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Summary

Parkinson’s disease (PD) is a chronic, progressiajrodegenerative
disorder clinically characterized by motor symptosiech as tremor at rest,
rigidity, slowness of movement (bradykinesia), godtural instability.

One pathological hallmark of the disease is thegm@ssive and striking
loss of dopaminergic neurons in the substantiaanigars compacta (SNpc).
These neurons reside in the midbrain and projeahsxostrally to the forebrain
where they release dopamine (DA) into the striatidA release in the striatum is
critical for the coordination and initiation of mewent.

It is unclear why SNpc neurons die during PD. Hosvevseveral
biochemical hallmarks of the disease exist, anelyikreveal clues to the
underlying etiology of PD. Mitochondrial dysfurmtis, at the level of complex |
of the electronic transport chain (ETC), have besported in the SNpc of PD
patients. Mitochondria are the main providers eflutar energy, which is
generated through the flow of electrons down tleetebn transport chain (ETC)
coupled with production of adenosine tri-phosph@&P) form Adenosine di-
phosphate (ADP).

Deficits in complex | observed in PD patients argicative of a
bioenergetic defect and increased reactive oxygeniss (ROS) production due
to electron leak from ETC. Consistent with thigidi peroxidation and protein
carbonyls are present in striatum of post-mortem BRBins, indicative of
exposure to ROS. Additionally, a specific decreasthe anti-oxidant glutathione
(GSH) has been reported in the SNpc of PD patiesuggesting that these
neurons may not be able to buffer the ROS. Alks¢héindings suggest that
dopaminergic neurons are under oxidative stresBDn and that the ability of
dopaminergic neurons to scavenge free radicaldR&d is compromised. Taken
together, mitochondrial dysfunction and oxidatitess are likely key factors that
are responsible for the loss of SNpc neurons in PD.

It has been hypothesized that the reason dopanuneegirons of SNpc
are vulnerable in PD is due to the toxic properviethe DA itself. DA is a highly
reactive molecule, normally stored in synaptic olesi. The acidic environment
of the synaptic vesicle prevents DA oxidation. Hoere DA is synthesized and
metabolized in the cytoplasm and in this environimeytoplasmic DA can
undergo spontaneous oxidation. DA oxidation giggase to several toxic ROS
and the dopamine quinone molecules (DAQs). Inangasytosolic dopamine in
neurons and its oxidized metabolites has many el@bets effects, including
increases in oxidative stress, mitochondrial dysfiom, as well as the promotion
and stabilization of a potentially toxic proteirlled a-synuclein. Therefore, the
selective loss of SNpc DA neurons in PD may realh increased oxidation of
cytoplasmic DA and the oxidative stress inducedR)S-mediated oxidative
damage to the neurons. Moreover, the ability of BAQ react and covalently
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modify cellular molecules and macromolecules hasnbeported. In particular
electrophilic DAQs have high affinity for free cgste, reduced glutathione
(GSH) and sulfhydryl groups of proteins to formteysyl-catechol conjugates

The overall aim of the research that this disseratomprises is to
identify the mechanism that contributes to the dile degeneration of
dopaminergic neurons in PD. The research deschieegin utilizes in vitro and
cellular model approaches to test the hypothesisttie oxidized products of the
neurotransmitter DA (DAQs) induce toxic effects omtochondria. If this
hypothesis is correct any pathological event thmdairs DA synthesis, storage or
metabolism, leading to the cytoplasmic accumulaiwdrDA can increase the
presence of oxidized products of DA and their togféects in the cell with
mitochondria as one of the target. Mitochondriakfdpctions derived from
exposure to DA-oxidized products can account fer $pecific vulnerability of
dopaminergic neurons and their degeneration in PD.

Results from this research demonstrate that DA@s tfze ability to enter
the mitochondria crossing both the outer and tinerirmitochondrial membranes
(OMM, IMM). DAQs react and covalently modify severproteins within
mitochondria and modifications of subunits of tlmemplex | and complex V of
the ETC were identified.

DAQs induce the permeability transition (PT) in eetondria. PT is an
increase in the permeability of the mitochondri@miranes to molecules of less
than 1500 Daltons in molecular weight due to thenipg a proteinaceous pore
that is formed in the IMM and lead to mitochondrsatelling, disruption of the
IMM structure and the release in the medium of fhve-apoptotic factors
normally located in the inter-membrane space. Tkeehanism of DAQ-induced
PT was studied in vitro. Oxidation of the pyridinecleotide (PN) pool in DAQ-
treated mitochondria was identified. The redoxestatthe PN is a key factor of
PT ore conformation and oxidation of PN trigger PT.

The ability of DAQs to depolarize mitochondria byducing PT in a
cellular model is also reported.

DAQs can exert their toxic effects on mitochondriahibiting
mitochondrial respiration. The inhibitory effect DAQ on isolated mitochondria
complex | was determined. Toxic effect of this mition were compared with the
ones of the specific complex | inhibitor rotenomeai cellular model expressing
the rotenone-insensitive single subunit NADH debgénase of Saccharomices
cerevisiae (Ndil). Ndil subunit allows electromster through the ETC avoiding
electrons leakage and ROS production as consequiEnoaenone inhibition.
Ndil-expressing cells are protected from DAQs tibxisuggesting that DAQs, as
rotenone, can exert their toxic effects increagiertron leakage from ETC, at
least, at the level of complex | and increasing Rid&luction.

Taken together the results described in this dssen details a unique,
novel, mechanism that may render SNpc DA neuroreevable to oxidative
stress, ROS-mediated oxidative damage, and newrodegion in PD. The
contribution of the neurotransmitter DA to oxida&tistress represents a valid
explanation for the peculiar vulnerability of theseurons in PD and also
represents a logical therapeutic target for protgdhese neurons.
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Riassunto

La malattia di Parkinson € una malattia cronicagpgssiva, clinicamente
caratterizzata da disfunzioni motorie come tremareriposo, lentezza nei
movimenti (bradicinesia) e instabilita postural€’aralisi post mortem del
cervello di pazienti affetti da malattia di Parlonsrivela la massiva e specifica
degenerazione dei neuroni dopaminergici della @ulist nigra pars compacta
(SNpc) e presenza di inclusioni proteiche nel d#sma dei neuroni
dopaminergici rimanenti. La perdita dei neuroni aomergici della SNpc
provoca una diminuzione del rilascio del neurotreititore dopamina (DA) nello
striato specificamente espresso in questi neutbniascio di DA nello striato e
un evento chiave nell'inizio e nella coordinaziodei movimenti e la sua
diminuzione nei pazienti affetti dalla malattia Barkinson e la ragione dei
sintomi motori.

