degrading misfolded proteins and maintaining the homeostasis of mitochondria. As
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mitochondrial dysfunction plays a key role in neurodegenerative diseases, the importance
of mitochondrial proteases in the pathogenesis of neurodegenerative diseases has been
under appreciated, especially after the discovery that mutations of a mitochondrial serine
protease HtrA2 lead to neurodegenerative disorders (223). Proteasomes and lysosomes,
are two major organelles responsible for proteins clearance. Proteases within these two
compartments are the final players that execute the degradation of unwanted proteins and
are required for carrying out proteasomal or lysosomal dependent protein degradation
(247). Deficiency of these proteases have been shown to cause neurodegeneration

(62,71,301).

5. Cysteine proteases are sensitive to oxidative inhibition

Cysteines proteases are dependent on the reactive cysteine for initiating catalytic reaction.
To carry out the nucleophlic attack, the reactive cysteine must be in the thiol state and
therefore cysteine proteases are subject to oxidative or nitrosative inhibition (207).
Prolonged and excess oxidation/nitrosylation has been shown to inactivate caspase
function and switch the cell death pathway from apoptosis to necrosis (130). Calcium
dependent cysteine protease calpain is also known to be inhibited by oxidation (123). The
threshold of oxidation to inhibit individual cysteine proteases is determined by the local
environment of the catalytic pocket and the availability of antioxidants or transition
metals that influence the susceptibility of the reactive cysteine to oxidation/nitrosylation.
Since patients affected by neurodegenerative disease show higher levels of oxidative
stress due to either environmental factors or genetic variations (83,368), the enzymatic

activity of cysteine proteases is likely inhibited in those patients and may be a causal
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factor of the disease progression. It has been shown that cysteine protease activity is

hampered in the hippocampal region of brain samples from AD patients (219).

6. Dual function proteins with protease and chaperone activity

Molecular chaperones and proteases monitor and control the folding state of proteins and
failure of this control will lead to protein misfolding and aggregation, a malfunction seen
in neurodegenerative disorders (118). Chaperones can bind to hydrophobic patches of
amino acids in substrate proteins that become exposed to solvent under certain conditions.
Molecular chaperones may mediate the unfolding and refolding of client proteins, while
proteases can cleave and degrade the client proteins (118). Proteins possess chaperone-
protease dual functions have been characterized, including ATPase components of the
CIpAP and ClpXP proteases, Hsp31, and DegP/HtrA family proteases. These dual
function proteins can distinguish substrates beyond repair from those that can be refolded.
The switch between the protease-chapeone function is tightly regulated and is well

characterized in one family of dual function proteins, DegP/HtrA (65).

DegP, a member of the well conserved HtrA family of serine proteases, is a heat
shock protein that combines chaperone and protease activity. DegP is a bacterial protein
that is critical for unfolded protein response in the bacterial envelop, whereas the human
HtrA proteins are implicated in various disorders including PD (324) . The DegP/HtrA
protease family is an ATP-independent serine protease family that contains an N-terminal
regulatory domain, serine protease domain, and C-terminal PDZ domain. The bacterial
DegP has been reported to function as a protease at temperature > 30 °C and as a

chaperone at temperature < 28 °C (324). Three different oligomeric states of DegP have
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been reported: hexamer (DegP¢), dodecamer (DegP12), and 24-mer (DegP,4). The DegPg
is formed by staggered association of two trimeric rings with a central core of protease
domain and PDZ domains at the periphery (324). Access to the protease domain is
restricted by the PDZ domains, which is believed to control the substrate entry as well as
oligomeric structure. Substrate binding will trigger further oligomerization of DegP via
interaction between PDZ domains. DegP,4 has a larger pore which allows substrates to
enter (324). It is thought that DegPs is the rest stage and transformation into larger
oligomers allows the formation of the active catalytic pocket and activation of protease
function. The conformational changes seem to dependent both on substrates binding and

temperature (179,324).

Redox regulation of protein functions

1. Generation of ROS and the antioxidant systems

Reactive oxygen species (ROS) are generated as part of the normal aerobic cellular
existence and as a result of environmental insults. ROS can be produced by different
ways, such as irradiation (X-rays, y-rays, ultraviolet A), metal-catalyzed oxidation
systems, inflammatory processes, electron-transport processes, lipid peroxidation,
glycation/glycoxidation, oxidase-catalyzed reactions, environmental pollutants (98).
Through these different ways, a variety of free radicals (superoxide, hydropeoxyl radical,
alkyl radical, peroxyl radical, thiyl radical, sulfinyl radical, thioperoxyl radical, disulfide
radical anion, etc) and non-radical oxygen derivatives are produced. To keep the level of
ROS in check, a complex antioxidant system exists in cells to reduce the level of ROS,
and repair and replace the damaged bio-molecules. Antioxidant enzymes that can reduce

the level of ROS, include 1) superoxide dismutases (SODs), that catalyze the breakdown
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of the superoxide anion into oxygen and hydrogen peroxide, 2) peroxiredoxins, that
catalyze the reduction of hydrogen peroxide, organic hydroperoxides, and peroxynitrite, 3)
catalases, that catalyze the conversion of hydrogen peroxide to water and oxygen using
either an iron or manganese cofactor, 4) and thioredoxin and glutathione system, that
function as protein disulfide reductases (98). In addition to the enzymatic systems, small
antioxidants, such as ascorbic acid, glutathione, tocopherols, and uric acid, also exist in
cells to neutralize ROS without enzymatic reactions (98). A delicate balance of
intracellular redox status is normally maintained by several processes, 1) the generation
rate of ROS, 2) the reduction rate of ROS via antioxidant enzymes or non-enzymatic
reactions, 3) the degradation of oxidatively modified products via proteases or other
degradation systems. Disruption of the balance in favor of excess ROS contributes to
many disease processes, including cardiovascular diseases, inflammatory diseases,

neurodegenerative diseases and cancer.

2. Oxidation of the protein backbone

Oxidative modifications of lipids, DNAs and proteins are consequences of oxidative
stress that may lead to cellular damage underlying various disease processes. The present
work focuses on the oxidative modifications of proteins. Free amino acids and amino acid
residues in proteins are highly susceptible to oxidation and can be modified on the
polypeptide backbone as well as the side chains. Oxidative attack of the polypeptide
backbone is initiated by the OH dependent abstraction of a-hydrogen atom from an
amino acid residue to form carbon-centered radical. The OH needed for this reaction

may be obtained by radiolysis of water or by metal-catalyzed cleavage of H,O, (fenton
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reaction) (316). The carbon-centered radical formed reacts with O, to form an alkyl-
peroxyl radical intermediate, which can give rise to the alkyl-peroxide, which may be
converted to a hydroxyl protein derivative eventually (316). These intermediates may
undergo additional reactions with other amino acid residues in the same or a different
protein to generate a new carbon-centered radical capable of undergoing reactions similar
to those initiated by hydroxyl radical (OH). Peptide cleavage can occur through diamide
or a-amidation pathways after the generation of alkoxyl radicals. It can also occur as a

result of ROS attack of glutamyl, aspartyl, and prolyl side chains (316).

3. Oxidation of amino acid side chains

All amino acid residues of proteins are susceptible to oxidation by OH, but some amino
acid side chains are known to be more susceptible to oxidation. Cysteine and methionine
are two sulfur-containing amino acids that are sensitive to oxidation even under mild
conditions. Both cysteine and methionine can act as a general antioxidant to sequester
free radicals as well as components of signaling relay systems. In addition to sulfur-
containing amino acids, aromatic amino acids such as tryptophan, phenylalanine, tyrosine
and histidine are also prone to ROS attacks (316). Furthermore, Amino acid residues
close to metal binding sites are sensitive to metal-catalyzed oxidation (316). A list of
oxidative modifications on amino acid sides chains is provided in table I-3, adapted from
the review by Berlett and Stadtman (27). Oxidation of the side-chains of lysine, arginine,
proline, histidine and threonine residues has been shown to yield carbonyl derivatives,
which are considered as irreversible oxidations and are commonly used as a marker for

protein oxidation (316).

4. Oxidation of cysteines

56



57

Reversible oxidation on reactive cysteines is the best characterized mechanism of redox-
dependent signaling. Most cysteines have a pKa around 8 and are normally protonated
under physiological pH, which renders them nonreactive. Cysteines with low pKa exist in
thiolate anions state which is stabilized by nearby positively charged or aromatic side
chains via charge-charge interactions. Thiolate anions are subject to various oxidative
modification, including sulfenic acid (SOH), sulfinic acid (SO,H), sulfonic acid(SO;H),
nitrylation (SNO), glutathionylation (SSG), and disulfide bond formation (S-S) (Figure I-
3) (37). Sulfenic acid is not stable and can readily form other species such as disulfide
bond and sulfinic acid. Most modifications on cysteine (except for sulfonic acid) are
reversible, by oxidoreductases, such as glutaredoxin or thioredoxin systems (37). These
distinct reversible modifications may enable the processing of different redox signals and

lead to unique protein functional changes and responses.

5. Oxidation of methionines

Methionine can be oxidized to methionine sulfoxide (MetO) and methionine sulfone
(MetO,) by the addition of one and two oxygen atoms, respectively (318). Met residues
are oxidized to MetO by different reactive oxygen species (ROS), including hydrogen
peroxide (H,0O,), ozone (O3), hypochlorous acid (HOCI), alkyl peroxides (ROOH), and
peroxynitrite (ONOO") (Figure 1-4, equation 1). The oxidized met (MetO) can be
regenerated by methionine sulfoxide reductase (Msr) to Met (Figure -4, equation2). The
oxidized Msr is reduced by thioredoxin (Trx), which regenerates Msr (Figure 1-4,
equation3). Thioredoxin reductase (TrxR) then in turn reduces thioredoxin at the expense
of NADPH (Figure I-4, equation4). Therefore, the net result of Met-based free radical

scavenging is the catalytic scavenging of reactive nitrogen or oxygen species by NADPH
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(320). In humans, only one MsrA has been described but three MsrB have been identified,
coded by three different genes. MsrA localizes to both cytosol and mitochondria. MsrB1
is a selenium-enzyme and localizes to mitochondria, MsrB2 to cytosol, and MsrB3 to ER
(256). MsrAs are stereospecific towards the S isomer on the sulfur of the sulfoxide
function whereas MsrBs are specific towards the R isomer.

The side chain of MetO or MetO, with extra oxygen atom(s) is stiffer and more
polar than the side chain of methionine (147). These changes induced by oxidation of
methionine are expected to alter the folding and conformation of the affected protein,
thus regulate protein functions, including enzymatic activity (11,302), protein-protein
interactions (11), protein stability (39,50), and oligomeric state (333). Oxidation of
methionine to MetO can bereversed by methionine sufoxide reductase and this serves as
the foundation of methionine-mediated redox signaling similar to the cysteine-based
redox regulatory system (147). Methionine oxidation to methionine sulfone (MetO,) is

irreversible and usually leads to loss of biological functions (147).

6. Reversible oxidation of Met can regulate protein functions

Methionine can function as a general free radical scavenger, protecting other critical
residues from being oxidized and can also mediate signal transduction. The surface- or
solvent- exposed methionines are believed to act as endogenous antioxidants. It was first
reported that oxidation of eight methionines on a-2-macroglobulin had no influence on its
enzymatic activity until continued oxidiation of six additional methionine residues and a
tryptophan, suggesting that there are some methionines more susceptible to oxidation and

may serve as oxidant scavengers (287). This has been supported by the finding that eight
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of the 16 methionines of glutamine synthetase from E.coli were oxidized without
affecting the catalytic function of the enzyme and all the eight oxidized methionines were
found to be relatively surface exposed while the methonine residues located in the core of

the protein were not oxidized (196).

In addition to functioning as a general antioxidant by scavenging free radicals,
reversible oxidation of Met to MetO can mediate cell signaling in response to
intracellular redox changes. Oxidation of methionine on several proteins has been shown
to regulate protein function reversibly, at least in vitro (256). a-1 proteinase inhibitor
(API) loses its ability to inhibit neutrophils elastase once its Met351 and M358 are being
oxidized and MsrA has been shown to partially store the activity of API in vitro. HIV-2
protease becomes inactive when two methionines are oxidized and treatment of oxidized
HIV-2 protease with MsrA restores half of the activity. Calmodulin (CaM) is a calcium
sensitive protein that regulates a variety of protein functions via binding to those proteins
in a calcium dependent manner. Oxidation of two C-terminal methionines on CaM results
in nonproductive binding of CaM with its client protein plasma membrane Ca-ATPase
(PMCA) due to reduced helical propensity and a global rearrangement of the tertiary
structure of the C-terminal globular. This disrupted interaction can be restored by MsrA
(10,23). Met oxidation on IkB has been shown to cause IkB resistant to TNFa-induced
proteasome degradation and prevent the dissociation of IkB from the nuclear factor NF-

kB (232). Both MsrA and MsrB are required to reverse the oxidation of degradation of

IxkB and restore the activation of NF-kB (232).
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7. Increased methionine oxidation has been implicated in neurodegenerative
disorders

Irreversible oxidation of methionine to MetO, will lead to loss of protein function and to
pathological situations in most cases. Met oxidation to MetO in combination with an
insufficient reduction capacity is thought to have similar consequences. Therefore, Met
oxidation is regarded as one of the sources for physiological dysfunctions in several age-

associated changes and degenerative diseases (320).

Oxidative stress are believed to be responsible for various age-related
degenerative diseases and ageing process (315). MsrA level in various regions of brains
of AD patients is significantly lower than in brains of normal people (104). This is also
echoed by the increased level of MetO in AD brains and accompanied higher protein
carbonyls level (104). Brain has been shown to more vulnerable to methionine oxidation.
Four brain regions (cortex, brain stem, hippocampus, and hypothalamus) in mice have
higher level of MetO across all three age groups, compared to other tissues including
liver, heart, kidney, and muscle, (320). This is consistent with the finding that brain has
lower level of Msr expression than other tissues, therefore MetO is expected to
accumulate in brain (320). Furthermore, an age-dependent decrease in the activity of
MsrA in rat brain and kidney was observed (317). The action of the Msr system may
prevent irreversible protein damage, contribute to the cellular antioxidant resistance and
extend organism’s life span. A major biological role of the Msr system is suggested by
the fact that the MsrA null mouse is more sensitive to oxidative stress, accumulates
higher levels of carbonylated protein and has a shorter life span than WT mice (257). In

addition, the hippocampal region of MsrA “mice exhibit enhanced neurodegeneration,
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hypersensitivity to H,O,, loss of astrocytes, elevated levels of B-amyloid deposition, and
tau phosphorylation compared to WT controls (257) . This suggests that a deficiency in
MsrA activity fosters an oxidative stress environment that is manifested by the
accumulation of faulty proteins, deposition of aggregated proteins, and premature brain

cell death.

The oxidation of Met residues has been implicated in ageing and
neurodegenerative disorders. Oxidation of methioninine on three different brain proteins,
a-Syn in PD, B-amyloid peptide in AD, and Prion PrPc form in Creutzfeldt—Jakob
disease (CJD), have been reported to inhibit fibrillation of these proteins, followed by
further oxidation by other radicals and refibrillation. The formation of a-synuclein
containing inclusions in the dopaminergic neurons of the substantia nigra is a
pathological hall mark of PD. It is believed that soluble oligomers (protofibrils) of a-
synuclein, a step prior to forming fibrils, are the toxic species. Methionine oxidation
denatures proteins and converts the hydrophobic properties of Met into hydrophilic
causing structural alterations (318). Oxidation of all four methionine residues in a-
synuclein to MetO has been shown to inhibit fibrillation of this protein in vitro and
enhance toxicity of a-synuclein (144,346) Prion protein, also prone to oligomerize and
aggregate, has been shown to be modified by methionine oxidation. Oxidation of
methionine in the cellular prion protein (PrP°) helix-3 render it resistant to proteinase K
digestion (43) and switches on a-helix destabilization required for the conversion to
infectious form prion protein (PrP*) (69). Methionine oxidation on B-amyloid, the major
protein component in the amyloid plaquea of AD patients, has also been shown to inhibit

its fibrillation, thus enhance the toxicity (269). Methionine oxidation on another PD
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relevant protein, DJ-1, has also been reported, but the functional significance remains to

be elucidated (59).

Hypotheses and Organizational Overview

The finding that loss-of-function mutations in DJ-1 are linked to autosomal-recessive
early onset PD has emphasized the role of oxidative stress in PD pathogenesis (32). DJ-1
has been extensively reported to potentiate cellular response to oxidative stress but the
exact molecular mechanisms are still unclear (74). Structural analysis reveals that DJ-1
shares homology with a bacterial and archea protease family and the C-terminal a-helix
H8 of DJ-1 may inhibit DJ-1 protease activity. The major goal of this thesis is to
understand the biological function of DJ-1 and elucidate the mechanism by which DJ-1

activates antioxidant response pathways.

In chapter II, I tested the hypothesis that DJ-1 functions as a protease and that
protease activity of DJ-1 is critical for its antioxidant and cytoprotective functions. My
findings demonstrate that deletion of a-helix H8 enhances DJ-1 protease activity without
disrupting its dimerization or secondary structure. Mutations of the putative catalytic diad
of DJ-1 abolish its protease activity, suggesting that DJ-1 functions as a cysteine protease
with the Cys-106 and His-126 as the catalytic diad. Similar to other cysteine proteases,
DJ-1 protease activity is sensitive to oxidative inhibition. Furthermore, we provide
evidence that DJ-1 zymogen undergoes C-terminal cleavage in response to mild oxidative
stress and that protease activity of DJ-1 is required for its cytoprotective function against

oxidative stress.
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To further understand how DJ-1 zymogen is activated in response to mild
oxidation, I studied the roles of methionine residues in regulating DJ-1 protease activity,
zymogen activation and cytoprotective function in chapter III. Methionine residue can be
reversibly oxidized to MetO and two of the four methionines (Met-17 and Met-26) on
DJ-1 are oxidized to MetO in brain samples from normal individuals, suggesting that
these two residues could mediate signaling transduction. Additionally, M261 mutation has
been identified in PD patients but the pathogenic mechanisms are not well characterized.
By mutating individual methionine to isoleucine to prevent oxidation, the functional role
of reversible oxidation of individual methioines on DJ-1 was tested. My data show that
DJ-1 M261 and M171 mutants prevent DJ-1 zymogen processing although only DJ-1
M26I inhibits DJ-1 protease activity. Interestingly, Met-17 and Met-26 are located in the
vicinity of the a-helix H8, making them good candidates to participate in conformational
changes to remove the a-helix H8 upon oxidation. Additionally, DJ-1 M26I mutant has
reduced secondary structure and is less stable than DJ-1 WT, suggesting that Met-26 is
structurally important. Our findings also demonstrate that the PD linked M261 mutant is
partially degraded through ubiquitin proteasome system and is insoluble when
proteasomal function is impaired. Finally our results suggest that M17I, M26I, and

M1331 mutations diminish cytoprotective function of DJ-1.