La ragione per la quale i neuroni dopaminergiciad&Npc degenerano
nella malattia di Parkinson e tuttora sconoscilEaidenze biochimiche di
disfunzioni mitocondriali nei neuroni della SNpc nso state riportate. In
particolare, il complesso | della catena respiraterinibito in pazienti affetti dalla
malattia di Parkinson. Inoltre i neuroni della SN@c questi pazienti sono
caratterizzati dalla presenza di markers per lesstiossidativo, come aumentati
perossi-lipidi, proteine carbonilate e glutationgsidato. Tutte queste evidenze
portano alla conclusione che i neuroni dopaminerggdia malattia di Parkinson
sono esposti ad un elevato stress ossidativo éadloeo capacita di eliminare le
molecole radicali o le specie reattive dell’'ossm¢ROS) € compromessa.

L’ipotesi che la molecola DA contribuisca allo sSeossidativo dei
neuroni dopaminergici e stata formulata da moltmpe. La molecola DA é
altamente reattiva e normalmente sequestrata imioods sinaptiche dov'e
stabilizzata dall’ambiente acido.

Difetti nella sintesi o nel metabolismo della DAr@amo ad un suo
accumulo nel citoplasma. Nel citoplasma I'anelltecalo della DA puo essere
ossidato e questa reazione porta alla formazioneQ@fs tra cui lo ione super-
ossido, I'anione ossidrile e i chinoni della DA. iNerosi effetti citotossici sono
stati riportati per i metaboliti ossidati della DAa cui aumento dello stress
ossidativo, modificazione covalente e inibiziond’dgivita di diverse proteine e
disfunzioni mitocondriali.

Lo scopo generale della ricerca presentata in guest € I'identificazione
di meccanismi che contribuiscono alla morte sef@ttiei neuroni dopaminergici
nella malattia di Parkinson. L’ipotesi che i praiaissidati della DA (DAQ)
inducano effetti tossici nei mitocondri & statadés utilizzando sistemi in vitro e
modelli cellulari. In questo scenario, qualsiasemw patologico che alteri il
catabolismo-metabolismo della DA — aumentandonecdacentrazione nel
citoplasma — all'laumento dei prodotti ossidati @elDA nel citoplasma e, di
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conseguenza, ad effetti citotossici. Uno dei targgtulari dei DAQ possono
essere 1 mitocondri. Le disfunzioni mitocondriakrivanti dalla presenza dei
DAQ nel citoplasma possono spiegare la peculiarmevabilita dei neuroni
dopaminergici e la loro degenerazione nella malaltiParkinson.

| risultati del lavoro di ricerca qui presentatostrano che i DAQ sono in
grado di penetrare entrambe le membrane mitocdndrggungere nella matrice. |
DAQ, inoltre, reagiscono e modificano covalentereendiverse proteine
mitocondriali, tra queste subunita del compless del complesso FIFO ATP
sintasi (complesso V).

I DAQ, inoltre, sono in grado di indurre il fenoneemi transizione di
permeabilita mitocondriale. Questo fenomeno e dmalfapertura di un poro
costituito da proteine non ancora identificate anethembrana interna del
mitocondrio. Quando questo poro si apre, la mengnaterna diventa permeabile
a soluti con massa inferiore ai 1500 Da e i mitacosi rigonfiano per effetto
osmotico. Questo rigonfiamento porta alla perdigéfladstruttura ripiegata della
membrana interna e alla rottura della membranaresteon rilascio dei fattori
pro-apoptotici che normalmente risiedono nello g&pamnter-membrana. La
transizione di permeabilita € considerata uno adfofi che scatenano la via
mitocondriale di morte cellulare programmata. Ilccenismo di induzione di
permeabilita da parte dei DAQ é stato studiato itnov | risultati di questi
esperimenti indicano che i DAQ provocano l'ossidael dei piridin nucleotidi
nella matrice e, dato che lo stato redox dei piridlicleotidi € uno dei fattori che
regola la conformazione aperta/chiusa del porcedingazione, questo effetto dei
DAQ é suggerito come fattore decisivo per linizidella transizione di
permeabilita. E stata inoltre descritta la capadiéh DAQ di depolarizzare i
mitocondri e indurre la transizione di permeabilitaun sistema cellulare.

Data la capacita dei DAQ di legarsi covalentemeatgroteine dei
complessi della catena respiratoria, e stato dmdiaffetto dei DAQ sulla
respirazione mitocondriale. | DAQ sono in grado idibire la respirazione
mitocondriale e, in particolare, e stato evidermziat effetto inibitorio a livello del
complesso | della catena respiratoria. Alcune tesgtome MPTP e rotenone), la
cui azione specifica € quella di inibire il com@esl della catena respiratoria,
sono usate per ottenere modelli animali della malai Parkinson. Un modello
cellulare che esprime un complesso | resistentetahone € stato impiegato per
comparare il meccanismo inibitorio dei DAQ e determne. Queste cellule
mostrano di essere protette, almeno in parte, adeli&@zione citotossica dei
DAQ. Dato che la tossicita del rotenone risieddlarsua capacita di aumentare la
produzione di ROS a livello del complesso | bloatanl normale flusso di
elettroni nella catena respiratoria, si ipotizzae db stesso meccanismo possa
valere per i DAQ.

In conclusione, i risultati della ricerca presenilatquesta tesi descrivono
un meccanismo che puo spiegare la ragione dellaifge vulnerabilita dei
neuroni dopaminerici della SNpc nella malattia dirkhson. L'aumento delle
specie reattive derivanti dall'ossidazione del rogasmettitore DA
specificamente espresso da questi neuroni rappeesen valida spiegazione per
la vulnerabilita di questa famiglia di neuroni eppeesenta un logico target
terapeutico per proteggere queste cellule.



Introduction

Parkinson’s Disease

Parkinson’s disease (PD) is a chronic, progressiajrodegenerative
disorder clinically characterized by motor symptosiech as tremor at rest,
rigidity, slowness of movement (bradykinesia), gustural instability I). The
motor symptoms of the disease were first describéén Essay on the Shaking
Palsy” by James Parkinson in 1817. It wasn't untdny years later that the
underlying pathology responsible for the develophwthe motor impairments
was revealed. One pathological hallmark of theaks is the progressive and
striking loss of dopaminergic neurons in the sultstanigra pars compacta
(SNpc). These neurons reside in the midbrain angeg@ axons rostrally to the
forebrain where they release dopamine (DA) intosinatum. DA release in the
striatum is critical for the coordination and iation of movement. The loss of
this DA input is primarily responsible for the miastation of motor symptoms in
PD. A second pathological hallmark of PD is thespreee of eosinophilic,
intracytoplasmic, proteinaceous inclusions callesivy bodies (LB) found in
neurons at post-mortem analysis of the brajnl(ewy bodies were first described
by Friedrich Lewy in 1912 as characteristic hyalimelusions with a dense
eosinophilic core surrounded by a clear halo. Taey found primarily in the
SNpc and another midbrain nucleus, the locus ceesu{LC) in PD patient).
The presence of Lewy bodies in the midbrain is iregufor the post-mortem
diagnosis of PD.

It is unclear why SNpc neurons die during PD. Hosvevseveral
biochemical hallmarks of the disease exist, anclyikreveal clues to the
underlying etiology of PD. Mitochondrial dysfurmtis, at the level of complex |
of the electronic transport chain (ETC), have besported in the SNpc of PD

patients 8, 4. Mitochondria are the main providers of celluésrergy, which is
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Figure 1 Clinical hallmarks of Parkinson’s disease

(A) Schematic representation of the normal nigiattt pathway (in red).
Dopaminergic neurons have the neuromelanin-comgicell bodies that reside
in the substantia nigra pars compacta (SNpc) aeg pinoject (thick solid red
lines) in the striatum (i.e., putamen and caudatelaus). (B) Dopamineric
neurons degenerate in PD (loss of dark-brown pigmearomelanin; arrows).
There is a marked loss of dopaminergicneurons ghaject to the putamen
(dashed line) and much less of those that progethe¢ caudate (thin red solid
line). (© Lewy  bodies. Immunohistochemical labglin of
intraneuronalinclusions, in SNpc dopaminergic neardmmunostaining with
an antibody againgt-synuclein (left photograpf) and against ubiquifiight
photograph). (from Dauer and Prezdborski 2003)



generated through the flow of electrons down tleetebn transport chain (ETC)
coupled with production of adenosine tri-phosph@&P) form adenosine di-
phosphate (ADP). The ETC is located on the innegiochbndrial membrane
(IMM) and consists of 4 membrane spanning enzynmepbexes. These comprise
complex | (NADH-ubiquinone reductase), which oxesizNADH, complex Il

(succinate—ubiquinone oxidoreductase) which ox&liZ6ADH2, complex |lI

(ubiquinol cytochrome c oxidoreductase) and complefcytochrome c oxidase).
The ETC transfers electrons through a series oflatixin—reduction reactions,
culminating in the generation of a proton gradiacitoss the inner mitochondrial
membrane. Depolarization of this membrane potemdiaused to induce the
phosphorylation of ADP to ATP. Thus, the deficitscdomplex | observed in PD
patients are indicative of a bioenergetic defead acreased reactive oxygen
species (ROS) production due to electron leak fEBRC. Consistent with this,
lipid peroxidation and protein carbonyls are prédanstriatum of post-mortem
PD brains %), typical of exposure to ROS. Additionally, a siieaecrease in the
anti-oxidant glutathione (GSH) has been reportedhasn SNpc of PD patients,

Figure 2 Oxidative damage arises from an unbalancbetween ROS
production and ROS scavenging

Increase production of ROS or defects in ROS sagugr(i.e. supeoxide
dismutase (SOD), catalase, glutathione (GSH)) teadxidative stress.
This oxidative damage can induce cell death andiis of the main
mechanism claimed for the degeneration of dopaminerurons in PD.
DA itself, the neurotransmitter expressed by dopangic neurons, has
been for long hypothesized as one cause of theased oxidative stress
that this neurons experience since reactive spaogeproduced during its
normal metabolism and DA can undergoes to spontenegidation in
the cytoplasm leading to the formation of ROS gsesoxide ion and
hydroxyl anion and DA quinone. (fromLotharius andiidin 2002).



suggesting that these neurons may not be ablefterlihbe ROS §). All these

findings imply that dopaminergic neurons are unal@dative stress in PD, and
that the ability of dopaminergic neurons to scaeefrge radicals and ROS is
compromised. Taken together, mitochondrial dydfioncand oxidative stress are

likely key factors that are responsible for theslo§ SNpc neurons in PD.

Mitochondria and the Selective Vulnerability of SN Dopaminergic Neurons

It is currently unknown why SNpc neurons selectiveéégenerate in PD.
While many factors may ultimately contribute to tdegeneration of these
neurons, there appear to be two final common patbwlzat eventually result in
neuronal demise. First, the mitochondrial-stimudajgrogrammed cell death
pathway is predominantly activated in the SN ofigas with PD T, 8.
Secondly, aggregation of misfolded proteins in tlewy bodies is likely a
contributing factor. Nonetheless, the factors tkeader SNpc neurons vulnerable
likely lie upstream of these two pathological ounes, since the mitochondrial-
stimulated apoptotic pathway is conserved amonthaltcells and cannot account
for the specific loss of SNpc dopaminergic neurorSecondly, despite many
studies, it remains unclear whether Lewy bodiestar& to or protective for
dopaminergic neurons. Postmortem studies of PDné&reeveal high oxidative
damage and mitochondrial dysfunction with decreaseahplex | activity B).
Whether mitochondrial dysfunction is a cause orseguence of the oxidative
stress in PD remains to be elucidated. Howevemotexicity studies in animals
suggest that mitochondrial dysfunction and oxidatsiress may be responsible
for the selective loss of SNpc neurons. Follow&xgosure to the mitochondrial
complex | inhibitors, MPTP or rotenone, which affeeany different neuronal
populations, there is a selective loss of SNpc @arans 9, 10. ATP depletion
and increased production of ROS due to leakageledtrens at the level of
complex | is the mechanism proposed for these $o¥n 11). Therefore, the
selective vulnerability and loss of SNpc DA neuransPD likely involves a

bioenergetic failure and increased exposure to ROS.