Together, my findings indicate that DJ-1 exists as a zymogen and can be activated
via C-terminal proteolysis under mild oxidative stress to function as a cysteine protease.
Protease activity of DJ-1 is required for its cytoprotective function, suggesting that
oxidation of the reactive cysteine will abolish cytoprotection mediated by DJ-1. In

addition, my data demonstrate that oxidation of Met-17 may play a role in DJ-1 zymogen
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activation and activating the cytoprotective function of DJ-1. I showed that oxidation of
Met-133 is also important for DJ-1 mediated cytoprotection, but the mechanisms remain
to be explored. I also demonstrated that the PD-linked M261 mutation causes unfolding
and destabilization of DJ-1, contributing to PD pathogenesis. These findings have
enriched our understanding of the biological functions of DJ-1, the pathogenic
mechanisms of DJ-1 M26I mutation, and the role of methionine oxidation in regulating

protein function.
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Figure I-1. Mutations on DJ-1 associated with PD. (A) Sequence alignment of DJ-1

homologues from different species with residues found to be mutated in PD patients

highlighted in red and marked with arrow head. The catalytic diad residues (Cys-106 and
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His-126 in Homo sapiens) were highlighted in yellow. Accession numbers are as follows:
Hs DJ-1,NP 009193; Rn DJ-1, NP 476484.1; Ms DJ-1, NP 065594.2; XI DIJ-I,
NP _001083896.1; Dm DJ-1, NP_651825.3; Ce DJ-1, AAB37889.1. Hs, Homo sapiens;
Rn, Rattus norvegicus; Ms, Mus musculus; Xl, Xenopus laevis; Dm, Drosophila
melanogaster; Ce, Caenorhabditis elegans. (B) The 3D-structure of the DJ-1 homodimer
was determined by X-ray crystallography previously (PDB ID:1Q2U) (150) and
illustrated using 3D Molecular Viewer software (Invitrogen). One monomer was depicted
in purple and the other in green. Side-chains of residues found to be mutated in PD
patients were highlighted in red. Side-chains of the catalytic diad of DJ-1 protease (Cys-
106 and His-126) were also highlighted in red in both monomers and the a-helix H8 was

also highlighted in red.
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Figure I-2. Catalytic strategy of cysteine proteases and substrate specificity
determinants of proteases. (A) The catalytic cysteine residue in a cysteine acts as a
nucleophile to attack the peptide bond upon substrate binding (stepl). The nucleophilic
attack of the carbonyl group of the substrate by the cysteine thiol changes the geometry
around the carbon atom from trigonal planar to unstable tetrahedral (step2). The charge is
stabilized by interactions with NH- group from the protein in a site termed the “oxyanion

hole”, which helps the formation of the acyl-enzyme intermediate (step 3). The amine
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component is then departed from the enzyme (step 4) and is replaced by a water molecule
(step 5). The ester group of the acyl-enzyme is hydrolyzed by a process that is essentially
a repeat of steps 2 through 4. The water molecule attacks the carbonyl group while a
proton is removed by the histidine residue, which acts as a general acid catalyst, forming
a tetrahedral intermediate (step 6). This structure breaks down to form the carboxylic acid
product (step 7). Finally, the release of the carboxylic acid product (step 8) allows the
enzyme to function in another round of catalysis. Adapted from figure 9.8 in chapter 9 of
Biochemistry) (26). (B) Protease subsites determine substrate specificity. The binding
pocket of the protease is composed of subsites (S), which are the side chains of amino
acid that can accommodate peptide bonds (P) adjacent to the scissile bond (the bond to be
hydrolyzed, highlighted in red) and position scissile bond into the active site. Subsites on
the protease are numbered S;-S, upwards towards the N terminus of the substrate (non-
primed sites), and S;’-S," towards the C terminus (primed sites), beginning from the sites
on each side of the scissile bond. The substrate residues are numbered P;-P,, and P -P,’,

respectively. Adapted from figure 9.11 in chapter 9 of Biochemistry) (26)
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Figure I-3. Oxidative modifications on cysteines and methionines. (A) Oxidative
modifications on cysteines. Oxidation of cysteine thiol groups (R;-SH) results in sulfenic
acid formation (R;-SOH). Sulfenic acid can react to nearby thiols (R,-SH) and form
disulfide bond (R;-S-S-R;). Sulfenic acid will also be further oxidized to sulfinic acid
(R;-SO,H) and sulfonic acid (R;-SO3;H) under severe oxidation. Reaction of cysteine
thiol to oxidized glutathione (GSSG) leads to formation of S-glutathionylation (R-S-SG).
Cysteine thiol can also be oxidized by reactive nitrogen species (RNS) and peroxynitrite
(ONOO") to form S-nitrosothiol and S-nitrothiol, respectively. Most modifications on
cysteine (except for sulfonic acid) are reversible, by oxidoreductases, such as
glutaredoxin or thioredoxin systems. Adapted from figure 1 in (37). (B) Methionine

(Met) can be oxidized to methionine sulfoxide (MetO) and methionine sulfone (MetO,)
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by various reagents (equation 1). MetO can be reduced to Met by methionine sulfoxide
reductase (Msr), during which Msr itself is oxidized from reducing (Msr-SH) to oxidized
form (Msr-S-S) (equation2) by forming intramolecular disulfide bond between the
catalytic cysteine and a resolving cysteine. The oxidized Msr (Msr-S-S) is in turn
reduced by thioredoxin (Trx), at the expense of oxidation of Trx from Trx-SH to Trx-S-S
(equation3). The oxidized Trx (Trx-S-S) is then reduced by thioredoxin reductase (TrxR)

with NADPH as the ultimate reducing agent (equation4). Adapted from Figure 1 in (320).
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Table I-1. Loci identified in familial forms of PD

Locus Gene product Inheritance = Lewy body Clinical symptoms
pathology

PARK2  Parkin AR No Early onset

PARK4  a-synuclein AD Yes Dementia, postural tremor

PARK6  PINK-1 AR No report Early onset, tremor

PARKS8 LRRK2 AD Yes Late onset, tremor

PARK10 Unknown Unknown N/A Late onset

PARK12 Unknown Susceptibility ~ No report Late onset

PARK14 PLA2G6 AR? No report INAD, NBIA

PARK16 Unknown Unknown N/A Late onset




Table I-2. DJ-1 mutations found in PD patients

Mutations Onset (y) Duration (y) Types of mutations  References

L166P 27-35 18-32 Homozygous (32)

E64D <40 N/A Homozygous (138)

P158DEL 34 N/A Homozygous (211)

A104T 35 9 Heterozygous (125)

A179T 41 N/A Heterozygous (211)

RY8Q 39-49 N/A Polymorphism (125,136)
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Table I-3. Oxidative modifications on amino acid side chains

Amino acid Oxidative modifications on side chains

Methionine Methionine sulfoxide, methionine sulfone

Phenylalanie 2,3-Dihydroxyphenylalanine, 2-, 3-, and 4-
hydroxyphenylalanine

Histidine 2-Oxohistidine, asparagine, aspartic acid

Lysine a-Aminoadipic semialdehyde

Threonine 2-Amino-3-ketobutyric acid

74

74



CHAPTER II

Parkinson disease protein DJ-1 converts from a zymogen to

a protease by carboxyl-terminal cleavage
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Abstract

Mutations in DJ-1 cause recessively transmitted early-onset Parkinson disease (PD), and

oxidative damage to DJ-1 has been associated with the pathogenesis of late-onset
sporadic PD. The precise biochemical function of DJ-1 remains elusive. Here we report
that DJ-1 is synthesized as a latent protease zymogen with low intrinsic proteolytic
activity. DJ-1 protease zymogen is activated by the removal of a 15-amino acid peptide at
its C-terminus. The activated DJ-1 functions as a cysteine protease with Cys-106 and His-
126 as the catalytic diad. We show that endogenous DJ-1 in dopaminergic cells
undergoes C-terminal cleavage in response to mild oxidative stress, suggesting that DJ-1
protease activation occurs in a redox-dependent manner. Moreover, we find that the C-
terminally cleaved form of DJ-1 with activated protease function exhibits enhanced
cytoprotective action against oxidative stress-induced apoptosis. The cytoprotective
action of DJ-1 is abolished by the C106A and H126A mutations. Our findings support a
role for DJ-1 protease in cellular defense against oxidative stress and have important

implications for understanding and treating PD.

76



77

Introduction

Parkinson disease (PD) is the most common neurodegenerative movement disorder,
characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta
(186). Mutations in DJ-1 have been identified as the cause for an autosomal recessive,
early-onset familial form of PD (2,32,125,135). Accumulating evidence indicates that DJ-
1 mutations trigger neurodegeneration via a loss-of-function pathogenic mechanism (74).
Our previous studies reveal that DJ-1 is widely expressed in many tissues and cell types,
including dopaminergic neurons (262,264) and that oxidative damage to DJ-1 is linked to
the pathogenesis of late-onset sporadic form of PD (60). Increasing evidence suggests
that DJ-1 may also be involved in other age-related neurodegenerative disorders, such as
Alzheimer disease, Lewy body dementia, and parkinsonism-dementia-amyotrophic
lateral sclerosis complex (60,119,251,289).

DJ-1 is a 189-amino acid protein that was originally identified as an oncogene (246)
and was also independently described as a regulatory subunit of a RNA-binding complex
(142) and a protein involved in male infertility (172,173). Abnormal expression of DJ-1
has been associated with cancer (365,370), supporting the emerging view that there may
be potential overlap in the underlying biochemical dysfunction between PD and cancer
(67,163,354). DJ-1 has been implicated in multiple cellular processes, including
oxidative stress response, protein quality control, anti-apoptotic signaling, transcriptional
regulation, and translational control (74). Despite recent progress in the characterization
of DJ-1, the precise biochemical function of DJ-1 remains unknown.

DJ-1 is an evolutionarily conserved protein that shares significant sequence homology

with the Pfpl family of bacterial intracellular proteases and with Hsp31, an E. coli
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chaperone which also possesses protease activity (1,21,87,126,127,209,214). We and
other groups have solved the crystal structure of human DJ-1, which shows that DJ-1
adopts a helix-strand-helix sandwich structure similar to that of bacterial protease
PH1704 and Hsp31 (145,149,192,338,360). However, unlike PH1704 and Hsp31, DJ-1
does not have a Cys-His-Glu/Asp catalytic triad. Instead, DJ-1 contains the putative
catalytic nucleophile Cys-106 which has the potential to form a Cys-His diad with His-
126 (145,149,338). Although the lack of a catalytic triad has been used to argue against a
protease function of DJ-1 (192,360), it has been proposed that DJ-1 may use the Cys-His
diad to carry out its protease function (145,338). A fully functional Cys-His catalytic diad
has been demonstrated in several cysteine proteases, such as caspases (322,353,359) .
Proteases perform essential functions in regulating diverse cellular processes by
catalyzing the cleavage of peptide bonds (65,208,227,343,356). To avoid potentially
hazardous consequences of unregulated protease activity, proteases generally reside in
cells as latent precursors called zymogens and require an activation event for conversion
into the catalytically active form (86,252). We have previously shown that full-length
recombinant DJ-1 protein exhibits weak intrinsic proteolytic activity (262), suggesting
that full-length DJ-1 is a protease zymogen. In this study, we investigated the mechanism
for activating DJ-1 protease zymogen and characterized the role of DJ-1 protease in
cytoprotection. Our results reveal that DJ-1 protease zymogen is activated by cleavage of
a 15-amino acid peptide at its C-terminus and support a role for DJ-1 protease in cellular

defense against oxidative stress-induced apoptosis.
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Experimental procedures

Expression constructs and antibodies

The pCHA-DIJ-1, pMyc-DJ-1, pET3E-DJ-1, and the corresponding C106A mutant forms
of DJ-1 have been described previously (262). Conventional molecular biological
techniques were used to generate the following additional DJ-1 constructs in the pCHA,
pMyc, and pET3E vectors: DJ-1 H126A, DJ-1 WTAC (residues 1-174) and its mutant
forms DJ-1 C106AAC and HI126AAC. All expression constructs were sequenced to
confirm that the fusion was in the correct reading frame and there were no unwanted

changes in the codons.

The rabbit polyclonal anti-DJ-1 antibodies, P7F and P7C, generated against purified
full-length recombinant DJ-1 protein and a synthetic DJ-1 C-terminal peptide (residues
171-189), respectively, were described in our previous studies (262,264) . Other
antibodies used in this study include the following: anti-HA (12CAS5), anti-Myc (9E10.3,
Neomarkers), anti-actin (Chemicon), anti-NeuN (Millipore), and anti-active-caspase-3
(Cell signaling). All secondary antibodies were purchased from Jackson

ImmunoResearch Laboratories, Inc.

DJ-1 knockout mice and primary cell cultures

DJ-1 knockout mice were generated by Dr. Charles R. Gerfen at the National Institute of
Mental Health and described previously (Manning-Bog AB et al., 2007). A breeding
colony of DJ-1 knockout mice was established from breeding pairs obtained from the
National Institute for Neurological Disease and Stroke/University of California Los

Angeles Repository for Parkinson disease Mouse Models using standard mouse
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husbandry procedures (262,264). The genotype of the offspring was determined by PCR
and the elimination of the DJ-1 protein was confirmed by Western blot analysis. Primary
cortical and midbrain neuronal cultures were prepared from postnatal 0.5 day (P0.5) wild-
type and DJ-1 knockout pups as described previously (4,111,191). Primary cortical and
midbrain neuronal cultures were maintained in NeuroBasal Media (Gibco) supplemented
with cytosine arabinoside (AraC) (Sigma) for 3—7 days. MEF cultures were prepared
from embryonic day 13 mice as described (111,264), and early passage cells were used

for all experiments.

Protein expression and purification

Wild-type and mutant DJ-1 proteins were expressed in Escherichia coli BL21 cells
(CodonPlus) as untagged proteins and purified under reducing conditions as we described
previously (149,262) by ammonium sulfate fractionation, Sepharose QXL ion exchange
chromatography, and Sephacryl S-100 gel filtration chromatography (Amersham).
Fractions containing DJ-1 were identified by SDS-PAGE and confirmed by immunoblot
analysis with anti-DJ-1 antibody P7F. Protein concentration was determined by using the

bicinchoninic acid (BCA) assay (Pierce).

Protease activity assays

Protease activities of DJ-1 WT and its mutants were measured by using a continuous,
real-time fluorescence-based protease assay as described (156,262). Briefly, purified
wild-type or mutant DJ-1 protein was incubated with BODIPY FL-labeled casein (10
pg/ml; Molecular Probes) in 50 mM Tris-HCI, pH 7.4, 200 mM NaCl, and 5 mM CaCl,

at 37 °C. An increase in fluorescence upon protease-catalyzed hydrolysis of casein was
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monitored continuously in a PerkinElmer Life Sciences LS55 luminescence spectrometer
using an excitation wavelength of 505 nm and emission wavelength of 513 nm. Kinetic
parameters (K, and Kci) were obtained as described (24) by fitting the data to the
equation: V = Keg [S]o / (1 + K [E]"). Trypsin (Athena Environmental Sciences, Inc.)
was used as a positive control for the protease activity assay. The effect of redox state on
DJ-1 protease activity was determined by pre-incubation of 50 pM DJ-1 WT or 50 uM
DJ-1 WTAC protein with 1 mM B-ME, 1 mM H,O,, or H,O at 37 °C for 30 min before

protease activity measurement.
DJ-1 cleavage analysis

For detection of endogenous DJ-1 cleavage in vivo, SH-SYSY cells were treated with
various concentrations of H,O,, rotenone, or MPP" for 24 h as indicated. The levels of
full-length and processed forms of endogenous DJ-1 in the cell lysates were analyzed by
immunoblotting with anti-DJ-1 antibodies P7C and P7F and quantified by using Scion
Image software (NIH). For analysis of DJ-1 self-cleavage in vitro, 7.5 pg of purified
recombinant DJ-1 WT, DJ-1 C106A, or DJ-1 WTAC proteins were incubated with
various concentrations of H,O, as indicated at 37 °C for 30 min in a total reaction volume
of 20 pl containing 50 mM Tris-HCI, pH 7.4, 200 mM NaCl, and 5 mM CaCl,. The
reaction was stopped by boiling in Laemmli sample buffer, and the proteins were

resolved by SDS-PAGE followed by immunoblotting with the P7F antibody.
Cell transfection, immunoprecipitation, and immunoblot analysis

Cells were transfected with the indicated plasmids using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions. Cell lysates were prepared from transfected
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cells and immunoprecipitations were carried out as described previously
(111,169,191,262,264) using anti-HA antibody followed by the recovery of
immunocomplexes with protein G-Sepharose beads (Sigma). Immunocomplexes were
then dissociated by boiling in the Laemmli sample buffer, resolved by SDS-PAGE, and
immunoblotted with the indicated primary antibodies and horseradish peroxidase-
conjugated secondary antibodies. Results were visualized wusing enhanced

chemiluminescence (ECL).

Immunofluorescence confocal microscopy

Cells were fixed in 4% paraformaldehyde, stained with appropriate primary and
secondary antibodies and processed for indirect immunofluorescence microscopy as
described previously (111,169,191,262,264). Analysis and acquisition were performed
using a Zeiss LSM 510 confocal laser-scanning microscope. Images were imported in
TIFF format using LSM-510 software (Carl Zeiss Microlmaging, Inc.) and processed

using Adobe Photoshop (Adobe Systems, Inc.) to adjust the contrast and brightness.