It has been hypothesized that the reason SNpc meun@ vulnerable in
PD is due to the toxic properties of the DA itselDA is a highly reactive
molecule, normally stored in synaptic vesicles. e Htidic environment of the
synaptic vesicle prevents DA oxidation. However, D#\ synthesized and
metabolized in the cytoplasm and cytoplasmic DA oadergo to spontaneous
oxidation. DA oxidation gives rise to several ®ROS among these super-oxide
anions (@), hydroxyl radicals (OF, and the dopamine quinone molecules
(DAQs) (12). Increasing cytosolic dopamine in neurons argl akidized
metabolites has many deleterious effects, includiitgeases in oxidative stress,
mitochondrial dysfunction, as well as the promotiand stabilization of a
potentially toxic protein called-synuclein 13, 14. Therefore, the selective loss
of SNpc DA neurons in PD may result from increasgalation of cytoplasmic
DA and the oxidative stress induced by ROS-mediatedative damage to the
neurons.

The overall aim of the research that this disseratomprises is to
identify the mechanism that contributes to the ddele degeneration of
dopaminergic neurons in PD. The research deschieeein utilizesin vitro and
cellular model approaches to test the hypothesisttie oxidized products of the
neurotransmitter DA induce toxic effects on mitoetina. If this hypothesis is
correct any pathological event that impairs DA bgsis, storage or metabolism,
leading to the cytoplasmic accumulation of DA cawreéase the presence of
oxidized products of DA and their toxic effectsthre cell with mitochondria as
one of the target. Mitochondrial dysfunctions dedvfrom exposure to DA-
oxidized products can account for the specific gcdibility of dopaminergic

neurons and their degeneration in PD.

Mitochondrial dysfunction in PD

Environmental Toxins of complex I: MPTP and rotenone

Mitochondria were first implicated in PD in the B8 when several

designer-drug abusers developed an acute andrsieleparkinsonian syndrome



as result of accidental exposure to the environatewoixin 1-methyl-4-phenyl-
1,2,3,4-tetrahydropyridine (MPTPL@. MPTP is able to cross the blood-brain
barrier, and is converted to the active metabdlitenethyl-4-phenylpyridinium
ion (MPP) by MAO-B in the glial cells. MPPis released from glial cell by an
unknown mechanism and, due to its affinity for tmpamine transporter (DAT),
accumulates into dopaminergic neurons. Once inngrons, MPP binds to
mitochondrial complex I, inhibiting its activity drincreasing ROS production by
mitochondria 8). The bioenergetic deficit and ROS formation leathe death of
the SNpc DA neurons.

Chronic administration of the highly selective cdexp | inhibitor
rotenone in rats induce a PD-like syndrome charizet® by SNpc neuronal
degeneration, protein accumulation similar to Lelgdies, and characteristic
motor impairments9). Rotenone is a naturally occurring mitochondrial pter
| inhibitor developed for use as an insecticidetedRone is highly lipophilic and
can easily cross the blood-brain barrier and gatess to all cells. Following
systemic injection, rotenone is found evenly dmtted throughout the brai®)(
Once rotenone enters cells, it accumulates in fimitodria, where it binds to
complex | and inhibits the transfer of electrortsyst inhibiting mitochondrial
respiration and ATP production. Additionally, bind to complex | inhibits the
transfer of electrons and promote the generatigupér oxide ion and other ROS
(15).

Cellular toxicity following rotenone is due to RQfeneration and ATP
depletion. Despite the ability of rotenone to ensdl cell types, chronic
intravenous administration of the drug produceslaively selective degeneration
of dopaminergic neurons and also produces intramalirinclusions similar to
Lewy-bodies 9). These results suggest that the primary patihcdbballmarks of
PD, the unique vulnerability of dopaminergic neww@md Lewy-body formation,
can be produced as a result of systemic inhibitbmitochondrial complex I.
Also, the chronic nature of dopaminergic cell lasduced by rotenone more
accurately reflects the progressive nature of PDesit causes motor dysfunctions

including abnormal animal posture and decreasedtapeous movement.



Role of mitochondrial DNA in PD

Several lines of evidence point to a pathologiodd of the mitochondrial
DNA (mtDNA) itself in PD. mtDNA encodes 13 protsinall of which are
components of the electron transport chain (ET®©)da&te, no specific mutations
in mtDNA have been found to be associated with &@n though two mutations
have been associated with parkinsonism: a poinatioutin 12S rRNA was found
in a family with parkinsonism, deafness, and neatiop (L6), and the G11778A
mutation in the mtDNA encoding the ND4 subunit omplex | was found in a
family with parkinsonism associated with Leber'stiopneuropathy 17).
Recently, mutations in the nuclear encoded geneA Phlymerasey (POLG),
which is responsible for mtDNA replication, werepoeted in families with
parkinsonism associated with progressive exterphtlmimoplegia and multiple
MtDNA deletions 18). Finally, specific mtDNA polymorphisms or haplpgs
have been correlated with PD. Human mtDNA exhitetson-specific variations
in indigenous populations. Haplotypes J and K vieuad to reduce the incidence
of the disease by 50% in patients of European &rycasd the haplotype cluster
UKJT also exhibited a 22% decrease in risk of PDthBthese haplotypes are
associated with mild uncoupling of mitochondridpaing adaptation to colder
climate, increasing heat generation and reducing Rduction 19).

PD genes and Parkinson’s disease

Recently several rare forms of inherited PD havenbescognized. Inherited
mutations in at least five genes associated witmilia parkinsonism

demonstrated that mutations in a single gene ptocludd lead to SN neurons
degeneration and clinical manifestation of parkmsam. Studies on the cellular
and physiological functions of these gene produws helped elucidate the
pathogenic mechanism underlying the selective dagdion of dopaminergic
neurons in PD. Interestingly, at least three of femes associated with the
familial form of PD —parkin, DJ-1, and PINK1— havieeen linked to

mitochondria and oxidative stress-related survypathways.



Even if such mutations account for a minority ofses of PD, it is
reasonable to think that a similar mechanism mighderlie the inherited and
sporadic forms of the disease. A common site abador these mutated gene
products seems to be the mitochondria. A descnipifcthe genes associated with
parkinsonism and their involvement in mitochongr&hophisyiology is presented
below.

Parkin

The parkin gene encodes a 465 amino acid protein contaimnig-germinal
ubiquitin-like domain, a central linker region, aadC-terminus containing two Really
Interesting New Gene (RING) domains separated ly-batween RING domair2().
Mammalian parkin is primarily localized in the gytasm of post-mitotic cells, but a
fraction appears to associate with the outer mmodhal membrane 20). In
proliferating cells, parkin localizes to mitocholadrand enhances mitochondrial
biogenesis 42). Parkin functions as an E3 ubiquitin protein digaby targeting
misfolded proteins to the ubiquitin proteasome\pathfor degradatior2@). Mutations
in theparkin gene are a major cause of autosomal recessiyeosast PDZ0, 23, 24.
The most accepted pathogenic mechanism of actiorpdikin mutations is that
mutated parkin is no longer able to degrade itguaisubset of target proteins, and
these proteins subsequently accumulate in neurdmvgever, parkin-critical substrates
remain to be determined. Recently it has been stegythat parkin is a neuroprotective
protein crucial for neuronal surviva). Consistent with this, parkin over-expression
is protective in several cellular models of apapt@@l, 26, 27. It has been reported
that post-translational modification of parkin, dte covalent modification by
dopamine quinones, impairs its ubiquitin E3 ligasivity and compromises its
protective function Z8). Analysis of Drosophila mutants that are deficient in an
orthologue of parkin reveal striking mitochondnthology 29). Wild-type parkin
also prevents mitochondrial swelling, cytochromeelease and caspase activation in
response to cytotoxic insults, and these functimasabrogated when parkin is mutated
(21). In flies, age-dependent dopaminergic neurodegioe and motor impairments

are observed due to expression of human mutaninpbadk not wild-type parkin,



suggesting a toxic gain-of-function mechanisg®).( Consistent with this, parkin
knockout mice display little or no alterations wpdminergic neuron8{-33.
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Figure 3 Models of human PD-associated proteins.

(A) -Synuclein is a 140 amino acid protein belaonggio a family of related synuclein that
includes - and -synuclein. It has an N-terminal hipatic region containing six imperfect
repeats with a KTKEGV consensus sequence, a hydmplcentral region that contains
the non-amyloid- component (NAC) domain, and a Kighcidic C-terminal tail
containing several phosphorylation sites. (B) Raiki a 465 amino acid protein that
functions as an E3 ubiquitin ligase. It contains M#terminal ubiquitin-like (UBL)
domain that binds to RPN10 subunit of the 26S smme system, a central linker
region, and a C-terminal RING domain comprising RIDG finger motifs (RING1 and
RING2) separated by an in-between-RING (IBR) domé®) DJ-1 is a highly conserved
189 amino acid protein that is ubiquitously andradantly expressed in most mammalian
tissues and belongs to the DJ-1/ThiJ/Pfpl supelartid) PINK1 is a highly conserved
581 amino acid protein that is ubiquitously expeesst localizes to the mitochondria via
an N-terminal mitochondrion-targeting motif (MTSjurthermore, it shares sequence
similarity with C&*/calmodulin-dependent protein kinase | and containsatalytic
serine/threonine kinase domain. (E) LRRK2 is a 2&8ifo acid complex multi-domain
protein that consists of a ankyrin-repeat regioNKA an N-terminal leucine-rich repeat
domain (LRR), a GTPase Roc domain (Roc) followedabgociated C terminal of Roc
(COR), a mitogen-activated kinase kinase kinaseailpnand C-terminal WD40 repeat
(approximately 40 amino acid repeats that formrapeller structure that might serve as a
rigid scaffold for protein interactions). Approxiteapositions of missense mutations
causing PD are indicated with arrows. (from ManddsaV. et al.,). of Cell Sck007)



DJ-1

Loss-of-function mutations in the DJ-1 locus arsoasated with rare
forms of autosomal recessive early-onset parkissoni@4). DJ-1 is a
homodimeric, highly conserved protein of 189 aminoids, ubiquitously
expressed in a variety of mammalian tissues inalydirain 85). Familial PD-
linked mutations in DJ-1 are considered to causgpandnergic neuron
degeneration through loss-of-function mechanismsisbent with a recessive
inheritance. Many lines of evidence suggest thafl BJnctions as an antioxidant
protein. Oxidative stress leads to an acidic shiifDJ-1's isoelectric point by
oxidation of its Cys106 residu&®). Also, given its propensity to undergo auto-
oxidation to eliminate kD,, it may function as a scavenger of reactive oxygen
species (ROS)36, 37). Mouse models lacking DJ-1 developed age-depdénden
motor deficits, hypokinesia and dopaminergic dysfiom with no neuronal loss
(38, 39. Nigrostriatal dopaminergic neurons in these mgte®w increased
vulnerability to the parkinsonian toxin MPTP via anknown mechanism4().
Consistent with these findings DJ-1 over expressippears protective against a
number of oxidative toxic insults3§). DJ1 mitochondrial localizatiordq) and
hypersensitivity of DJ-1 KO mice to mitochondriadxins like MPTP 40)
provides substantial evidence on its role in mityahrial and oxidative stress-
mediated neurodegeneration. Moreover a link todegendence in sporadic PD

is further supported by oxidative inactivation of-D due to aging in fliesip).