Cell viability and apoptosis assays

Cell viability was assessed using either the lactate dehydrogenase (LDH) release assay as
described (106) or the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as described (Pridgeon et al., 2007; James Lee et al., 2008). For analysis of
apoptosis in transfected SH-SYS5Y cells, transfected cells were identified by the green
fluorescence emitted from co-transfected GFP expression vector and apoptotic cell death
was measured by morphological assessment of nuclei stained with 4',6-diamidino-2-

phenylindole (DAPI, Molecular Probes) as described (Pridgeon et al., 2007). The
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percentage of transfected cells with nuclear fragmentation and chromatin condensation
was scored for apoptosis. For analysis of apoptosis in transfected DJ-1" cortical neurons,
cells were triple-stained with anti-NeuN as a neuronal cell marker, anti-DJ-1 antibody
P7F for detection of transfected wild-type or mutant DJ-1, and DAPI for assessment of
nuclear morphology. The percentage of DJ-1-transfected neurons with apoptotic nucleic
was scored for apoptosis. For analysis of apoptosis in transfected DJ-17" midbrain
neurons, transfected neurons were identified by immunostaining with anti-DJ-1 antibody
P7F, and the extent of apoptotic cell death was determined by measurement of caspase-3
activation with anti-active-caspase-3 antibody and assessment of nuclear integrity with
DAPI staining. The percentage of DJ-1-transfected neurons with active caspase-3

staining or with apoptotic nucleic was scored for apoptosis as described (369) .
Statistical analysis

All experiments were repeated at least three times. Data were subjected to statistical
analysis by ANOVA and a p value of less than 0.05 was considered statistically

significant.

Results

Cleavage of the C-terminal 15-amino acid peptide activates DJ-1 protease function

without affecting its dimerization

We and other groups have previously reported that DJ-1 exists as a homodimer in the
crystal structure (Fig. 1A) as well as in solution (145,149,192,262,338,360). The

monomeric structure of DJ-1 is highly homologous to that of bacterial protease PH1704
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except that DJ-1 has an additional a-helix, helix H8, at the C-terminus (Fig. 1B). This
extra helix is generated because DJ-1 is 15 residues longer at the C-terminus than
PH1704 and other proteases of the Pfpl family (149,338). The H8-containing, 15-amino
acid C-terminal tail is evolutionally conserved in DJ-1 orthologs across different species
(209). In the crystal structure of DJ-1, the 15-amino acid C-terminal tail appears to block
the access of substrates to the putative catalytic site containing the highly conserved,

predicted catalytic nucleophile Cys-106 (Fig. 1A) (145,149,338).

The most commonly known mechanism for activation of protease zymogen is
via specific proteolytic cleavage to remove an N-terminal peptide, often referred to as the
pro-region (252). For some cysteine proteases, such as caspases, the activation involves
the cleavage of an internal linker peptide (86,322). Based on the DJ-1 structural data
(145,149,338) and sequence homology analysis (209), we hypothesized that activation of
DJ-1 protease zymogen may involve the cleavage of its H8-containing C-terminal 15-
amino acid peptide (Fig. 1A). To test this hypothesis, we generated DJ-1 WTAC, a
truncated form of wild-type DJ-1 lacking the C-terminal 15 amino acids (residues 175-
189) (Fig. 1B and 1C). Recombinant DJ-1 proteins were expressed in E. coli and purified
through ion-exchange and size-exclusion chromatography until the protein is pure as seen
a single band on coomassie blue stain (Fig. 1D). The purified recombinant proteins were
confirmed to be DJ-1 using immunoblot analysis (Fig. 1E). Co-immunoprecipitation
analysis showed that HA-tagged DJ-1 WTAC protein was able to dimerize with Myc-
tagged DJ-1 WTAC protein as well as with DJ-1 WT, the full-length form of wild-type
DJ-1 protein (Fig. 2A and 2C), confirming that deletion of the C-terminal 15-residues has

no effect on DJ-1 dimerization. We then assessed the protease activities of purified
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recombinant DJ-1 WTAC and DJ-1 WT proteins (Fig. 2D) by using a continuous, real-
time fluorescence-based protease assay with BODIPY FL-labeled casein as the substrate
(156,262). We found that DJ-1 WTAC protein exhibited much higher protease activity
than DJ-1 WT protein (Fig. 2D and 2E), indicating that removal of the C-terminal 15-

amino acid peptide activates the protease function of DJ-1.

The C-terminally cleaved form of DJ-1 is an active cysteine protease with a

functional Cys-His catalytic diad

Although DJ-1 does not contain a canonical Cys-His-Glu catalytic triad found in the Pfpl
family of cysteine proteases such as PH1704, structural comparison reveals that Cys-106
of DJ-1, like the catalytic nucleophile Cys-100 of PH1704, resides in a “nucleophile
elbow” with a strained backbone conformation (145,149,338). Moreover, Cys-106 is
located in close proximity to His-126 in the crystal structure (Fig. 1A) and has the
potential to form a Cys-His catalytic diad with His-126 (145,338). A functional role of
Cys-106 and His-126 is further suggested by the fact that both of these residues are
evolutionally conserved in all DJ-1 orthologs across various species (21). However,
whether Cys-106 and His-126 can form a catalytic diad is debatable (145,149,338,360)
because in the crystal structure, the His-126 imidazole ring is in an unfavorable
orientation for diad formation as it forms a hydrogen bond with the main-chain carbonyl

group of Pro-184 in the helix H8 (Fig. 1A).

Our finding that removal of the helix H8-containing C-terminal 15-amino acid
peptide activates DJ-1 protease function (Fig. 2) raises the possibility that elimination of

the hydrogen bond formation between His-126 and Pro-184 by the C-terminal cleavage
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may enable His-126 to form a catalytic diad with Cys-106 for carrying out the proteolytic
function of activated DJ-1 protease. To test whether Cys-106 and His-126 can form a
catalytic diad in the activated DJ-1, we used site-directed mutagenesis to generate DJ-1
CI06AAC and H126AAC mutants, which replaced Cys-106 and His-126 with an Ala
residue in the C-terminally cleaved form of DIJ-1, respectively (Fig. 1C). Co-
immunoprecipitation analysis confirmed that neither C106 AAC nor H126 AAC mutation
affected DJ-1 dimerization (Fig. 2B and 2C). Protease activity assays revealed that the
protease activity of DJ-1 WTAC protein was abolished by the C106A mutation of the
predicted catalytic nucleophile Cys-106 (Fig. 2D and 2E). Similarly, the protease activity
of DJ-1 WTAC protein was also abrogated by the H126A mutation of the putative Cys-
His catalytic diad component His-126 (Fig. 2D and 2E). Together, these data support
that the C-terminally cleaved form of DJ-1 is an active cysteine protease which uses the

diad formed by Cys-106 and His-126 for catalysis.

DJ-1 cysteine protease is susceptible to inactivation by oxidation

Cysteine protease usually requires a reducing environment for achieving full activity
because oxidation of the catalytic thiol group on the active site cysteine abolishes its
ability to mediate nucleophilic attack for breaking the peptide bond (322). Given our
result suggesting that DJ-1 functions as a cysteine protease with Cys-106 as the catalytic
nucleophile (Fig. 2D and 2E), we next assessed whether DJ-1, like other cysteine
proteases, can be inactivated by oxidation. Our protease assays revealed that pre-
incubation of DJ-1 WTAC protein with the oxidizing agent HO, (1 mM) for 30 min
completely abrogated protease activity of DJ-1 WTAC protein (Fig. 3A and 3B). In

contrast, pre-incubation with the reducing agent B-mercaptoethanol (3-ME; 1 mM) did
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not significantly alter protease activity of DJ-1 WTAC protein (Fig. 3A and 3B).
Similarly, protease activity of DJ-1 WT was also virtually abolished by pre-incubation
with H,O, but not by pre-incubation with B-ME (Fig. 3C and 3D). These results, together
with the previous report that Cys-106 is the most sensitive cysteine residue of DJ-1 to
H,0,-mediated oxidation(168), further support the function of DJ-1 as a cysteine protease
and indicate that DJ-1 protease, in its active form or precursor form, is susceptible to

inhibition by oxidation.

C-terminal cleavage activates DJ-1 protease by enhancing substrate binding as well

as catalysis

To further characterize the activation of DJ-1 protease function by the C-terminal
cleavage, we performed kinetic analyses of casein proteolysis catalyzed by DJ-1 WT and
DJ-1 WTAC proteins (Fig. 4). The kinetic parameters K,, and Kcs; were determined from
the double reciprocal plots (Fig. 4B and 4D) as described (24) and summarized in Table 1.
As a positive control, we analyzed trypsin-mediated casein proteolysis in parallel and
found that trypsin has a K, of 6.5 uM and Kgy of 1.4 s'l, which are similar to the values
reported previously (90,96), validating our assay system. Our analyses showed that the
Km value of DJ-1 WTAC is more than 5-fold lower than that of DJ-1 WT (Table 1),
suggesting that the cleavage of the C-terminal 15-amino acid peptide enhances substrate
binding. Moreover, DJ-1 WTAC has a 4.6-fold greater Kcq: value than DJ-1 WT (Table 1),
suggesting that the C-terminal cleavage also enhances the catalysis. The combination of
these two effects leads to a 26-fold greater catalytic efficiency (Keat/Kin) for DJ-1 WTAC
compared to DJ-1 WT (Table 1). The increase in catalytic efficiency after zymogen

activation is often referred to as zymogenicity (322,327). Our kinetic studies thus
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indicate that DJ-1 protease has a zymogenicity of 26, when activated by the removal of

the C-terminal 15-amino acid peptide.

Endogenous DJ-1 in dopaminergic cells undergoes C-terminal cleavage in response

to mild oxidative stress

The observed activation of DJ-1 protease zymogen upon removal of its C-terminal 15
residues (Fig. 2 and 4) prompted us to investigate whether endogenous DJ-1 can undergo
C-terminal proteolytic processing in human SH-SY5Y dopaminergic cells. For detection
of C-terminally cleaved form of endogenous DJ-1, we took advantage of two anti-DJ-1
antibodies, P7C and P7F, which we generated and characterized previously (262,264).
P7C was generated against the C-terminal 20 residues of DJ-1 (Fig. 1D), and this
antibody selectively recognizes full-length DJ-1 but not C-terminally cleaved form of DJ-
1, such as DJ-1 WTAC (Fig. 5, A-C). In contrast, P7F was raised against purified full-
length DJ-1 recombinant protein (Fig. 1D), and this antibody is capable of detecting both
full-length and C-terminally cleaved forms of DJ-1 (Fig. 5, A-C). Using these antibodies,
we found that, under normal cell culture conditions, endogenous DJ-1 existed primarily
in the full-length form in cells (Fig. 5, A-C), indicating that, in common with other
proteases, DJ-1 is synthesized as a latent protease zymogen. In response to oxidative
stress induced by H,O, (Fig. 5A), rotenone (Fig. 5B), or 1-methyl-4-phenylpyridinium
(MPP") (Fig. 5C), endogenous DJ-1 underwent C-terminal cleavage, resulting in a
processed form of DJ-1 protein (DJ-1,) that was recognized specifically by the P7F
antibody but not by the P7C antibody (Fig. 5, A-C). The endogenous DJ-1, protein had
an apparent molecular weight of ~17 kDa, which was very close to that of recombinant

DJ-1 WTAC (Fig. 5, A-C), supporting that the proteolytic processing of endogenous DJ-1
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occurs at its C-terminus near residue 174. Interestingly, the level of endogenous DJ-1,
was significantly higher in cells treated with low concentrations of rotenone, MPP", or
H,0, (Fig. 5), namely at a dosage equivalent to the LD, of rotenone, LD;s of H,O, or
LD, of MPP" where there was no overt cell death (Fig. 5 compared with Supplementary
Fig. 1). Together, these data suggest that endogenous DJ-1 protease zymogen in

dopaminergic cells is activated in response to mild oxidative stress.

Previous studies have shown that auto-proteolysis is involved in activation of a
number of protease zymogens (31,115), therefore we sought to determine whether DJ-1 is
capable of auto-proteolysis in response to oxidative stress. Purified recombinant DJ-1
WT, DJ-1 C106A, or DJ-1 WTAC proteins were incubated with various concentrations of
H,0; and the potential proteolysis of these proteins was assessed by immunoblot analysis
with anti-DJ-1 antibody P7F. As shown Supplementary Fig. 2, no detectable self-
cleavage of DJ-1 proteins was observed, arguing against the possibility that DJ-1 is

activated by auto-proteolysis.

DJ-1 protease activation by C-terminal cleavage enhances its cytoprotective

function

To determine the functional consequence of DJ-1 protease activation in cells, we first
examined the effect of DJ-1 C-terminal cleavage on the vulnerability of SH-SYS5Y cells
to oxidative stress induced by PD-relevant toxicant rotenone. Consistent with previous
reports (46,329,377), we found that over-expression of full-length DJ-1 WT protein in
SH-SYSY cells significantly reduced rotenone-induced apoptotic cell death, as measured

by the lactate dehydrogenase (LDH) release assay (Fig. 6A and 6B) and apoptotic nuclear

89



90

morphology analysis (Fig. 7). The cytoprotective action of DJ-1 was further enhanced by
the C-terminal cleavage, as transfected SH-SYSY cells expressing DJ-1 WTAC were
significantly more resistant to rotenone-induced apoptosis than cells expressing similar
level of DJ-1 WT (Fig. 6A and 6B, Fig. 7). The ability of DJ-1 WT and DJ-1 WTAC to
protect SH-SYS5Y cells against rotenone-induced apoptosis were abrogated by the
catalytic site mutations C106A and H126A (Fig. 6A and 6B), indicating that the protease

activity of DJ-1 is required for its cytoprotective action.

To provide further evidence for the involvement of DJ-1 protease activation in
cytoprotection, we assessed the role of DJ-1 C-terminal cleavage in cellular defense
against oxidative stress using the mouse embryonic fibroblasts (MEFs) cultured from the
DJ-1 knockout (DJ-l'/') mice (259). The DJ-1"" MEF cells lack DJ-1 expression, as
confirmed by immunoblot analysis with anti-DJ-1 antibody P7F (Fig. 6C), and thus allow
experiments to directly compare the cytoprotective actions of the full-length and C-
terminally cleaved forms of DJ-1 without interference from endogenous DJ-1. We found

** MEFs to rotenone-

that DJ-1" MEFs were significantly more susceptible than DJ-1
induced cell death (Fig. 6C and 6D). The pro-apoptotic phenotype of DJ-1" MEFs were
suppressed more effectively by expressing DJ-1 WTAC than by expressing DJ-1 WT in
these cells (Fig. 6C and 6D), indicating that the C-terminally cleaved form of DJ-1 has a
stronger cytoprotective capability than the full-length DJ-1. The capability of DJ-1
WTAC and DJ-1 WT to suppress the pro-apoptotic phenotype of DJ-1" MEFs was
abolished by the C106A mutation of the putative catalytic nucleophile (Fig. 6C and 6D).

These data, together with the observed effects of DJ-1 truncation and mutations on its
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protease activity (Fig. 2), support that DJ-1 protease activation by C-terminal cleavage

enhances its cytoprotective function.

Activated DJ-1 protease exerts enhanced neuroprotection against oxidative stress-

induced apoptosis

To directly determine the role of DJ-1 protease activation in neuroprotection, we
expressed the full-length and C-terminally cleaved form of wild type and mutant DJ-1 in
primary cortical neurons cultured from DJ-17 mice. Immunostaining of transfected DJ-
17 cortical neurons with anti-DJ-1 antibody P7F confirmed that DJ-1 WT and DJ-1
WTAC and their C106A mutant forms were expressed at similar levels with an
intracellular distribution pattern (Fig. 8A) similar to that of endogenous DJ-1(262,264).
Apoptosis assays revealed that expression of DJ-1 WTAC protein was significantly more
effective in reducing rotenone-induced apoptosis in DJ-17" cortical neurons than full-
length DJ-1 WT protein (Fig. 8). The ability of DJ-1 WT and DJ-1 WTAC to rescue the
pro-apoptotic phenotype of DJ-17 cortical neurons was abrogated by the protease-dead
C106A mutation (Fig. 8), indicating that the protease activity of DJ-1 is required for its
neuroprotective action. We then repeated the same experiments in primary midbrain
neurons cultured from DJ-17" mice and found that, compared to full-length DJ-1 WT
protein, the C-terminally cleaved form of DJ-1 exerted a stronger neuroprotective action
in DJ-1" midbrain neurons in a protease-dependent manner (Fig. 9). Together, these
findings provide strong evidence that DJ-1 protease activation by C-terminal cleavage

enhances its neuroprotective function.
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Discussion

The identification of homozygous mutations in DJ-1 as a cause for autosomal recessive
PD (2,32,125,135) and the association of abnormal DJ-1 expression with cancer (365,370)
highlight the importance of understanding the biochemical function of this ubiquitously
expressed protein. Although DJ-1 has been implicated in several cellular processes (74),
the precise biochemical function of DJ-1 remains elusive. The present study reveals that
DJ-1 is synthesized as a latent protease zymogen and its C-terminal cleavage activates
DJ-1 cysteine protease function. Our data indicate that DJ-1 protease plays a role in
cellular defense against oxidative stress-induced apoptosis and provide new insight into

the mechanism of action for DJ-1 in normal physiology and PD pathogenesis.