PINK1

Discovery of PINK1, a mitochondrial serine/threanikinase, mutated in
some rare familial forms of PD, provided a clearklibetween mitochondrial
dysfunction and neurodegeneration in PD. Furthatyais confirmed that PINK1
protein accumulates within the intermembrane spaEcenitochondria 43). In
vitro studies suggest that over expression of wild t{BK1 can prevent
mitochondrial cytochrome c release and subseqymopitasis and this function is
abolished in familial PD-linked PINK1 mutantg4). This is consistent with
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increased vulnerability of dopaminergic SH-SY5Y Igelo the mitochondrial
toxins rotenone and MPTP following PINK1 suppresdiy siRNA @5) or due to
expression of PINK1 mutantgl). In vivo loss of PINK1 function due to its
inactivation by siRNA or expression of PINK1 mutareads to muscle and
dopaminergic neuron degeneration as a consequéna¢ochondrial dysfunction
in flies @7). Interestingly, this phenotype was rescued byr asgression of
parkin. These data strongly suggest a genetic @gthmith parkin functioning
downstream PINK1 and implicate both parkin and PINK the regulation of
mitochondrial physiology and survival in fliesA71-49. Mutations at the
phosphorylation sites of the mitochondrial proteBié&\2/Omi have been found
in sporadic forms of PD moreover it has been shimwitro the PINK ability to
phosphorylate HtrA2/0Omi50), and is tempting to speculate the presence of
PINK1 and HtrA2/Omi in the same survival pathwaydahat its impairment
leads to PD.

a-Synuclein

a-synuclein is a natively unfolded presynaptic pirotef ~14-kDa that is
believed to play a role in synaptic vesicles reog;l storage, and
compartmentalization of neurotransmitters throughassociation with vesicular
and membranous structuresl{53. Structurally,a-synuclein consists of an N-
terminal amphipathic region, a hydrophobic middégion (containing a non-
amyloidf3 component domain) and an acidic C-terminal regidimee missense
mutations ina-synucleingene (A53T, A30P and E46K) as well as genomic
triplication of the a-synuclein gene region are associated with autosoma
dominant PD %4-57. a-synuclein has a propensity to aggregate due to its
hydrophobic non-amyloi¢- component domain. The presence of fibrilar
synuclein as a major structural component of Lewglibés in PD suggests a role
of aggregatedi-synuclein in PD pathogenesEgj|. Presently it is unclear whether
accumulation of misfolded proteins that lead to Il inclusions are toxic or

protective in PD §9). Mechanisms by which abnormal accumulation oof

11



synuclein disrupts basic cellular functions and déeato dopaminergic
neurodegeneration are being intensely studied. Oindhe earliest defects
following a-synuclein accumulatiom vivo is blockade of endoplasmic reticulum
(ER) to golgi vesicular trafficking leading to ERess 60). The link betwee-
synuclein and mitochondria is still unclear, howewseveral lines of evidence
suggest that the protein can affect mitochondtdatfion. Due to the ability af-
synuclein to modulate synaptic vesicle formatiod aeurotransmitter storage it
has been suggested thasynuclein can mediate levels of cytoplasmic DAd an
thus the rate of DA oxidation and ROS formation.hus, a-synuclein may
indirectly affect mitochondrial function through BGQormation in SNpc neurons.
Additionally, administration of MPTP to mice ovexgressing a-synuclein
produces enlarged and deformed mitochondria tleahair observed in the control
mice ©1). In addition, a recent study demonstrates thaeneixpressing human
A53T a-synuclein developed mitochondrial pathology andtootiondrial
dysfunction suggesting a crucial role toisynuclein in modulating mitochondrial
functions in neurodegeneratio62j. Conversely, mice lacking-synuclein are
resistant to mitochondrial toxins like MPTP, 3-afropionic acid and malonate
(63). Another mechanism by which mutaotsynuclein can induce neuronal
toxicity is by increasing cytosolic catecholaminencentrations, which in turn

leads to increased levels of oxidized DA metabsligd, 65.

LRRK2

Mutations in the leucin-rich repeat kinase 2 (LRRK2use autosomal
dominant PD §6, 67. LRRK2 encodes a 2527 amino acids multidomain of
280KDa protein belonging to the ROCO protein famégd encompasses a
Rho/Ras-like GTPase domain, protein kinase dombBthe MAPKKK family as
well as a WD40 repeat domain and leuchine-rich aeg®main §6, 67. An
additional domain C-terminal to the GTPase domamméed COR (carboxy-
terminal of Ras) is of unknown function. Point ntidas have been identified in
almost all of the known domains and a single misseeallele of LRRK2, 2019S

may be associated with 1-2% of apparently “sporaé@ cases&8-70. Kinase
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activity appears to be required for the toxicity28(19S LRRK?2 in tissue culture
cell lines {71). The cellular and molecular mechanisms of LRR&2dity remain
to described, however a role for LRRK2 as a modulatn a mitochondrial-

dependent cell death pathway has been suggdéfiedd, 73.

Taken together, these accumulating evidence deiffreed the toxic and
genetic models of PD provide a strong link betwedtochondrial dysfunction
and oxidative stress in PD pathogenesis and fors#lective vulnerability of
SNpc dopaminergic neurons. It has been for longthgsized that vulnerability
of dopaminergic neurons to ROS-mediated oxidatammabe is likely due to the
presence of DA itself. For this reason is compglltio understand the regulation
of cytoplasmic DA levels such as synthesis, releasel metabolism in
dopaminergic neurons, since deregulation in theseat steps can play a critical

role in the dopaminergic neuron loss in PD.

DA synthesis and metabolism

DA is synthesized in the cytoplasm from the amiom dyrosine. Dietary
tyrosine is taken up into axon terminals by thegéameutral amino-acid
transporter (LNAA) and converted to L-DOPA by thgtaplasmic enzyme
tyrosine hydroxylase (TH) in the rate-limiting step catecholamine synthesis
(74). L-DOPA is decarboxylated to DA by L-amino-acidadrboxylase (AADC)
(74). Newly synthesized DA is rapidly packaged intomagytic vesicles by the
vesicular monoamine transporter-2 (VMAT2) in a @msx ATP-dependent.
Additionally, newly synthesized DA that is not padkinto vesicles can be
degraded to dihydroxyphenylacetic acid (DOPAC) tigio a two-step reaction
catalyzed by mitochondrial monoamine oxidase (MA@nhd aldehyde
dehydrogenase (AD). Cytoplasmic DA inhibits the\atst of TH via end-product
inhibition (75).

Action potential-induced G4 entry into the axon terminal triggers the
release of vesicular DA into the synaptic cleft. Be#eased into the synaptic cleft

can bind to either postsynaptic D1 and D2 receptmrshe presynaptic D2 auto-
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Figure 4 Schematic diagram of DA synthesis and metabolism idopaminergic
neurons

Tyrosine is taken up into the axon terminal byltrge neutral amino-acid transporter
(LNAA) and converted to DOPA by tyrosine hydroxydagTH). DOPA s
decarboxylated to DA by L-aromatic amino-acid deoaylase (AADC). Newly
synthesized DA is packaged by vesicular monoamiaesporter-2 (VMAT?2) into
synaptic vesicles for release. Alternatively, newynthesized DA can be degraded
by mitochondrial (Mito) MAO or can feedback to ibhi TH activity. DA released
into the synapse can bind to post-synaptic D1 orr@&@2ptors (DA-R) or D2 auto-
receptors (D2-R). Synaptic DA is removed via trepamine transporter (DAT).
Once again in the cytoplasm, DA can be repackaged synaptic vesicles or
metabolized by MAO and aldehyde dehydrogenase (®8DIDOPAC. DOPAC is
removed from the axon terminal through diffusion.

receptor. Activation of presynaptic D2 auto receptonhibits further DA
synthesis. Synaptic DA is removed via the highnaffireuptake DA transporter
(DAT) that recaptures a vast majority of synapti& [¥6). Recaptured DA can
either be repackaged into synaptic vesicles foseggor metabolized to DOPAC
by mitochondrial MAO and AD 7). Cytosolic DA can also be imported into
lysosomes where it can auto-oxidize spontaneouslyfarm the polymer
neuromelanin{7). A loss of regulation of DA metabolism or storagen lead to
an accumulation of DA in the cytoplasm. DA can giige toxic species during its
normal metabolism and/or if DA accumulates in tiiplasm. For these reasons,
the synthesis, storage, release, reuptake, andbatista of DA are tightly

regulated in dopaminergic neurons.
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Intraneuronal oxidation of dopamine

DA metabolism by MAO-B and AD results in the formoait of DOPAC
and hydrogen peroxide (B,) (Figure 4). H,O, can be scavenged by GSH or
react with F&" to form hydroxyl radical (OF by Fenton reaction. The MAO-B
product DOPAL is a highly toxic metabolitéq) and mitochondrial impairment
or AD inhibition can lead to its accumulation inpdeninergic neurons78).
Noteworthy in the context of PD is the fact thattonhondrial complex | is
essential for DA metabolism since the byproductahplex | (NAD), is a co-
factors of AD. Impairment in complex | activity iitiit DA metabolism leading to
an increase in cytosolic DA.

Cytosolic DA can undergo spontaneous or enzymaétabolic pathways
that give rise to cytotoxic molecules. This reactieads to the formation of

several cytotoxic reactive oxygen species (ROSpeswxide anions (&),

DA metabolism DA oxidation
L-DOPA
‘_~ DA DA
T MAO Oxidation of
v catecholamine ring

DOPAL
DA Quinone + H,0, + Oy

F

H,0,+ DOPAC

o OH- OONO-
& Fe2+
x "
OH Oxidative
Damage
r

‘ Oxidative Damage

Figure 5 Byproducts of DA metabolism or DA oxidatiam are toxic for the neuron

DA enzymatic (left) and non-enzymatic (right) meibd pathways. The enzymatic
metabolism of DA results in the formation of DOPA®d a hydrogen peroxide
(H.0,) molecule. HO,can be scavenged by glutathione (GSH) or react wadthto
form hydroxyl radical (OF through the Fenton reaction. DA auto-oxidatiesuits
in the formation of DA-quinone molecules and thacteve oxygen species,8, and
superoxide (@). H,O, can produce OHwvhile O, can react with nitric oxide to form
peroxynitrite (OONQ. ROS cause oxidative damage by reacting witlddipDNA
and proteins, and may ultimately result in neuraleath.
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hydroxyl radicals (OF, and dopamine quinones (DAQEJ]. This reaction is
spontaneous in the cytoplasm and is enhanced onatative conditions{9) and

in the presence of transition metaB0)( Several enzymes can catalyze DAQ
synthesis, however the sub cellular location aedetttent to which these enzymes
mediate this oxidative reaction are difficult tdiemte. The enzyme tyrosinase
can catalyze the oxidation of DA to DA-o-quinone QP and from
leukoaminochrome to aminochrome (A@)L( 82, and tyrosinase’s presence in
brain tissues has been recently repor&&). (Others enzymes present in the CNS
also have the ability to produce these toxic quasonThe ubiquitous enzyme
prostaglandin H synthase has been shown to oxidiizéo DA quinones via the
peroxidase activity of the enzym@3. Lipoxygenase and xanthine oxidase have
also been shown to oxidize DA in presence of hyeinggeroxide &4, 85.

The toxicity of DAQs is related to their ability t@act and covalently
modify cellular molecules and macromolecules. Eggttilic DAQs have high
affinity for free cysteine, reduced glutathione §Sand sulfhydryl groups of
proteins to form cysteinyl-catechol conjugatéb,(86. Reduced glutathione
(GSH) is the primary antioxidant defense againsSR&uced oxidative damage
in the neurons. The antioxidant defense capaciyopiiminergic neurons can be
overwhelmed by ROS and can also be impaired byetlepl of GSH by DAQs.
Interestingly, GSH levels within dopaminergic newsoare depleted in PD
patients, suggesting that their ability to manag@SRis compromised in these
cells @7). Free cysteinyl-catechol and GSH-catechol derkeat have been
detectedin vivo and are increased in tiseistantia nigraof post-mortem brain
from PD patientsg8). In addition to a decrease in cellular antioxiddefenses,
derivatives of GSH-DA conjugates have been fountiédoxic to mitochondria
(89, 90.