We and other groups have previously shown that DJ-1 exhibits conspicuous
structural and sequence similarity to the Pfpl family of bacterial intracellular proteases
(145,149,192,338,360). However, whether DJ-1 can function as a protease remains
unclear because unlike Pfpl proteases, DJ-1 lacks a canonical Cys-His-Glu catalytic triad
and in the crystal structure, access to its predicted catalytic nucleophile Cys-106 appears
to be blocked by the extra helix (helix H8) at its C-terminus (Fig. 1B). Our biochemical
analyses reveal that full-length DJ-1 protein is a cysteine protease zymogen which can be
activated by cleavage of its helix H8-containing C-terminal 15-amino acid peptide
(residues 175-189). We find that the activated DJ-1 protease, in common with several
known cysteine proteases such as caspases (322,353,359), uses a Cys-His diad formed by
its Cys-106 and His-126 for catalysis. Our kinetic analyses show that the removal of C-
terminal 15-amino acid peptide results in a 5-fold decrease in the K, and a 4.6-fold

increase in the Ke: value, indicating that the C-terminal cleavage activates DJ-1 protease
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by facilitating substrate binding as well as catalysis. These results are consistent with
predictions from the crystal structure of full-length DJ-1 (145,149,192,338,360) and
support a model in which the C-terminal cleavage converts DJ-1 into an active
conformation by removing the helix H8 that blocks substrate entry and eliminating the
interactions (e.g., the hydrogen bond between His-126 and Pro-184) that stabilize the

inactive conformation of the zymogen.

Our finding that the protease activity of the C-terminally cleaved form of DJ-1 as
well as the full-length DJ-1 is abolished by the C106A mutation supports the role of Cys-
106 as the catalytic nucleophile of DJ-1 protease. We have shown that, DJ-1, in common
with other cysteine proteases (322), requires a reducing environment for the catalytic
thiol group to function and its protease activity is inhibited by oxidation. The oxidation-
induced inactivation of DJ-1 protease could explain the failure to detect the protease
activity of full-length DJ-1 in previous studies using non-reducing conditions during
purification of DJ-1 protein and/or in the protease assays (192,303). The active site
cysteine, Cys-106, was found to be oxidized during purification under non-reducing
conditions (360), and similar oxidation of the active site cysteine during purification has

also been reported for other cysteine proteases such as caspases (322).

Our cellular studies indicate that endogenous DJ-1, in common with other
proteases, resides in cells as a latent protease zymogen and requires limited proteolysis at
its C-terminus for activation. Our finding that DJ-1 zymogen is activated by C-terminal
proteolytic processing in response to mild oxidative stress points to a role for DJ-1
protease in cellular defense against oxidative stress. The observation that the C-terminal

cleavage of endogenous DJ-1 is reduced under strong oxidative stress conditions suggests
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that the protease responsible for cleaving endogenous DJ-1 might be a cysteine protease
whose activity is inhibited by oxidation. Our results argue against the possibility that DJ-
1 is activated via auto-proteolysis, although we cannot exclude this possibility completely
because auto-proteolysis of DJ-1 may require a cofactor(s), as in the case of caspase-9
activation by Apaf-1 apoptosome (86). Alternatively, DJ-1 zymogen may be activated by
a yet unidentified protease, similar to the activation of executor caspases by the initiator
caspases or the serine protease granzyme B (86,304). Future studies are needed to further

elucidate the mechanism of DJ-1 protease activation.

The crystal structure of full-length DJ-1 also shows a high degree of structural
similarity to that of E. coli chaperone protein Hsp31 (145,149,192,338,360), and full-
length DJ-1 has been reported to have chaperone activity (192,303). It has been proposed
that DJ-1 chaperone interacts with its client proteins via a hydrophobic patch composed
of a cluster of surface-exposed hydrophobic residues primarily from helix H7 and helix
H8 (192). Consistent with this idea, deletion of DJ-1 helix H8-containing C-terminal 16-
amino acid peptide (residues 174-189), which is predicted to disrupt the proposed
hydrophobic patch, results in a significant reduction in the chaperone activity of DJ-1
(192). The opposite effects of C-terminal truncation on DJ-1 chaperone and protease
activities raise the possibility that DJ-1 is a chaperone-protease dual function enzyme that
switches from a chaperone to a cysteine protease upon oxidative stress-induced C-
terminal cleavage. Previously, a chaperone-protease dual function has been described for
E. coli heat shock protein DegP, which switches from a chaperone to a serine protease at
elevated temperature (65,178,313). In addition, Hsp31 has been suggested to switch from

a chaperone to a cysteine protease in a temperature-dependent manner (214) .
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Our data reveal that DJ-1 protease activation by C-terminal cleavage enhances its
cytoprotective function against oxidative stress-induced apoptosis in both neuronal (SH-
SYSY cells, primary cortical neurons and primary midbrain neurons) and non-neuronal
(mouse embryonic fibroblasts) cells. We find that the cytoprotective action of DJ-1
depends on its cysteine protease activity, as the catalytic site mutations C106A and
H126A abolish the cytoprotective capability of the C-terminally cleaved DJ-1 as well as
full-length DJ-1. Our findings raise the possibility that DJ-1 cysteine protease may exert
cytoprotection against oxidative stress by mediating limited proteolysis of its substrate(s)
or acting as a deubiquitinating or deSUMOylating enzyme (231,357) for regulating
ubiquitination or SUMOylation of its substrate(s). Future studies to identify substrate(s)
of DJ-1 cysteine protease should advance our understanding of DJ-1 cytoprotective

action and its dysregulation in PD and other neurodegenerative diseases.

Acknowledgements

We thank Dr. Charles R. Gerfen and the National Institute of Neurological Disorders and
Stroke/University of California Los Angeles Repository for Parkinson Disease Mouse
Models for providing the DJ-1 knockout mice. The confocal imaging analysis was
performed in Emory Neuroscience Core Facility supported in part by National Institutes
of Health Grants P30 NS055077. This work was supported by National Institutes of

Health Grants NS050650 and AG034126 (LSC) and ES015813 and GM082828 (LL).

95



96

C DJ-1 Constructs

DJ-1WT

DJ-1C108A

DJ-1H126A

189

DJ-1WTAC

189

DJ-1C106AAC

DJ-1H126AAC

'
o ei@ilil
e

!
.

@

[

.
|5

Coomassie stain

—-— DJ'1
) =—DJ-1AC

Figure II-1. Structural comparison of DJ-1 with intracellular protease PH1704 and

generation of DJ-1 mutant proteins. (A) Ribbon diagram of the crystal structure of DJ-

1 dimer. One monomer is colored in green and the other in blue. The a-helix H8 and its

C-terminal region are highlighted in red. The side chains of Cys-106, His-126, and Pro-

184’ (° indicates from the other subunit of DJ-1 dimer) are in purple. The figure was
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produced based on the published DJ-1 structure using the VectorNTI program
(Invitrogen). (B) Superposition of DJ-1 monomer structure (blue) over that of PH1704
(green). The putative catalytic cysteines in PH1704 (Cys-100) and in DJ-1 (Cys-106) are
highlighted in pink and the a-helix H8-containing C-terminal region of DJ-1 in red. (C)
Schematic representation of wild-type and mutant DJ-1 proteins used in this study. (D)
Purification of untagged wild-type and mutant DJ-1 proteins. Lysates from un-induced
or induced E. coli BL21 cells expressing indicated DJ-1 proteins and the fractions
containing DJ-1 proteins purified by Sepharose QXL ion exchange chromatography and
Sephacryl S-100 gel filtration chromatography were resolved on SDS-PAGE, followed
by Coomassie blue stain (left panel) or immunoblotting with the anti-DJ-1 antibody P7F

(right panel).
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Figure II-2. Deletion of the C-terminal tail enhances DJ-1 protease activity without
affecting its dimerization. (A, B) Lysates from HeLa cells expressing the indicated HA-
and/or Myc-tagged DJ-1 proteins were immunoprecipitated with anti-HA antibody,
followed by immunoblotting with anti-Myc and anti-HA antibodies. (C) DJ-1
dimerization was determined by quantification of the intensity of co-immunoprecipitated
Myc-tagged DJ-1 band and normalized to the amount of HA-tagged DJ-1 band in the
same immunoprecipitate. Data represents mean = SEM from three independent
experiments. (D) Protease activity of the indicated proteins was measured by a
continuous, real-time fluorescence-based protease assay using BODIPY FL-casein (10
pg/ml) as the substrate. Fluorimetric recordings of 0.6 uM trypsin (blue), 50 uM DJ-1
WT or DJ-1 WTAC (green), DJ-1 C106A or DJ-1 C106AAC (red), DJ-1 H126AAC
(purple), and BSA (black). RFU, relative fluorescence units. (E) Protease activity of
each protein was quantified by measuring the initial velocity of the proteolytic reaction

from the fluorimetric trace shown in Fig. 2D. Protease activity on the Y-axis indicates
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the measured protease activity of each protein after normalization to the protease activity
of DJ-1 WT. Data represents mean + SEM from three independent experiments. *p <

0.05.
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Figure I1-3. Inhibition of DJ-1 cysteine protease function by oxidation. (A, C)
Protease activity of 50 uM DJ-1 WTAC (A) or 50 uM DJ-1 WT (C) was measured after
pre-incubation with the indicated concentrations of H,O, or I mM B-ME, or mock-
treated (control) at 37 °C for 30 min by a real-time fluorescence-based protease assay
using the fluorogenic substrate BODIPY FL-casein (10 pg/ml). RFU, relative
fluorescence units. (B, D) Protease activity was quantified by measuring the initial
velocity of the proteolytic reaction under the indicated conditions and normalized to the
protease activity of mock-treated DJ-1 WTAC (B) or DJ-1 WT (D). Data represents

mean £ SEM from three independent experiments. *p < 0.05.
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Figure I1-4. Kinetic analyses of the full-length and C-terminally cleaved forms of
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Each data point represents mean + SEM from three independent experiments.
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Figure I1-5. Analysis of C-terminal cleavage of endogenous DJ-1 under normal and
oxidative stress conditions. (A-C) SH-SYS5Y cells were treated with indicated
concentrations of H,O, (A), rotenone (B), or MPP" (C) for 24 h, and the levels of full-
length endogenous DJ-1 (endo. DJ-1) and C-terminally processed form of endogenous
DJ-1 (endo. DJ-1,) in the cell lysates were analyzed by immunoblotting with anti-DJ-1
antibody P7C or P7F as indicated. Purified recombinant full-length DJ-1 WT and DJ-1
WTAC proteins were included as positive controls. Actin was used as a loading control.

(D-F) The levels of the cleaved DJ-1 and full-length DJ-1 proteins were quantified by
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measuring the intensity of the DJ-1, and the full-length DJ-1 protein band, respectively.
Percent cleaved DJ-1 on the Y-axis indicates the level of cleaved DJ-1 protein as a
percentage of the total level of DJ-1 proteins (full-length DJ-1 plus DJ-1,) in each cell

lysate. Data represents mean = SEM from three independent experiments. *p < 0.05.
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Figure I1-6. C-terminal cleavage enhances DJ-1 cytoprotective action and this effect
is dependent on DJ-1 protease activity. (A, C) Lysates from SH-SYS5Y cells (A) or DJ-
1" MEFs (C) transfected with the pCHA vector or indicated HA-tagged wild-type or
mutant DJ-1 were analyzed by immunoblotting with anti-HA antibody (A) or anti-DJ-1
antibody P7F (C). The amount of cell lysates loaded in each lane was verified using anti-
actin antibody. (B, D) SH-SYS5Y cells (B) or DJ-1"" MEFs (D) transfected with indicated
plasmids were treated with 100 nM rotenone for 24 h. The extent of cell death was
assessed by measuring LDH released to the culture medium and normalized to the total
level of LDH release upon cell lysis. Data represent mean + SEM from four independent

experiments. ®Significantly different from the corresponding vector-transfected control
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(p <0.05). bSigniﬁcantly different from the corresponding DJ-1 WT-transfected control

(p <0.05).
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Figure II-7. The ability of DJ-1 to protect against rotenone-induced apoptosis is
augmented by its C-terminal cleavage. (A) SH-SYSY cells co-transfected with an
expression vector encoding green fluorescent protein (GFP) and vehicle (control) or

indicated DJ-1 plasmids were treated with 100 nM rotenone for 24 h. Transfected cells
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were shown by GFP fluorescence (green) and nuclear integrity was assessed by DAPI
staining (blue). Arrowheads indicate transfected cells with apoptotic nuclei. Scale bar, 10
um. (B) Apoptosis is expressed as the percentage of transfected cells with apoptotic

nuclear morphology. Data represent mean + SEM from four independent experiments.

*p < 0.05.
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apoptotic phenotype of DJ-17 cortical neurons. (A) DJ-1"" cortical neurons transfected
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with indicated DJ-1 plasmids were treated with 5 nM rotenone for 24 h. Neurons were
stained with anti-NeuN antibody (green), transfected neurons were identified by anti-DJ-

1 (P7F) immunostaining (red) and nuclear integrity was assessed by DAPI staining (blue).
Arrows indicate neurons with normal nuclei, whereas arrowheads indicate neurons with
apoptotic nuclei. Scale bar, 10 um. (B) The expression level of wild type or mutant DJ-1
protein was quantified and is presented as the fluorescence intensity of DJ-1
immunofluorescence in transfected neurons. Data represent mean = SEM from three
independent experiments. RFU, relative fluorescence units. (C) Apoptosis is expressed

as the percentage of transfected neurons with apoptotic nuclear morphology. Data

represent mean = SEM from four independent experiments. *p < 0.05.
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Figure II-9. C-terminal cleavage enhances the ability of DJ-1 to rescue the pro-
apoptotic phenotype of DJ-1" midbrain neurons. (A) DJ-17" midbrain neurons

transfected with indicated DJ-1 plasmids were treated with 5 nM rotenone for 24 h.
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Transfected neurons were identified by anti-DJ-1 (P7F) immunostaining (red), caspase-3
activation was assessed with anti-active-caspase-3 antibody (green) and nuclear
morphology visualized by DAPI staining (blue). Arrows indicate neurons with normal
nuclei and no active caspase-3 staining, whereas arrowheads indicate neurons with
apoptotic nuclei and active caspase-3 staining. Scale bar, 20 pm. (B) The expression level
of wild type or mutant DJ-1 protein was quantified and is presented as the fluorescence
intensity of DJ-1 immunofluorescence in transfected neurons. Data represent mean +
SEM from three independent experiments. RFU, relative fluorescence units. (C, D) The
percentage of transfected neurons with active caspase-3 staining (C) or with apoptotic
nuclei (D) was quantified. Data represent mean = SEM from four independent

experiments. *p < 0.05.
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Figure 1I-10. Rotenone, MPP+, and H,O; induce cell death in SH-SYSY cells in a
dose-dependent manner. Cells were treated with indicated concentrations of rotenone,
MPP", and H,O, for 24 h, and the extent of cell survival was assessed by using the MTT

assay. Data represent mean + SEM from six to eight independent experiments.
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Table II-1 Summary of DJ-1 Kinetic parameters

Keat (s™) K (LM) Keat /K (M8
DJ-1 WT 0.023 +0.018 173.4+23.7 1.3 x 10°
DJ-1 WTAC  0.105+0.011 313+3.0 3.4 x10°

Trypsin 1.436 +0.234 6.5+0.3 2.2 % 10°
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CHAPTER III

MET-17 AND MET-26 ARE CRITICALLY INVOLVED IN DJ-1 ZYMOGEN

ACTIVATION AND CYTOPROTECTIVE FUNCTION
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ABSTRCT

PD linked protein DJ-1 exists as a zymogen that is activated by C-terminal cleavage in
responseto mild oxidative stress, but the molecular mechanisms regulating DJ-1 zymogen
activation remain unclear. Two methionines, M171 and M26I, on DJ-1 are oxidized in
brains from normal human beings, suggesting that oxidation of these two methionine are
physiologically relevant. To understand whether methionine oxidation regulates DJ-1
zymogen activation, we studied the role of individual methionine on DJ-1. Here we
report that M171 and M261 mutations prevented DJ-1 zymogen activation. Furthermore,
the loss of zymogen activation caused by M 171 mutation is not due to changes in protein
structure or stability. However, M26]1 mutant displays reduced secondary structure,
thermal stability and protein stability, suggesting that structural disturbance may
contribute to the loss of zymogen activation and protease activity induced by the PD
linked mutation M261. Moreover, we found that DJ-1 M171, M261, and M1331 mutants
loss cytoprotective function, implying that these methionines are important for DJ-1
cytoprotective function. Our findings suggest that Met-17 and Met-26 are important for
DJ-1 zymogen cleavage and cytoprotection. Additionally, data presented in this study
also provide novel insights into the pathogenic mechanisms of the PD linked M26I

mutation.
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INTRODUCTION
Parkinson disease (PD) is a progressive neurodegenerative disorder pathologically
characterized by loss of dopaminergic neurons in nigrostriatal pathway. The etiology of
PD is complex, with contributions from both environmental factors and genetic
predisposition (72). Autosomal recessive mutations in DJ-1 cause early onset familial
form of PD (32), suggesting that DJ-1 is important in maintaining normal neuronal
functions and survival. In support of this hypothesis, DJ-1 has been shown to protect
neuronal cells against apoptosis induced by oxidative stress (45,54,74,114,166), although
the precise molecular mechanisms are unclear. We have previously shown that DJ-1
exists as a zymogen that is activated by C-terminal proteolysis in response to mild
oxidative stress and protease activity of DJ-1 is required for its cytoprotective function

(51). However, how DJ-1 zymogen is activated in response to oxidation remains

unknown.

Methionine is a sulfur-containing amino acid that is susceptible to oxidation.
Methionine can be oxidized to form methionine sulfoxide (MetO) and methionine sulfone
(MetO,) (319). Oxidation of methionine to MetO can be reversed by methionine
sulfoxide reductases (Msr) (50), and the reversible oxidation of Met has been shown to
mediate redox-dependent signaling similar to the cysteine-based redox regulatory system
(147). Methionine oxidation to MetO, is irreversible and usually leads to loss of
biological functions (147). DJ-1 contains four methionine residues, among them the
positions 17 and 26 in human DJ-1 are occupied by hydrophobic residues from different

species and are well conserved in all mammalian species (Fig.1A) (150,338). Notably,
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homozygous mutation of M26I was identified in a patient with early onset PD (2), but
controversial results have been reported regarding the secondary structure, oligomeric
state, protein stability, and intracellular localization of DJ-1 M26I mutant
(29,151,184,199,331,371). The influence of M26I mutation on DJ-1 protease activity or
zymogen activation has not been studied. Interestingly, we have previously demonstrated
that Met-17 and Met-26 were oxidized to MetO in control brain samples while Met-133
and Met-134 were not (59). Based on the proximity of Met-17 and Met-26 to helix HS
(Fig. 1B) and their susceptibility to oxidation, it is plausible that oxidation of Met-17 and
Met-26 is physiologically important and may induce local conformational changes
necessary for the activation of DJ-1 zymogen. These findings raise our interest in
examining the roles of methionine, reversible oxidation of methionine in particular, in

regulating DJ-1 structure and function.

To understand the role of individual methionine residue in DJ-1 zymogen
activation and to further characterize the pathological mechanisms of M261 mutation, we
conducted a systematic methionine mutagenesis. We found that M 171 mutation abolishes
zymogen cleavage without affecting secondary structure and thermal stability of DJ-1
protein. While DJ-1 M261 zymogen is also unable to be cleaved to generate mature
protease, it is also slightly unfolded and unstable. Additionally, we showed that
cytoprotective function of DJ-1 is abolished by M171, M26l, and M133] mutations.
Findings presented in this study reveal a potential role of methionine oxidation in
activating DJ-1 zymogen and cytoprotection, and elucidate the pathogenic mechanisms of

the PD linked mutation M261.
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EXPERIMENTAL PROCEDURES

Expression constructs and reagents

DJ-1 WT and mutants were cloned into mammalian expression vectors with the indicated
epitope fused to the amino-terminal of DJ-1 protein as described (51). All expression
constructs were sequenced to confirm that the fusion was in the correct reading frame.
The rabbit polyclonal anti-DJ-1 antibodies, P7F and P7C, generated against purified full-
length recombinant DJ-1 protein and a synthetic DJ-1 C-terminal peptide (residues 171—
189), respectively, were described in our previous studies (262) . Other antibodies used in
this study include the following: anti-HA (12CAS5), anti-Myc (9E10.3, Neomarkers), anti-
actin (Chemicon), and anti-MAP2 (Millipore). All secondary antibodies were purchased

from Jackson ImmunoResearch Laboratories, Inc.

Protein expression and purification

Wild-type and mutant DJ-1 proteins were expressed as untagged proteins and purified
from BL21 E. coli (CodonPlus) as described previously (260,262). Briefly, bacterial
lysates were fractionated by ammonium sulfate, followed by Sepharose QXL ion
exchange chromatography and Sephacryl S-100 gel filtration chromatography
(Amersham). Fractions containing DJ-1 were identified by SDS-PAGE and confirmed by
immunoblot analysis with anti-DJ-1 antibody P7F. Protein concentration was determined

by using the bicinchoninic acid assay (Pierce).

Circular dichroism analysis of recombinant DJ-1 proteins

Circular dichroism (CD) spectra were acquired on an AVIV 62 DS spectrometer

equipped with a sample temperature controller as previously described (51,262). Far-UV
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CD spectra of 12.5 uM recombinant DJ-1 proteins were monitored from 200 to 250 nm
with a step size of 0.5 nm and slit width of 1.5 nm, using a 0.1 cm path-length quarz
cuvette at 25 °C. Each spectrum is the average of five scans. The results are expressed as
the mean residue ellipticity, [@]ure (deg-cm®/ dmol) = [@]ows / 10 [p]nl, where [@]ops is
the observed ellipticity in millidegrees, [p] is the molar concentration of the protein, n is
the number of residue per mole of protein, and 1 is the pathlength in centimeters. The
percentage of a-helix was calculated using the assumption that for 100% a-helix, the
[@]mre at 222nm is [O]222 = -36,300 (1-2.57/x), where x is the number of amino acids in
the protein (262). Thermal denature measurements were performed at a wavelength of
222 nm in 2°C increments from 5°C to 95 °C with an equilibration time of 1 min and an
integration time of 30 sec. Melting temperature is defined as the temperature at which

50% of the a-helical structure is denatured as described (55).
Cell transfection, immunoblot and immunoprecipitation analysis

SH-SYSY cells were transiently transfected with the indicated plasmids using
lipofect AMINE 2000 (Invitrogen) for 24h as instructed by the manufacturer. Lysates
from the cells were immunoprecipitated using anti-HA antibody (12CAS5). The
immunocomplex was recovered by incubation with protein G-Sepharose beads (Sigma)
and then dissociated by boiling in the Laemmli sample buffer, resolved by SDS-PAGE
and probed with the indicated antibodies. Antibody binding was detected by using the

enhanced chemiluminescence system (Amersham Biosciences).

Pulse-chase assay
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Pulse-chase experiments were performed as described previously (262). Briefly, SH-
SYSY cells expressing N-terminally Myc-tagged DJ-1 WT or DJ-1 mutants were labeled
by incubation for 1 hr with Met/Cys-free medium containing 100 uCi of [°S] Met/Cys
express protein labeling mix (MP Biologicals). After extensive washes, cells were
incubated for the indicated chase time in non-radioactive media containing excess
Met/Cys. At the indicated time points, cells were lysed and equal amount of proteins
from each lysate was subjected to immunoprecipitation using an anti-Myc antibody.
Immunoprecipitated proteins were resolved by SDS-PAGE and analyzed by a

Phosphorlmager (Amersham Biosciences).
Treatment of cells with proteasome inhibitor

SH-SYSY cells expressing N-terminally Myc-tagged wild-type or mutant DJ-1 were
incubated for 16 hr at 37 °C with the proteasome inhibitor MG132 (20uM, Sigma) or
vehicle [0.1 % Me,SO (DMSO)]. Cells were then lysed, and an equal amount of proteins
from each lysate was analyzed by immunoblotting for Myc-tagged DJ-1 and actin. The
relative level of wild-type or mutant DJ-1 was quantified using Scion program (NIH) and
normalized against the actin level in the corresponding cell lysate from the same gel. To
control for the possibility of overexposure, each immunoblot was subjected to multiple
exposures. The intensities of the DJ-1 bands from at least two different exposures of the
same immunoblot were quantified and the average for comparison. Experiments were
repeated at least three times, and the data were subjected to statistical analysis using one-
way ANOVA analysis followed by Dunnett’s Post-Hoc test, compare to DJ-1 WT

expressing cells.
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Primary cortical neuronal cultures and virus infection

DJ-1 knockout mice were generated and described previously (262). Primary cortical
neuronal cultures were prepared from postnatal 0.5 day (P0.5) wild-type and DJ-1
knockout pups and plated onto poly-L-lysine-coated glass coverslips at a density of
50,000 cells/ cm” as described previously (260). Primary cortical neuronal cultures were
maintained in NeuroBasal Media (Gibco) supplemented with cytosine arabinoside (AraC)
(Sigma) for 3—7 days. DJ-17" cortical neurons were infected with lenti-virus carrying
either an empty vector encoding eGFP, or N-terminally HA-tagged DJ-1 proteins at a
multiplicity of infection (MOI) of 5 and allow to incubate for 48 h before experiments as

described (51,110,191).

Cell death and apoptosis assays

Cell viability assay in SH-SYSY cells transiently expressing Myc-vector or indicated
Myc-DJ-1 was assessed using the lactate dehydrogenase (LDH) (Roche) release assay as
described (14,78). Cells were treated with 200 nM rotenone for 24 h and LDH activity in

the culture media was measured.

For flow cytometry assay, SH-SYSY cells stably overexpressing indicated DJ-1 or
empty vector were treated with 200 nM rotenone for 24 h in trigas incubator with 5% O,
and 5% CO, level. Cells were washed with PBS three times, followed by resuspending in
PBS containing 0.1 uM of calcein acetoxymethyl (CaAM, Invitrogen) and 1 pM of
ethidium homodimer-1 (EH-1, Sigma) at a density of 0.5 X 10° cells /ml. Cells were

incubated at dark for 20 min and before analyzed using BD LSRII flow cytometer.
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Samples were excited using 488 nm laser. EH-1 was detected using 550LP dichroic
mirror and passed through 575/26 nm bandpass filter. CaAM was detected using S05LP
dichroic mirror and passed through 530/30 nm bandpass filter. Compensations were
calculated using unstained cells and single-fluorescence stained cells. 10,000 events were
collected for each sample. Cell derbies were gated out using side-scatter parameter. The
same quadrant gating parameters on CaAM and EH-1 scatter graph were applied to all

samples for quantification of cell death. Data was analyzed using FlowJo software.

For analysis of apoptosis in primary neurons, cells infected with lentivirus for 48 h
were treated with 5 nM rotenone for 24 h before fixation. Neurons were triple-stained
with anti-MAP2 as a neuronal cell marker, anti-DJ-1 antibody P7F for detection of
transfected wild-type or mutant DJ-1, and DAPI for assessment of nuclear morphology.
The percentage of DJ-1-transfected neurons with apoptotic nucleic was scored for

apoptosis as described (51).

Statistical analysis

All experiments were repeated at least three times. Data were subjected to statistical
analysis by ANOVA and a p value of less than 0.05 was considered statistically

significant.
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RESULTS

M171 and M261 mutations abolish DJ-1 zymogen activation without affecting

dimerization

DJ-1 zymogen needs to be converted to an active protease through proteolytic process at
the C-terminus by unknown mechanisms in response to mild oxidative stress (51).
Although the redox-dependent events that trigger the proteolysis of DJ-1 under mild
oxidation remain to be identified, it is possible that the proteases cleaving DJ-1 are active
under mild oxidation. It is also plausible that oxidative modification on DJ-1 induces
conformational changes of DJ-1 that make it a better substrate for the C-terminal
proteolysis. To investigate the latter possibility, we compared the C-terminal cleavage of
DJ-1 WT and methionine mutants under mild oxidation conditions as described (51).
Briefly, C-terminally truncated DJ-1 can be recognized by P7F antibody generated
against the full length DJ-1 but cannot be recognized by P7C antibody generated against
the C-terminal 20 amino acids of DJ-1 (51). As expected, Myc-tagged DJ-1 WT could be
cleaved at the C-terminus, generating Myc-DJ-1AC with similar length as the active form
of DJ-1 protease when cells were treated with either rotenone or H,O, (Fig.2A and 2B).
DJ-1 M133I and DJ-1 1341 mutants had similar C-terminal cleaved species as Myc-DJ-
IWTAC and the percentage of DJ-1 M 1331 and M 1341 zymogen activation is comparable
to that of DJ-1 WT (Fig.2C and 2D). This suggests that oxidation of Met-133 and Met-
134 is not involved in regulating DJ-1 C-terminal proteolysis. However, DJ-1 M17I and
DJ-1 M26I did not have the C-terminal cleaved species with similar molecular weight as
Myc-DJ-1WTAC in response to mild oxidative stress (Fig.2), suggesting that oxidation of

these two residues might be required for the activation of DJ-1 zymogene. It is also likely
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mutations of these two residues disrupt dimerization of DJ-1, resulting in unfolding of
DJ-1 protein. Interestingly, DJ-1 M26I mutant had a distinctive cleaved form missing
around 4kDa of the C-terminal tail under both normal and oxidizing conditions (referred
to as Myc-DJ-1 M26IAC1), implying that mutation on Met-26 may alter the folding and

dimerization of DJ-1 resulting in abnormal proteolysis of DJ-1.

DJ-1 has been reported to form homo-dimer by several groups (338,361) and the
dimer formation is thought to be important for the stability of DJ-1 (262). To determine
whether loss of zymogen activation caused by M171 and M26I is due to disruption of DJ-
1 dimerzation, we performed co-immunoprecipitation assay in a neuronal cell line SH-
SYSY co-expressing HA- and Myc-tagged DJ-1 proteins. If DJ-1 can form homodimer,
Myc-tagged DJ-1 should be able to be immunoprecipitated using antibody against HA-
tag. All the Met mutants, even DJ-1 M26I mutant, could form homodimer as well as
heterodimer (Fig.3), similar as DJ-1 WT (data not shown for DJ-1 WT homodimer)
(51,262). This finding suggests that the prevention of zymogen cleavage by M171 and

M26I mutations is not due to disruption of dimerization.

M26I mutation, but not M17, M1331, or M1341, inhibits DJ-1 protease activity

We have previously shown that DJ-1 functions as a cysteine protease and protease
activity of DJ-1 is required for its neuroprotection (51). To determine whether any
methionine residue is critical for the protease activity of DJ-1, we assessed protease
activity of the recombinant wild-type and mutant DJ-1  proteins as described (51). Same

concentration of DJ-1 M171, M1331 and M1341 zymogen displayed similar protease
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activity as DJ-1 WT zymogen (Fig. 4A and 4B), suggesting that these three methionines
are not crucial for DJ-1 protease activity. Furthermore, protease activity of DJ-1 M17IAC,
M133IAC and M134I AC was not significantly different from that of DJ-1 WTAC (Fig.
4C and 4D), indicating that these methionines are not involved in DJ-1 protease activity
when DJ-1 is converted to an active protease. However, DJ-1 M26I and DJ-1 M261 AC
lost protease activity, indicated by almost no hydrolysis of the substrates (Fig. 4). These
findings suggest that although both M171 and M26I mutations abolish DJ-1 zymogen

activation (Fig.2), only M26I mutation inhibits DJ-1 protease activity (Fig. 4).

Only M261 mutation affects secondary structure and thermal stability of DJ-1

protein

To examine whether methionine to isoleucine mutations will affect DJ-1 protein folding
and secondary structure, we assessed secondary structure content and thermal stability of
these mutants using circular dichroism spectroscopy. Consistent with previous report, the
far-UV CD spectrum of wild-type DJ-1 showed characters of both a-helix and B-strands
(254), indicated by the negative ellipiticity at 222 nm and 218 nm (Fig. 5A). The
secondary structure content of wild-type DJ-1 in solution is approximately 35.7% a-helix,
determined using method as described (262). The value agrees with the secondary
structural content of DJ-1 calculated from the crystal structure using PDB annotation for
secondary structure in 1P5F. In contrast, M26I mutant has lower a-helix content (29.6%)
(Fig. 5D and table 1) compared to wild-type DJ-1 protein, implying that this mutation

may cause local structural perturbation or global destabilization. The far-UV CD spectra
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of the M17I, M1331 and M1341I after normalized to molar protein concentration are
similar to the spectrum of the wild-type DJ-1 protein, suggesting that these three mutants
preserve the secondary structure of DJ-1 protein (Fig. 5D and 5F). All these three mutants
have similar percentage of a-helix as the wild-type DJ-1 (table 1), consistent with the

notion that substitution methionine with isoleucine is a conservative mutation (11,147).

To further assess the structural effects of each mutant, we monitored the melting
temperature (T,,) of each protein using thermal denature CD at 222 nm as a measurement
of a-helix content. In agreement with previous report, the Ty, of DJ-1 WT is about 70 °C
(Fig.5B and table 1) (151,213). The Ty, of DJ-1 M26I mutant is 7 °C lower than that of
DJ-1 WT, implying that the a-helix structure of DJ-1 M26I is more unstable that DJ-1
WT (Fig. 5E and tablel). All other full length mutants have similar Ty, as DJ-1 WT,
suggesting that these mutations do not affect the stability of the secondary structure

(Fg.5E, 5G and tablel).

The spectrum of the active DJ-1 protease without the C-terminal o-helix (DJ-
IWTAC) displays characters of both a-helix and B-strand as well, similar to DJ-1 WT
(Fig. 5A). However, DJ-1WTAC has lower a-helix content (33.5%) compared to DJ-1
WT (35.7%), as would expected since DJ-1WTAC has one less a-helix than DJ-1 WT.
The Ty, of DJ-IWTAC is 5°C lower than DJ-1 WT (Fig. 5B and table 1), suggesting that
the active form of DJ-1 protease is more dynamic in secondary structure than DJ-1
zymogen. Compared to DJ-1WTAC, the Ty, of DJ-1C106A AC, M17IAC, M133IAC, and
M134IAC is within +2 °C different from that of DJ-1 WTAC (Fig. 5B, Suppl. Fig.1 and
table 1). The % of o-helix of these mutants is only + 1% different from that of DJ-1

WTAC (Fig. 5B, Suppl. Fig.1 and table 1). Therefore, these mutations may not affect the
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secondary structure and thermal stability of the active form of DJ-1 protease. However,
DJ-1M26IAC has 22.5% less a-helix compared to DJ-1WTAC and has a Ty, of 52 °C, 13
°C lower than DJ-1WTAC (Suppl. Fig.1 and table 1). The structural disturbance caused
by M26I mutation is observed in both DJ-1 full length and DJ-1AC background,
suggesting that Met-26 is structurally important for both DJ-1 zymogen and mature DJ-1
protease. Although M261 mutation does not disrupt dimerization (Fig.3), it seems to alter

the secondary structure and thermal stability of DJ-1 protein.

M261 mutant is unstable and degraded by ubiquitin proteasome pathway

We and others have shown that DJ-1 WT protein is a long-lived protein and is not
degraded through ubiquitin proteasome pathway under physiological condition (262).
Since M26I mutant displayed reduced secondary structure (Fig.5 and tablel), we next
wanted to examine whether M261 protein is not stable as protein unfolding may lead to
destabilization. We examined the half-life (t;2) of the DJ-1 methionine mutants using
pulse-chase assay and found that the t;, DJ-1 WT protein is about 34 h (Fig. 6),
consistent with previous report (50). However, DJ-1 M261 has a shorter half-life (21.3 h)
than DJ-1 WT (Fig.6A and 6B), suggesting that M26]1 mutation may cause

conformational changes in DJ-1 protein resulting in faster degradation.

One of the PD linked mutant DJ-1 L166P has been shown to be degraded through
proteasome system, a major route for degrading misfolded proteins or short-lived protein
(262). Next we investigated whether DJ-1 M261 mutant, which has a shorter t;, than DJ-1
WT, is also degraded by proteasome. We found that the level of DJ-1 WT was not

increased by treatment of proteasome inhibitor MG132 (Fig. 7A and 7B), consistent with
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previous report that DJ-1 WT was not degraded via proteasome system (262). However,
the basal level of DJ-1 M26I mutant was much lower than that of DJ-1 WT and other
mutants (Fig. 4D), in agreement with other reports (262). Furthermore, protein level of
DJ-1 M26I mutant was significantly increased by the impairment of proteasomal function
(Fig.7D and 7E), indicating that DJ-1 M26I mutant is partially degraded through
proteasome system. Most of the proteins degraded through proteasome systems are
marked by poly-ubiquitination then targeted to proteasome for degradation. To test
whether DJ-1 M26] mutant is poly-ubiquitinated, we performed in vivo ubiquitination
assay and found that DJ-1 M26I could be poly-ubiquitinated (Suppl.2A). The poly-
ubiquitinated DJ-1 M261 was enhanced when proteasomal function was inhibited by
MGI132, suggesting that the ubiquitinated DJ-1 M26I was mostly degraded through
proteasome system. These findings support that hypothesis that DJ-1 M26I is degraded
through ubiquitin proteasome pathway. Additionally, we also demonstrate that M261
forms aggregate upon impairment of proteasome or macroautopahgy function (Suppl Fig.
2C), suggesting that misfolded M26I can be degraded by both proteasomal and lysosomal

pathways.

Surprisingly, M171 mutant had much longer t;, than DJ-1 WT (Fig.4A and 4B),
indicating that oxidation of Met-17 may normally facilitate the degradation of DJ-1
protein since preventing oxidation of methionines could prolong its half-life. However,
preventing oxidations on Met-133 or Met-134 did not appear to affect the t;, of DJ-1
protein (Fig. 4A and 4C), implying that oxidations on these two methionine residues will

not affect the stability of DJ-1 protein.
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Met-17, Met-26 and Met-133 are critical for DJ-1 cytoprotective function

DJ-1 has been extensively reported to have neuroprotective function (29,199,331) and
protease activity of DJ-1 is required for its neuroprotection (45,330,378). To determine
how individual methionine residue regulates DJ-1 cytoprotective function, we first
examined the effects of DJ-1 WT and methionine mutants on the vulnerability of SH-
SYSY cells to oxidative stress induced by rotenone. SH-SYSY cells either transiently
overexpressing (Fig. 8A and 8B) or stably overexpressing (Fig. 8C and Fig. 8D) Myc-DJ-
IWT have significantly reduced cell death induced by rotenone compared to cells
overexpressing Myc-vector, as measured by LDH release assay (Fig. 8B), and percentage
of cells stained positive with EH-1 and negative with CaAM for dead cells using flow
cytometry (Fig. 8D and Suppl. Fig.3). The cytoprotective function of DJ-1 was abolished
by mutation of M17I, M26l, and M1331 (Fig. 8), suggesting that either preventing
oxidation of these methionine residues (M171 and M133I) or structural disturbance

introduced by these mutations (M261) could abrogate DJ-1 function.

To provide further evidence that selective methioines are critical for DJ-1
neuroprotective function, we assessed cytoprotective function of DJ-1 WT and the
methionine mutants in primary cortical neurons cultured from the DJ-1 knockout (DJ-1 ')
mice. The DJ-1 7 cortical neurons allow for direct comparison the cytoprotection of DJ-1
WT and methionine mutants without interference with endogenous DJ-1 as they lack DJ-
1 expression, confirmed by immunocytochemistry analysis with anti-DJ-1 antibody (P7F)
(Fig.9A). All DJ-1 proteins have similar intracellular distribution as endogenous DJ-1,
and were expressed at similar level except for DJ-1 M261 mutant (Fig. 9A and 9B) (51).

Expression of DJ-1 WT protein significantly reduced rotenone-induced apoptosis in DJ-1
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" neurons, compared to neurons expressing empty-vector, consistent with previous
reports that DJ-1 has neuroprotection. However, neurons expressing DJ-1 M171, M26I,
and M133I have significantly higher apoptosis than neurons expressing DJ-1 WT,

confirming our findings in dopaminergic cell lines (Fig. 9).
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DISCUSSION

We have previously demonstrated that DJ-1 exists as a zymogen and is activated by C-
terminal cleavage under mild oxidation , but the mechanisms regulating DJ-1 zymogen
cleavage are unknown (380). Findings presented in this study support that Met-17 and
Met-26 are required for DJ-1 zymogen cleavage in response to mild oxidative stress.
Additionally, our data also suggest that reduced secondary structure and destabilization of

DJ-1 protein are the primary pathogenic mechanisms of DJ-1 M261 mutation.

Our results demonstrate that mutation of Met-17 and Met-26 prevents zymogen
activation without affecting DJ-1 dimerization (Fig.2 and Fig.3). Notably, these two
methionines are buried in the core of DJ-1 protein and are close to the helix 8 (HS,
highlighted in purple in Fig. 1B) (150,338), which has been shown to inhibit DJ-1
protease function (51). But in contrary to the conventional thinking that methionines at
protein surface are more easily oxidized than those located at the core of the protein
(196,197,319,321), Met-17 and Met-26 are more prone to oxidation. These two
methionines were found to be oxidized to MetO (a reversible oxidation) in control brain
samples while Met-133 and Met-134 are not (59). Based on the proximity of Met-17
and Met-26 to helix H8 and their susceptibility to oxidation, it is plausible that oxidation
of Met-17 and Met-26 is physiologically important and may induce local conformational
changes necessary for the activation of DJ-1 zymogen. Furthermore, unlike DJ-1 M26I
that has reduced protease activity, DJ-1 M171 has comparable protease activity as DJ-1
WT, either in the precursor form or in the active form) (Fig.4), suggesting that DJ-1 M171

specifically affects zymogen activation while DJ-1 M26I may have more general effects.
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We also found that DJ-1 M171 mutant has normal secondary structure and therefore is

unlikely to alter the global structure of DJ-1 protein (Fig. 5).

Our findings further suggest that the PD relevant M261 mutant adopts a less well-
folded structure and is unstable, which may account for its loss-of-function. While DJ-1
M261 has been demonstrated to loosen the packing of DJ-1 by repelling the Ile-31 residue
(151,184), it has also been shown to cause no significant changes in secondary structure
and stability of DJ-1 protein (151). Our data suggest that DJ-1 M26I mutant has lower a-
helix content and is stable than DJ-1 WT (Fig.5, Fig.6 and table 1), supporting that DJ-1
M261 is slightly unfolded. The degradation pathway and solubility of DJ-1 M26I has not
been determined previously. We demonstrated here that DJ-1 M261 mutant is partially
degraded through ubiquitin proteasome pathway and macroautophagy, characteristic of
misfolded or unfolded proteins (Fig.7 and Suppl.2). Additionally, DJ-1 M26I mutant also
forms aggregate when proteosomal and autophagic degradation is inhibited (Suppl.2),
suggesting that the misfolded DJ-1 M261 is cleared by both pathways. These findings
have provided novel insights into the pathological mechanisms PD caused by M26I

mutation.

We found that mutations of Met-17, Met-133, and Met-134 to Ile do not affect
protein folding and thermal stability (Fig.2), consistent with the notion that Met to Ile
mutation is conservative (184). Our data showing that the stability of DJ-1 is unaltered by
M1331 and M1341 mutations (Fig. 6) is in agreement with a previous report (254).
However, using a more sensitive assay (pulse-chase assay) we found that M 171 mutation

stabilizes DJ-1 protein instead of reported no change in protein stability (352), It is
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unlikely that M171 mutant alters the secondary structure of DJ-1 protein as we
demonstrated that DJ-1 M171 has similar a-helix content and Ty, as DJ-1 WT using
CD measurement (Fig.5). However, DJ-1 protein has been shown to be unfolded under
oxidizing condition (352), which may lead to faster degradation of DJ-1 protein. It is
possible that Met-17 residue on DJ-1WT is oxidized to some degree at basal condition
without causing global changes in protein folding but will accelerate DJ-1 degradation.

Therefore, preventing the oxidation of Met-17 by mutagenesis could stabilize DJ-1.

Our data reveal that M 171, M261 and M 1331 mutations abolish DJ-1 cytoprotective
function against oxidative stress induced apoptosis. The lack of cytoprotective function of
DJ-1 M26I is possibly due to structural disturbance. Although oxidation of Met-17 may
contribute to the faster degradation of DJ-1 without altering global secondary structure,
the stabilization of DJ-1 protein via M17] mutation does not necessarily enhance its
cytoprotective function. As we have shown that M171 mutant cannot be converted to a
mature protease (Fig. 2) and the protease activity of DJ-1 is required for its
cytoprotection (59). The deficiency in protease activation could explain the loss of
cytoprotective function of DJ-1 M171. Although M1331 mutation does not affect DJ-1
zymogen cleavage, protease activity, secondary structure or protein stability, it still
abolishes DJ-1 cytoprotective function. Since Met-133 residue is at the periphery of DJ-1
protein, this residue may involve in establishing protein-protein interaction in response to
oxidative stress , which may be necessary for DJ-1 to activate down-stream effectors. In
conclusion, our study suggests that selective methionine residues (Met-17 and Met-133)

serve important signaling roles and are critical for DJ-1 cytoprotective function via
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different mechanisms. Our findings also provide further evidence that the PD linked
mutation M26I causes unfolding of DJ-1 protein and faster degradation through ubiquitin
proteasome system and macroautophagy, therefore account for the lack of cytoprotective

function of DJ-1 M261.
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Fig.1. Alignment of DJ-1 methionine residues and depiction of methionines in DJ-1
homo-dimer structure. (A) Sequence alignment of DJ-1 proteins containing the four
methionine reisudes (highlighted in red) in DJ-1 homologues from different species.
Accession numbers are as follows: Hs DJ-1,NP_009193; Rn DJ-1, NP_476484.1; Ms DJ-
1, NP 065594.2; Xl DJ-1, NP 001083896.1; Dm DJ-1, NP 651825.3; Ce DJ-1,
AAB37889.1. Hs, Homo sapiens; Rn, Rattus norvegicus; Ms, Mus musculus; XI, Xenopus
laevis; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans. (B) The 3D-structure
of the DJ-1 homodimer was determined by X-ray crystallography previously (PDB
ID:1Q2U) (51) and illustrated using Invitrogen 3D Molecular Viewer software. One
monomer was depicted in blue and the other in green. Side-chains of the four

methionines were highlighted in red. a-helix H8 were highlighted in magenta.

136



137

A Control Rotenone c 18 -
ocTL
2 £z832 § =z83°¢ s ™ Ratenone
g - 2 - = 15
wa  $EEE53F $E5E 55 =
37— —— o
T 121
bt "‘b e .
g 9
26— e c
20— . § - =— DJ-1M26I1ACH % 6
3 : g
©— [Em ww E 3]
N
m W - actin ol
37— WT  M171 M261 M1331 M134l
B
Control H,0, D
- = 18 1
=3 =3 cTL
S =~z 8892 &8 =gz 8% ¢ = B ho
QE‘-N‘-FE @E--N—FE == 2
kDa > == == >S=2== == -E15-
37—
[=]
B 121
2
R
Q
26— s ?
- DJ-1M26IAC1 £
20— @
2 °
E B
——actin ﬁ' 8
.
04

WT M171 M261 M1331 M134I

Fig.2. M171 and M261 mutations prevent activation of DJ-1 zymogen. (A and B) SH-
SYSY cells stably expressing the indicated Myc-DJ-1 proteins were treated with 10 nM
rotenone (A), 100 uM H,O, (B), or vehicle for 24 h, and levels of full length Myc-DJ-1
and C-terminally processed form of Myc-DJ-1 in the cell lysates were analyzed by
immunoblotting with anti-Myc antibody. Lysates from cells overexpressing Myc-DJ-
IWTAC were run in parallel as a size control. (C and D) The levels of the Myc-DJ-1AC
and full-length Myc-DJ-1 proteins were quantified by measuring the intensity of both
bands. Zymogen activation (%) on the Y-axis indicates the level of Myc-DJ-1AC as a
percentage of the total level of DJ-1 proteins (Myc-DJ-1 and Myc-DJ-1AC) in each cell
lysate. Data represent mean + SEM from three independent experiments. = Significantly

different from DJ-1 WT expressing cells (p < 0.05).
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Fig.3. M171 and M261 mutations do not disrupt DJ-1 dimer formation. (A) All
methionine mutants can form homo-dimer. SH-SYS5Y cells expressing HA-vector or HA-
tagged DJ-1 WT or indicated DJ-1 mutants and Myc-tagged DJ-1 WT or indicated DJ-1
mutants were lysed and subjected to immunoprecipitation with anti-HA antibody
followed by immunoblotting with anti-HA and anti-Myc antibodies. (B) All methionine
mutants can form hetero-dimer with DJ-1 WT. SH-SYSY cells expressing HA-tagged
DJ-1 WT and Myc-tagged DJ-1 WT or indicated DJ-1 mutants were lysed and subjected
to immunoprecipitation with anti-HA antibody followed by immunoblotting with anti-

HA and anti-Myc antibodies.
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Fig.4. M261 mutation abolishes DJ-1 protease activity. (A) Protease activity of the
indicated proteins was measured by a continuous, real-time fluorescence-based protease
assay using BODIPY FL-casein (10 pg/ml) as the substrate. Fluorimetric recordings of
50 pm of DJ-1 WTAC (black), DJ-1 M17IAC (blue), DJ-1M26IAC (dark green), DJ-1
MI133IAC (Magenta), and DJ-1 M134IAC (lime). RFU, relative fluorescence units. (C)
Fluorimetric recordings of 100 um of DJ-1 WT (black), DJ-1 M17I (blue), DJ-1M261
(dark green), DJ-1 M 1331 (Magenta), and DJ-1 M1341 (lime). RFU, relative fluorescence
units. (B and D) Protease activity of each protein was quantified by measuring the initial
velocity of the proteolytic reaction from the fluorimetric trace shown in (A) or (C).
Protease activity on the Y-axis indicates the measured protease activity of each protein
after normalization to the protease activity of DJ-1 WTAC (B) or DJ-1 WT (D). Data
represents mean = SEM from three independent experiments. ~ Significantly different

from DJ-1 WT AC (B) or DJ-1 WT (D) (p < 0.05).
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Fig.5. Far UV CD spectroscopic analysis of the secondary structure and thermal
unfolding of DJ-1 WT and methionine mutants. (A, C, and E) Far UV CD spectra of
DJ-1 WT and the indicated DJ-1 mutants at 25 °C. (B, D, and F) Thermal denaturation of
DJ-1 and the indicated DJ-1 mutants. Ellipticity was recorded at 222 nm at temperatures

from 20 °C to 90 °C with 2 °C step increases. deg, degrees. Curves are color-coded as
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follows. In A and B: WT, black; C106A, red; WTAC, cyan; C106AAC, yellow. In C and
D: WT, black; M171, dark green; M26I, blue. In E and F: WT, black; M1331, magenta;

M134I, lime.
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Fig.6. Far UV CD spectroscopic analysis of the secondary structure and thermal

unfolding of DJ-1 WT and methionine mutants in active forms. (A and B) Far UV

CD spectra of DJ-1 WT and the indicated DJ-1 mutants at 25 °C. (C and D) Thermal

denaturation of DJ-1 and the indicated DJ-1 mutants. Ellipticity was recorded at 222 nm

at temperatures from 20 °C to 90 °C with 2 °C step increases. deg, degrees.
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Fig.7. M261 mutation destabilizes DJ-1 protein. (A) SH-SYS5Y cells expressing Myc-
tagged DJ-1 WT or the indicated DJ-1 mutants were pulse-labeled for 1 hr in
[*S]Met/Cys-containing medium and chased with non-radioactive Met/Cys for the
indicated time. **S-labeled WT or mutant DJ-1 proteins were immunoprecipitated from
lysates with anti-Myc antibodies and detected by SDS-PAGE and autoradiography. (B
and C) The levels of wild-type or indicated mutant DJ-1 proteins were quantified and
plotted relative to the corresponding DJ-1 levels at O hr. Data represent mean + S.E. of

the results from at least three independent experiments.
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Fig.8. DJ-1 M261 mutant is partly degraded by proteasome (A) SH-SYS5Y cells
expressing Myc-vector, Myc-tagged DJ-1 WT, or indicated DJ-1 mutants were treated
with 20 uM MG132 or DMSO for 16 h. Lysates were analyzed by SDS-PAGE and
immunoblotting with anti-Myc and anti-actin antibodies. (B) DJ-1 level was measured by
quantification of the intensity of the wild-type or mutant DJ-1 band and normalized to the
actin level in the corresponding lane. The relative level of DJ-1 in the presence or
absence of MG132 was averaged from at least three independent experiments and was
shown as mean + SEM from three independent experiments. “Significantly different from

DJ-1 WT expressing cells (p < 0.05).
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Fig.9. DJ-1 M26I mutant is ubiquitinated and forms aggregates upon inhibition of
proteasomal and autophagic degradation. (A) SH-SYSY cells transfected with Myc-
DJ-1 WT or Myc-DJ-1 M26I for 24 h were treated with the following for 24 h, 4 uM
MG132, 25 mM NHA4CI, 2.5 mM 3-MA, or vehicle control. Cell lysates were separated
into triton soluble (S) and insoluble (I) fractions and resolved by SDS-PAGE,
immunoblotted for Myc-DJ-1 and actin. (B) Quantification of the percentage of insoluble
Myc-DJ-1 WT (open bar) and Myc-DJ-1 M261 (solid bar). The intensity of Myc-DJ-1 in
the soluble and insoluble fractions was measured using Scion Image. The % of the
insoluble DJ-1 was calculated by dividing the insoluble DJ-1 by the total (soluble +
insoluble). The smear in the insoluble fraction of DJ-1 M26I transfected cells, treated

with MG132 was not counted as the total DJ-1 M261 level. Data was shown as mean +
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SEM from three independent experiments and was analyzed using one way ANOVA
analysis. *Significantly different from the corresponding vehicle treated control (P <
0.05). (C) SH-SYS5Y co-transfected with HA-ubiquitin and Myc-DJ-1 WT, Myc-DJ-1
M26I or Myc-vector for 24 h, were treated with the following for 24 h, 4 uM MG132,
25mM NH4Cl, 2.5 mM 3-MA, or vehicle control. Cell lysates were subjected to
denatured immunoprecipitated using an antibody against Myc epitope, and probed for
HA-ubiquitin and Myc-DJ-1. IgG H, immunoglobin heavy chain; IgG L, immunoglobin

light chain.
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Fig.10. Met-17, Met-26, and Met-133 are important for DJ-1 cytoprotective function.
(A and C) SH-SYSY cells transiently (A) or stably (C) transfected with the indicated DJ-
1 or empty vector were treated with 100 nM rotenone for 24 h. Cell lysates were

separated on SDS-PAGE gel and DJ-1 was detected using immunoblot analysis. (B) SH-
SYSY transiently transfected with indicated plasmids were treated with 100 nM rotenone
for 24 h. The extent of cell death was assessed by measuring LDH released to the culture
medium and normalized to the total level of LDH release upon cell lysis. Data was
expressed as mean + SEM from four independent experiments.” Significantly different
from cells expressing Myc-vector (p < 0.05). (D) SH-SYSY cells stably expressing

indicated plasmids were treated with 100 nM rotenone for 24 h. The extent of cell death
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was assessed by staining cells 0.1 uM CaAM and 1 uM EH-1 for 20min. Percentage of
cells stained with either marker was measured using flow cytometry analysis. Percentage
of cells stained with positive with EH-1 but negative CaM stain (EH-1"/CaM’) was
regarded as dead cells and was quantified from three independent experiments. Data was
expressed as mean = SEM. ~ Significantly different from cells expressing Myc-vector (p

<0.05).
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Fig.11. DJ-1 M171, M261, and M133I fail to rescue the pro-apoptotic phenotype of
DJ-1" cortical neurons. (A) DIJ-1 " cortical neurons were infected with lentivirus
carrying indicated plasmids for 48 h starting at DIV4. Neurons were then treated with 5
nM rotenone for 24 h before processed for staining. Neurons were stained with anti-MAP
antibody (green), transfected neurons were identified by anti-DJ-1 (P7F) immunostaining
(red) and nuclear integrity was assessed by DAPI staining (blue). Arrows indicate
neurons with normal nuclei, whereas arrowheads indicate neurons with apoptotic nuclei.
Scale bar, 10 um. (B) The expression level of wild-type or mutant DJ-1 protein was
quantified and is presented as the fluorescence intensity of DJ-1 immunofluorescence in
transfected neurons. Data represent mean = SEM from three independent experiments.
RFU, relative fluorescence units. (C) Apoptosis is expressed as the percentage of

transfected neurons with apoptotic nuclear morphology. Data represent mean + SEM

149



150

from four independent experiments with a total number of 150-200 neurons being scored.

*P <0.05.
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Table I1I-1. T\, and % of a- helix of DJ-1 proteins

Full length AC

WT 70 35.7 WTAC 65 33.5

M171 70 323 MI171IAC 65 333

M1331 70 35.8 M133IAC 66 31.5
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CHAPTER 1V

DISCUSSION AND FUTURE DIRECTIONS
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Summary of findings

In this thesis I investigated the activation mechanisms of DJ-1 zymogen, the functional
significance of DJ-1 as a protease, and the regulation of DJ-1 zymogen activation by
methionine residues. The findings presented in chapters II-III demonstrate that:

1. DIJ-1 exists as a zymogen that can be activated via C-terminal cleavage, and the
activated DJ-1 functions as a cysteine protease that confers cytoprotective
function against oxidative stress induced cell death.

2. DIJ-1 zymogen cleavage is likely regulated by oxidation of Met-17 residue, while
Met-26 is structurally important because the PD-linked mutation M26I disrupts
DJ-1 folding and results in faster degradation of DJ-1 via both proteasome and
autophagy pathways.

A discussion of the implications of these findings for understanding the biological
functions of DJ-1, the regulation of DJ-1 function by cellular redox status and
pathological mechanisms of PD, as well as potential future directions are provided in this

chapter.

DJ-1 exists as a zymogen that can be activated via C-terminal cleavage

DJ-1 protease activity can be activated via C-terminal cleavage

Despite the structural similarity of DJ-1 with Pfpl protease family members, DJ-1 has an
additional a-helix at the c-terminus. This helix is predicted to prevent the formation of a
mature catalytic site and inhibit substrate binding (145). In support of this hypothesis, we

found that removal of the C-terminal tail remarkably enhances DJ-1 protease activity by a
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13.2-fold decreases in K;,, and a 1.9-fold increases the Kca, resulting in a 25-fold net-
increase of catalytic efficiency (Kear /Kin) than DJ-1 WT, suggesting that the deletion of
C-terminal helix facilitates substrate binding and enhances catalytic efficiency. The
deletion may open up the substrate binding pocket to allow substrate entering or trigger
conformational changes that can allow the formation of a functional catalytic triad or diad.
The increase in catalytic efficiency after zymogen activation varies considerably among
proteases (table IV-1), ranging from 10 to 10,000 fold increase. For proteases with low
zymogenicity such as tissue type plasminogen activator (tPA) and caspase 9, it is
believed that allosteric modulation substitutes the requirement of proteolysis of zymogen
for significant protease activation (322). For example, the cleaved form of caspase-9 is
only marginally more active than casapse-9 zymogen, but association with the cofactor
(apoptosome) dramatically increases the catalytic activity of the processed caspase-9 for
up to 1000 fold (86,322). The zymogenicity of DJ-1 is comparable to that of caspase 9
and tPA (table IV-1), suggesting that cofactors may be required for DJ-1 exerting its
maximum activity. The low zymogenicity of DJ-1 could also be attributed to the fact that
casein may not be the optimal substrate for DJ-1 and thus catalytic efficiency for casein is
not the best reflection for DJ-1 catalytic efficiency. Notably, other enzymatic activities of
DJ-1 have been reported, including peroxidase activity (13), RNA binding activity (347),
and chaperone activity (303,379). It would be important to confirm whether DJ-1
zymogen possesses these reported enzymatic activities and how the C-terminal tail of DJ-

1 influences these enzymatic activities.

We found that DJ-1 protease activity is abolished by mutating the predicted

catalytic cysteine residue, supporting the hypothesis that DJ-1 is a cysteine protease and
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the Cys-106 is the catalytic residue. This finding could explain observations that
overexpression of DJ-1 Cl06A mutant has no protection in various models
(46,222,303,329) as the reactive cysteine is indispensable for DJ-1 protease activity. We
also demonstrated that like most cysteine proteases DJ-1 protease activity is inhibited by
oxidation. This raises the possibility that DJ-1 protease activity would be impaired by
oxidation, a well recognized contributing factor of PD. In fact, irreversible oxidation of
DJ-1 protein has been found specifically in brain tissues from sporadic forms of PD
patients not from control patients (60), supporting the hypothesis that DJ-1 function could
be inhibited by oxidative modification in sporadic PD patients. It is possible that DJ-1
inactivation would be the common theme underlying both sporadic and familial PD
pathogenesis. Our finding that DJ-1 protease activity is sensitive to oxidation could also
explain why other investigators failed to detect DJ-1 protease activity using non-reducing
condition either during the purification of DJ-1 protein or protease activity measurement
(192,303). Oxidation of the catalytic cysteine has been reported during the purification of
caspases (322). Not surprisingly, the catalytic cysteine Cys-106 has been shown to be

oxidized during purification (360), which may account for its loss of protease activity.

The activation of DJ-1 zymogen is redox-dependent

We demonstrate in this study that DJ-1 could be cleaved at the c-terminus and the
cleavage of DJ-1 reaches a peak under mild oxidation when cell death and apoptosis are
not apparent (Fig. II-5), suggesting that DJ-1 processing happens before activation of
apoptosis or cell death pathways. The fact that level of endo. DJ-1, is not further

increased at higher level of oxidation argues against the possibility that DJ-1 is cleaved
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nonspecifically due to oxidation. The oxidation induced C-terminal cleavage of DJ-1 may
allow DJ-1 to act as a redox sensor, which will activate anti-oxidative pathways in
response to mild oxidation and prevent damage caused by more severe oxidation. It has
been shown that depending on the degree of oxidative stress, different pathways will be
activated sequentially to initiate appropriate cellular responses, from proliferation,
differentiation, apoptosis, to necrosis (345). We showed that 1 mM H,O, is enough to
almost completely abolish DJ-1 protease activity in vitro, while the cleavage of DJ-1 is
most significant when cells were treated with 100 uM H,O,, suggesting that DJ-1 may be
only active in certain range of the cellular redox state though the exact redox potential
required for maximum DJ-1 protease activity remains to be characterized. It has been
shown that caspase 3 is only active when cells were treated by 50~200 uM H,O, or
200~500 uM diamide (345), suggesting that the activity of cysteine proteases is largely
influenced by the cellular redox status in addition to other regulatory mechanisms.
Similar to caspases, DJ-1 protease may also be active within a limited range of redox
state to ensure appropriate cellular responses to various degrees of oxidative stress. The
concentrations of H,O, needed to activate DJ-1 protease may vary among cell lines since
the abundance of the antioxidative enzymes and other small antioxidants varies between
cells. More studies need to be conducted to characterize the optimal redox potential that

activates DJ-1 protease in other cells.

Molecular mechanisms regulating DJ-1 zymogen activation are unclear
DJ-1 has been reported to autoproteolyzed between residue 156 and 157 in a redox-
dependent manner (265). However, we failed to detect self-cleavage of DJ-1 under

similar experimental conditions. The cleavage between residue 156 and 157 of DJ-1
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essentially removes two a-helixes (H7 and H8) from the C-terminus. The a-helix H7 has
been shown to participate in the dimerization of DJ-1 protein (145,149,360) and removal
of H7 may disrupt homodimerization of DJ-1 protein. Thus, the redox-dependent DJ-1
self-cleavage reported by Ooe et al (265) is likely to be an inactivation of DJ-1 due to
strong oxidation since intensive oxidation is known to break up the backbone of the
polypeptide (27), although auto-proteolysis of DJ-1 as an activation mechanism can not

be ruled out as the presence of co-factors may be required for auto-proteolysis.

It is also likely that DJ-1 may be cleaved by other proteases, like the activation of
executor caspases by the initiator caspases (86,304). Interestingly, matrix
metalloprotease-14 (MMP-14) has been demonstrated to cleave recombinant GST-DJ-1
fusion protein at multiple sites (41). DJ-1 has also been shown to be processed by other
matrix metalloproteases, including MMP-1, -2, -8, and -9, although neither of the
processed forms of DJ-1 resembles DJ-1AC (41). Given that MMP proteases family
mainly function in extracellular matrix while DJ-1 is mainly a cytosolic protein, how and
where MMP cleaves DJ-1 is very intriguing. More recently, DJ-1 was reported to be
cleaved at the carboxyl side of D149 by caspase 6 and the C-terminal 40aa fragment of
DJ-1 was demonstrated to be more cytoprotective than DJ-1 WT (108). It is uncertain,
though, whether binding partners are required for stabilizing the 40aa C-terminal
fragment of DJ-1 and how the C-terminal fragment of DJ-1 exerts its cytoprotective
function. Since the putative catalytic cysteine residue, Cys-106, is absent from the C-
terminal fragment, biological activity of DJ-1 that is independent of Cys-106 remains to
be discovered. Using proteases database available (MEROPS and PeptideCutter), we

were unable to identify proteases that can hydrolyze DJ-1 protein at C-terminus and
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release the C-terminal helix H8 without disrupting the folding of DJ-1 protein. However,
most of the proteases databases predict substrates cleavage site based on the consensus
and primary sequence, increasing chances of getting false negative search result. Future
research to characterize reported DJ-1 interactors may help identify regulators of DJ-1

protease activity.

The activated DJ-1 functions as a cysteine protease that confer cytoprotective

function against oxidative stress induced cell death

Limited proteolysis of DJ-1 substrate(s) may confer cytoprotection

DJ-1 has been shown to activate cellular antioxidant responses and prevent apoptosis
through stabilizing nuclear factor erythroid 2-related factor (Nrf2)(67); repressing p53
transcriptional activity(95); upregulating glutathione synthesis (377); and inhibiting
apoptosis signal-regulating kinase (ASK1) activity (158). While the mechanisms
underlying DJ-1 mediated pro-survivial and anti-apoptosis effects are unknown, one
possibility is that DJ-1 protease regulates the stability or nuclear transport of transcription
factors since proteolysis is known to control the stability and intracellular localization of
transcription factors (146). It is also likely that DJ-1 modulate the binding affinity or
function of its client proteins by proteolysis-induced conformational changes. It would be
interesting to test whether the reported DJ-1 binding proteins are the substrates of DJ-1
protease in order to understand the substrate specificity and cellular roles of DJ-1
protease. So far, two putative substrates of DJ-1 have been proposed, homeodomain

interacting protein kinase 1 (HIPK1) (297) and transthyretin (TTR) (174). Although DJ-1
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has not been proved to directly cleave these two proteins, it has been shown to negatively
regulate the protein level of HIPK1 and TTR proteins and Cys-106 of DJ-1 is required for
this negative regulation (174,297), suggesting that the nucleophilic cysteine Cys-106 is
essential for the down-regulation of HIPK1 and TTR protein level by DJ-1. However, the
relevance of these two proteins as DJ-1 protease substrate to PD pathogenesis is elusive.
In order to better understand the functional implication of DJ-1 as a protease, it will be
important to identify DJ-1 substrates and the biological consequences of accumulation of

DIJ-1 substrates resulting from loss-of-function of DJ-1.

DJ-1 may function as a de-SUMO or de-ubiquitin protease

De-SUMO proteases and de-ubiquitin proteases are cysteine proetases that deconjugate
SUMO or ubiquitin from the corresponding substrates and hydrolyze SUMO or ubiquitin
precursors to the mature forms. Using cDNA from human adult brains as prey library,
DJ-1 was found to interact with SUMO-1, SUMO-activating enzyme Uba2, and SUMO-
conjugating enzymes Ubc9 (158). In a separate yeast two hybrid study, DJ-1 has been
shown to interact with an SUMO E3 ligase PIASxa using cDNA library from human
testis as prey (332). It is likely that DJ-1 itself is SUMOylated therefore it interacts with
SUMO machinery. This hypothesis is supported by findings that DJ-1 can be
SUMOylated at Lys-130 and SUMOylation of DJ-1 is required for its cytoprotective
functions (94,306). The E3 that regulates DJ-1 SUMOylation has not been defined but
DJ-1 has been shown to interact with two E3 ligases, PIASxa (332) and TOPOR/p53BP3
(307). In addition to being a substrate of SUMOylation, several lines of evidence also
suggest that DJ-1 may act as a DeSUMO protease. DJ-1 has also been shown to inhibit

SUMOylation of PSF (373,374) and p53 (307), and release the transcriptional
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suppression of SUMOylation on these two transcription factors. However, DJ-1 does not
share structure homology with the known SENPs (sentrin specific proteases) and the de-
SUMO activity of DJ-1 has not been demonstrated, especially de-conjugation of SUMO

from substrates requires isopeptidase activity instead of endopeptidase activity.

Interaction of DJ-1 with both ubiquitin E3 ligase and de-ubiquitin protease has
also been reported. DJ-1 was found to be present with two other PD linked proteins,
Parkin and PINK1, in the same complex and promote the ubiquitination of Parkin on
Synphilin-1, a putative Parkin substrate, as well as auto-ubiquitination of Parkin (363).
However, how DJ-1 promotes the E3 ligase activity of Parkin warrants further
investigations. More recently, DJ-1 has been shown to interact with a de-ubiquitin
protease Cezanne/OTUD7B/Za20d1 and inhibits the de-ubiquitin protease activity of
Cezanne (229). Although the exact mechanism of how DJ-1 inhibits the protease activity
of Cezanne is undefined, DJ-1 is likely to compete with Cezanne for binding to
polyubiquitin chain without hydrolyzing the polyubiquitin chain. Combined this with the
finding that DJ-1 enhances the E3 ligase activity of Parkin, it is plausible that DJ-1
interacts with poly-ubiquitinated proteins and assists the modification of the
polyubiquitin chain by other enzymes. It is also likely that DJ-1 possesses polyubiquitin

chain editing function as well but can only de-conjugate specific substrates.

Regulation of DJ-1 zymogen activation, protease activity and cytoprotective

function by methionine residues

Met-17 is important for DJ-1 zymogen cleavage
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DJ-1 zymogen activation occurs when cells are under mild oxidative stress, possibly due
to redox-dependent changes on DJ-1 or on proteases activating DJ-1 (52). Oxidative
modifications on DJ-1 have been shown previously, including oxidation of cysteine
residues, nitrosylation of non-catatlytic cysteines, oxidation of methionines, and
carbonylation of DJ-1 protein (74). As carbonylation is irreversible modification and
usually occurs in response to intensive oxidative stress, it is unlikely to be responsible for
DJ-1 zymogen activation. We have previously demonstrated that two methioniones are
oxidized to a reversible oxidative form in healthy human brain samples, while we failed
to detect nitrosylation of the two non-catalytic cysteines (59). This suggests that
methionine oxidation is more likely to be physiolocially relevant than nitrosylation of
noncatalytic cysteines. Since DJ-1 protease activity relies on the catalytic cysteine residue
to be in the reducing condition, if oxidation of the catalytic cysteine itself regulates DJ-1
zymogen activation, it would require reduction of that catalytic cysteine immediately
after zymogen activation to carry out proteolytic reaction. Therefore, oxidation of

methionine is more suitable to regulate the activation of DJ-1 zymogen efficiently.

Met-17 is the most conserved methionine of the four methionines on DJ-1 protein
that locates in the middle of the helix H1, in close proximity to helix H8 (Fig.I-1)
(150,338). We found that helix H8 of M 171 mutant cannot be cleaved in response to mild
oxidation, supporting an important role of Met-17 in regulating DJ-1 zymogen activation.
However, zymogen activation can be triggered by either conformational changes induced
by oxidation of Met-17 or by oxidation-independent interactions established by Met-17.

In support of the first possibility, oxidation of methionine to MetO can increase the
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polarity and hydrophilicity of the side chain, therefore alters local conformation (50). In
addition, although Met-17 is buried in the core of DJ-1 protein, it is more readily
oxidized than Met-133 or Met-134 (59). This suggests that Met-17 is not a general
antioxidant to buffer free radicals but rather plays specific roles in regulating redox-
dependent events. Similarly regulation of protein function via oxido-reduction of
methionine residues has been demonstrated in other proteins, such as IkBa and
calcineurin (3). However, detection of oxidized methionine residues remains a major
challenge that has limited the study of how methionine oxidation regulates functions of

individual proteins.

M261 mutant is slightly unfolded and degraded through proteasome and lysosome
Homozygous mutation of M261 was identified in an early onset PD patient, but the
pathological mechanisms of this mutation are still unclear. Reports on how DJ-1 M261
mutation affects on the secondary structure, stability, quandary structure, and
cytoprotective function of DJ-1 are inconsistent (29,151,184,198,331,371). Our data
suggest that DJ-1 M26I mutant is slightly unfolded compared to DJ-1 WT, but the
unfolding effect is not as dramatic as another well-characterized DJ-1 mutant L166P.
M26I mutant can still form homodimer or heterodimer with DJ-1 WT, and the half-life of
DJ-1 M26I is about 22h, slightly shorter than DJ-1 WT (33h) but much longer than DJ-1
L166P (3h) (Figure I1I-6). The degradation pathway of this PD linked mutant (DJ-1 M261)
has not been well defined. In the present study, we find that DJ-1 M261 mutant can be

poly-ubiquitinated and degraded through both proteasome and autophagy pathways,
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characteristic of misfolded proteins(263,335). Additionally, we also demonstrate that DJ-
1 M26l forms aggregate when proteasomal or autophagic degradation is inhibited,
suggesting that the degradation of M26I follows the same degradation pattern of another
misfolded protein DJ-1 L66P mutant (262,264). However, the percentage of the
misfolded and aggregated DJ-1 M261 is undetermined and is likely to be less than DJ-1
L166P. It is also plausible that there are two pools of DJ-1 M26I existing (soluble and
insoluble) and are in dynamic exchange with each other, depending on the cellular
environment (such as the availability of chaperones, ATP level, and the activity of

ubiquitin proteasome degradation system).

Despite the relatively mild effects on the structure and stability of DJ-1 protein,
M26I mutation almost abolishes the protease activity of DJ-1 (Figure I1I-4) and shows no
cytoprotective function (Figure III-8 and Figure III-9). This suggests that the remaining,
non-degraded soluble portion of DJ-1 M26I protein in the cell probably losses its normal
function as well. The almost complete loss of protease activity and cytoprotection
induced by M26I mutation is possibility due to the structural disturbance but it is also
likely to be caused by the non-oxidizable effect of Met-26 residue. Further studies on
whether oxidation on Met-26 residue could contribute to DJ-1 zymogen activation,
protease function and cytoprotective activity can be carried out using conservative
mutation of Met-26 to other residues such as Leu or Val. Both Leu (23,63) and Val (328)
have been used by other researchers to prevent methionine from oxidation in order to

study the functional implications of methionine oxidation. These mutations can avoid the
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steric repulsion between Ile-26 and Ile-31, which is proposed to cause the unpack effect

of the M26I mutation (151).

Future directions

Identification of DJ-1 protease substrates

Identification of DJ-1 substrates will yield insight into the downstream effects of DJ-1
protease activity and the cellular pathways that DJ-1 may be involved. The conformation
of the active sites of proteases largely determines substrate specificity (Figure 1-2). A
small peptide library can be used to identify the preferred substrate cleavage sites of DJ-1.
This method allows high-throughput enzymatic studies and has been successfully used by
several groups to identify the substrate specificity of proteases (85). Based on the
substrate specificities determined by comparative analysis of the synthetic peptide library,
a search against the published human database can be carried out to find potential
substrates. To verify the candidate substrate(s), co-localization and interaction of DJ-1
with the candidate substrate(s) in vivo will determined, and the cleavage of the putative

substrate(s) by DJ-1 can be further confirmed.

If the optimal cleavage sites obtained from the small peptide screening failed to
fish out any substrate from the human protein database, additional libraries containing
more cleavage sites can be screened to provide more information on the cleavage
specificity of DJ-1. In addition, the cleavage site(s) on casein and the identified DJ-1

substrate transthyretin can be identified by Edman degradation sequencing. The
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combined information on the DJ-1 cleavage sites should enhance the chance of substrate

identification in the human genome database.

It is possible that DJ-1 may recognize tertiary structures instead of primary amino
acid sequence. In this case, the optimal cleavage site will be hard to identified using small
peptide library screening. An alternative approach will be to compare protein expression
pattern of brain homogenates from DJ-1 WT and KO mice using 2-dimensional gel
electrophoresis. Proteins with elevated expression in DJ-1 KO mice can be identified by

mass spectrometry and further verified using in vitro binding assay and protease assay.

If both the library screening and comparison of protein expression pattern in DJ-1
WT and KO tissues fail to identify DJ-1 substrates, another method to try would be using
DJ-1AC as the antigen for affinity purification from cell lysates or brain homogenates to
identify proteins preferentially bind to DJ-1AC. The putative interactors can be further
characterized using in vivo and in vitro binding assay as well as protease assay. The
reason to use DJ-1AC as bait is because DJ-1AC should have higher affinity with
substrates than DJ-1WT based on our data (Fig. 1I-4), and therefore is more likely to
detect potential interactors. It is unlikely that the catalytic defective mutant DJ-
IC106AAC has reduced affinity with substrates compared to DJ-1WTAC, since the
substrate affinity is normally determined by the substrate binding pocket instead of the
catalytic residue. Therefore DJ-1C106AAC can still bind to the substrate as strongly as

DJ-1 WTAC does, but unlike DJ-1WTAC it cannot hydrolyze the substrate once it binds,
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so using DJ-1C106AAC should enable us to identify endogenous substrates more

efficiently than DJ-1WTAC.

Is DJ-1 protease activity required for maintaining mitochondrial homeostasis?

Given the important role of mitochondrial homeostasis in PD pathogenesis (76),
localization of DJ-1 to mitochondria has prompted hypothesis that DJ-1 may exert its
neuroprotection by maintaining mitochondrial homeostasis (29,46,195,371). Despite
controversial reports on the translocation of DJ-1 to mitochondria upon oxidative stress
(46) and the submitochondrial localization of DJ-1 in mitochondria (46), DJ-1 has been
shown to confer resistances against mitochondrial toxins in cell models (46,329) and
rodent models (165,215) . In support of the important roles DJ-1 play in maintaining
mitochondrial function, it has been shown that artificially targeting DJ-1 by fusing a
mitochondrial targeting signal to DJ-1 increased its cytoprotection against oxidative
stress induced cytotoxicity (157). The precise role of DJ-1 in mitochondria remains to be
elucidated, but it has been proposed to be involved in anti-oxidative stress. DJ-1 may act
as a chaperone or a protease within mitochondria to reduce protein misfolding and restore
mitochondrial function or it may simply act as a free radical scavenger to restore the

redox balance in mitochondria.

We have demonstrated that DJ-1 functions as a cysteine protease that requires
activation in response to mild oxidative stress (52). Understanding the major cellular
compartments where DJ-1 protease resides and functions under oxidative stress would an
important step towards revealing DJ-1 biological functions. Since mitochondria are the

major source of endogenous ROS and localization of DJ-1 WT to mitochondria has been
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reported, it would be interesting to test whether DJ-1 protease activity is important for
maintining mitochondrial homeostatis in response to mitochondria-derived oxidative
stress. By expressing constitutively active DJ-1 mutant (DJ-1 WTAC), protease-defective
form of DJ-1 mutant (DJ-1 WTAC) and DJ-1WT in DJ-1 KO primary neurons via virus
expression, we could examine whether DJ-1 WTAC can restore mitochondrial dynamics
and polarity more efficiently than DJ-1 WT. The subcellular localization of active DJ-1
protease and DJ-1 zymogen should also be investigated via biochemical assays and
immunocytochemistry to gain knowledge of where DJ-1 active proteases are mostly
needed and where the majority of DJ-1 substrates would be, in response to oxidative

stress induced by different reagents.

More recent data shows that DJ-1 may also play a role in maintaining
mitochondrial dynamics. Absence of DJ-1 resulted in mitochondrial depolarization and
fragmentation (30,153,177). ROS has been proposed to play a role in these mitochondrial
abnormalities seen in DJ-1 KO cells, as ROS scavengers can rescue the phenotypes (153).
Additionally, Parkin and PINK1 overexpression can also rescue mitochondrial defects
caused by loss of DJ-1 (153), and Parkin was able to rescue mitochondrial aberrations
due to lack of DJ-1 in a separate study (341). A plausible explanation would be DJ-1
acting upstream of Parkin in the same pathway in maintaining mitochondrial dynamics,
but interaction of DJ-1 WT with Parkin has not been convincingly demonstrated.
Additionally, DJ-1 could still prevent mitochondrial fission in the absence of PINKI,
which has been shown to be upstream of Parkin in terms of maintaining mitochondrial
dynamics using genetic models (64), suggesting that DJ-1 can act independent of PINK1

and Parkin. Based on these data, another model that DJ-1 acts in parallel to PINK1 and
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Parkin in maintaining mitochondrial dynamics has been proposed (341). In both models
whether DJ-1 protease activity is responsible for maintinaing mitochondrial dynamics
remains to be examined. A recent study demonstrated that DJ-1WT, but not C106A
mutant that lacks DJ-1 protease activity, could rescue mitochondrial fission induced by o-
syn (161), suggesting that DJ-1 protease activity is required for regulating mitochondrial
fusion and fission. However, how DJ-1 protease regulates mitochondrial fusion and
fission remains unknown. One possibility is that DJ-1 could regulate stability and
function of mitochondrial fusion and fission proteins via proteolysis of these proteins. To
test this, stability and activity of these proteins could be examined in the presence and
absence of DJ-1 WT, DJ-1 WTAC, and DJ-1 C106AAC in primary neurons as well as
using in vitro assays. If the effect of DJ-1 is independent of known mitochondrial fusion
and fission proteins, it would be important to identify DJ-1 interacting proteins in healthy
mitochondria and in mitochondria under stress, using methods as mentioned above.
Revealing whether DJ-1 mediated mitochondrial protection is dependent on its protease
activity would shed light on the pathogenic role of mitochondrial dysfunction in PD and

the molecular mechanisms of neuroprotection offered by DJ-1.

Determine whether oxidation of Met-17 or Met-26 is involved in zymogen activation

More experiments are needed to determine whether oxidation of Met-17 and Met-26
residues is involved in DJ-1 zymogen activation. For example, DJ-1 zymogen cleavage
could be tested in cells overexpressing Msr. If zymogen cleavage of the endogenous DJ-1
or overexpressed DJ-1 WT, but not DJ-1 M171 or DJ-1 M26I mutant, could be reduced

by Msr overexpression, then it is likely that the zymogen cleavage of DJ-1 is regulated by
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methionine oxidation of Met-17 or Met-26 residue. But since general overexpression of
Msr in cells could reduce methionine residues on other proteins, it is possible that the
activity of the proteases or cofactors involved in DJ-1 zymogen cleavage is also regulated
by methionine oxidation. The net effect of methionine oxidation on DJ-1 zymogen
cleavage is possibly influenced by methionine oxidation on other proteins relevant to DJ-
1 zymogene cleavage. After the identification of upstream proteases that cleave DJ-1
zymogen, it would be easier to show more directly whether methionine oxidation on DJ-1

prevents its zymogen cleavage in an in vitro recombinant system.

Another way to test whether oxidation of Met-17 or Met-26 induces DJ-1
zymogen cleavage is to examine whether oxidation-mimic mutant of these two residues
activates DJ-1 zymogen cleavage. Glutamine has been used to mimic MetO without
disrupting the global structure of the original protein, since it has comparable polarity and
hydrophobicity as MetO but possesses similar propensity to form a-helices as Met
(19,48). If Met-17 or Met-26 oxidation is responsible for the zymogen activation, M17Q
or M26Q mutation should enhance DJ-1 zymogen activation even under basal condition
when DJ-1 WT is not activated. However, if Met-17 or Met-26 itself is required for
zymogen activation, then M17Q or M26Q mutation should abolish DJ-1 zymogen

activation, similar to Ile mutation.

Understand the role of Met-133 in regulating DJ-1 cytoprotective function
Our findings show that although mutation of Met-133 does not affect DJ-1 zymogen

activation or protease activity, it still abolishes DJ-1 cytoprotective function. One
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possibility is that Met-133 is important for DJ-1 to interact with its substrates or adaptor
proteins as Met-133 is at the periphery of DJ-1 protein. To test this possibility,
interactions between DJ-1 and putative DJ-1 interactors can be examined to see whether
Met-133 residue is required for the interactions. Among the reported DJ-1 interactors,
ASK1 has been shown to interact with DJ-1 in a redox-dependent manner (152), thus
whether Met-133 regulates the interaction between DJ-1 and ASKI1 in response to
oxidative stress could be tested first. Another possibility is that Met-133 is involved in
the SUMOylation of DJ-1 as it is close to Lys-130, the reported SUMOylation residue on
DJ-1 (94,306). To test whether Met-133 is required for DJ-1 SUMOylation,
SUMOylation of DJ-1 WT and DJ-1 M1331 mutant can be compared both in vivo and in
vitro. If M 1331 prevents DJ-1 from being SUMOylated, it will be also interesting to see
whether SUMOylation of DJ-1 is dependent on oxidation of Met-133 or Met-133 itself.
Again oxidation mimic mutations, such as M133Q, can be made to test whether oxidation
of Met-133 promotes SUMOylation of DJ-1. Completion of these experiments would
allow better understanding of how Met-133 regulates DJ-1 function and elucidate redox-

dependent events that regulate DJ-1 mediated cytoprotection.

Detection of methionine oxidation on DJ-1 protein

Establishing simple and reliable assays to detect oxidative status of specific methionine
residues on a particular protein will greatly facilitate our understanding of the
mechanisms of reversible methionine oxidation, but these assays are still limited.
Generating protein-specific antibodies recognizing a single protein with selective Met
residues oxidized are technically challenging and general antibodies against oxidized Met

residues in all proteins are still lacking. Additionally, method of chemical derivatization
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of MetO has not been developed yet for easy detection. However, there are several assays

available to detect oxidized or reduced methionine, which are reviewed as follows.

MetO reduction in cells could be detected by using isotope-labeled ["TH]MetO as
the substrate. Reduced [’H]Met in cells can be identified by thin layer chromatography
(TLC) fractionation, visualized by ninhydrin treatment, and extracted for quantification
of radioactivity (40). However, this assay is technically complicated and is not always
reliable due to incomplete extraction. Another way to detect oxidative status of a
particular methionine residue is to use dabsylated Met as substrate. The reduced product
can be detected using high performance lipid chromatography (HPLC) by monitoring
absorbance of dabsylated Met at 436 nm (233). This method is more sensitive and
reliable, but requires more syphysicated equipment and exerptise. An enzyme-coupled
method relying on the detection of the absorbance change of NAPDH at 340nm has also
been used. This method is based on the reduction of Msr by Trx at the expense of
oxidation of NADPH by thioredoxin reductase to regenerate thioredoxin (240). This
assay is not as sensitive as HPLC assay but it can be used for free MetO forms of
substrate. Another assay based on immunoreactivity has also been developed. Polyclonal
antibodies specific for oxidized methionine rich proteins (MRP, higher than 20%
methionine content) have been generated (201,255). These antibodies have been
demonstrated to react strongly with sulfoxidized MRPs and can be used to monitor Msr
activity using SDS-PAGE based or ELISA based assays. However, whether these
antibodies can recognize other MetO containing proteins are not clear. Lastly, mass

spectrometry can also be used to detect oxidative status of methionine residues. In
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addition to the technical difficulty, this method sometimes can result in false positive due

to oxidation during sample processing or lack of complete coverage.

The above mentioned assays could be tried to learn 1) which methionine residues
on DJ-1 are oxidized, 2) under what conditions these methionine residues are oxidized
and to which form, 3) whether the oxidation is reversible, 4) whether oxidation of
methionine residues happens prior to DJ-1 zymogen activation. In combination with
mutagenesis, these findings will help us to understand how methionine oxidation

regulates DJ-1 function.

Final words

Data presented in this thesis demonstrate that C-terminal proteolysis activates DJ-1
zymogen, resulting in higher affinity of substrate binding and increased catalytic
efficiency. In addition, we demonstrate that DJ-1 with activated protease activity has
enhanced cytoprotectvie function, suggesting that protease activity of DJ-1 accounts for
its cytoprotective function. Furthermore, our results reveal that Met-17 and Met-26
residues are critical for DJ-1 zymogen activation. Given the proximity of these two
residues to helix H8 and their susceptibility to oxidation, Met-17 and Met-26 are likely to
be involved in the regulation of H8 cleavage. Additionally, we find that PD linked M26I
mutation unfolds and destabilizes DJ-1 protein, causing faster degradation through
proteasome and autophagy pathways. Together, our findings have enriched our

understanding of the biological functions of DJ-1, and have significant implications
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regarding the pathogenic mechanisms of DJ-1 mutations and the roles of methionine

residues in redox-dependent cellular responses.
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Table I'V-1. Zymogenicity* of proteases

174

Proteases Zymogenicity Type of Activity of Processed by References
proteases Zymogens
DJ-1 25 Cysteine 131 Unknown (262)
protease C56
Caspase 3 >10,000 Cysteine 860 Upstream (97,342)
protease C14 caspases (caspase
8, 10), Granzyme
B
Caspase 8 100 Cysteine 10 Autoproteolysis (245)
protease C14
Caspase 9 10 Cysteine 151 Autoproteolysis (314,381,3
protease C14 82)
Trypsin >10,000 Serine protease 10 Enteropeptidase,  (327)
S1 autoproteolysis
Urokinase- 250 Serine protease 12.5 Matrix (202,336,3
type S14 metalloproteinase  48)
plasminogen -3
activator
(uPA)
Tissue type  2-10 Serine protease 3.7 x 10*  Plasmin (327)
plasminogen S1
activator
(tPA)

“Zymogenicity is the ratio of the activity of a processed protease to the activity of the
zymogen on any given substrate. It is a measure of how effectively the zymogen is
constrained, with a large number corresponding to insignificant activity of the zymogen.
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