DAQs have been shown to bind covalently to protgsteinyl residues
vitro andin vivo leading to the formation of 5-cysteyl-catechdg,(13, 83, 91,
92). Sulfhydryl groups of cysteine are often founda active site of proteins,
and covalent modification by DAQs can lead to imtioin of protein function with
toxic consequences for the celpy.

So far it has been shown that, in the presenceyrokinase, DA covalently

modifies and inactivates TH98), DAT (94), glutamate transporte9%) and
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parkin (28). Cytosolic quinones can also enter the nucleusiatuce DNA base
modifications 96). Important for the pathogenesis of PD, DAQs camd lm-
synuclein and stabilize protofibrils ofa-synuclein  ¢-syn), which are

hypothesized to be the toxic intermediates-@lyn fibril formation 7).

Statement of Purpose

The reasons for the specific loss of dopaminergigrons in PD remain
obscure. Based on the anatomy of this neurodegemera toxic role for the
neurotransmitter DA has been long hypothesized. iDAthe cytoplasm can
undergo spontaneous or enzyme-catalyzed oxida#i@etions that give rise to
several reactive toxic species including super@xsdion (Q ), hydroxyl radicals
(OH) and reactive quinones (DAQs). For this reason dimethesis, storage,
release, and metabolism of DA are tightly regulatedlopaminergic neurons.
Impairments in DA storage or metabolism can leaddoumulation of DA in the
cytoplasm with subsequent formation of toxic specieROS production exceeds
the scavenging power of the cellular defense systeridative stress and
oxidative damage can ensue. Additionally, the @adiproducts of DA have been
shown to bind and covalently modify proteins at kel of cysteinyl residues
leading to impairment of protein function and cansent cellular damage. These
products have been foumndvivo and are increased in PD brains compared to age-
matched control brains. Impaired DA storage resgltifrom a-synuclein
mutations has been reported and this mechanism owyribute to the
pathogenesis of some rare forms of PD.

The presence of these toxic reactive species & digtoplasm of
dopaminergic neurons can lead to several detrimefitacts. The effect of the
oxidized products of DA on mitochondria was chosenthe subject of the
research that this dissertation comprises. The thgses that DAQs impaired
mitochondrial functions was testeéal vitro and cellular models systems. These
toxic effects may contribute to the neurodegenenatif dopaminergic loss in PD
and account for the specific vulnerability of thesdls to oxidative damage.
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Materials and Methods

Mitochondria Isolation

Rat brain mitochondria isolation

Brain mitochondriavere prepared as described in Zoccasdtal (2004)
(98). Specifically, the cerebratortices of two 6-7-week-old male Sprague-
Dawley rats (300-350 g) were rapidly removetb 20 ml of ice-cold isolation
medium (320 mM sucrose, 5 mMOPS, and 0.05 mM EGTA, pH 7.4) and
homogenizedThe homogenate was centrifuged at 909fer 5 min at 4 °CThe
supernatant was centrifuged at 850 for 10 min, andhe resulting pellet was
resuspended in 1 ml of isolation mediufis was layered on a discontinuous
gradient consisting of l of 6% Ficoll, 1.5 ml of 9% Ficoll, and 4 ml oR%
Ficoll (all prepared in isolation medium) and centrifuged5,000 g for 30 min.
The myelin, synaptosomal, and free mitochondradtions formed above the 6%
layer, as a doublet within ti89%% layer, and as a pellet, respectively. The pellet
was resuspendeth 250 mM sucrose and 10 mM K-MOPS, pH 7.2, and
centrifugedat 8500 xg for 15 min before being resuspended in thisradium to
10-20 mg of protein/ml by the Gornall proteiesay. Prior to the initiation of
every experiment, respiration rates of the mitochi@ah preparation were
determined, and mitochondria were used for thasgied when the ratio of state 3
respiration to state 4 respiration was determirede between 3.5 and 7.0,
signifying healthy, well-coupled mitochondria. witjilutamate andnalate as

substrates.
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Mouse liver mitochondria isolation

Liver mitochondriawere prepared from liver homogenates by differéntia
centrifugationas described in Costantiet al (1995) 09). Specifically liver was
readily removed from a male Winstar albino mice pfated in 50ml of ice-cold
isolation medium containing (320 mM sucrose, 5 NRIHEPES and 0.05 mM
EDTA, pH 7.4), and homogenized. The homogenizedtraasferred in two 50ml
centrifuge tubes, balanced with ice-cold isolatiedium and centrifuged at 700
x g for 6 minutes at 4 °C. The supernatant wassfeaired in two new tubes and
centrifuged at 7000 x g for 6 minutes. The supamiatvas discarded and the
pellet re-suspended in 30ml of ice-cold isolatioadmm and centrifuged again at
7000 x g for 6 minutes. The pellet from this lashiwifuged was gently re-
suspended in 0.5-1ml of isolation buffer and the pngtein/ml was assessed by
the biuret protein assay. The mitochondria preparawvas keep at 4 °C and the

respiration ratio was measured to assess the aéspircontrol.

Biuret protein assay

In alkaline solutions ion copper (€W interacts with the peptide bonds
giving a “blue” complex. The amount of &tproteins complex is estimated
spectrophotometrically at 540nm and used to caleulae mg of mitochondrial
proteins/ml of every mitochondrial preparation. dn3ml cuvette were added
0.5ml deoxycholate (DOC) 1% and sub sequentiallyl 20 mitochondria, 1mi
mQ-H,O and 1.5ml biuret solution. The blank is a cuvettataining all the
reagents except the mitochondria. The cuvette wetrewarm in a beaker
containing 70-8C0C water for 3 minutes and cool down to room temijpeeaon
ice. The absorbance of the sample respect to ek blas measured in a Perkin-
Elmer Life Science§50-40 spectrophotometer at the wavelength of 540
mg/ml concentration was calculated based on a atdndurve made with
increasing amount of bovine serum albumin (BSA) freghly prepared for every
new biuret solution. The biuret solution contaifts: 500ml of solution, 4.5gr of

Sodium Potassium Tartarate, 1.5gr of copper suiphzgntahydrate, 2.5gr
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potassium iodide were dissolved in 200ml of 0.2MOKa The final volume of
500ml was reached adding distilled,@1 The solution was kept at room

temperature.

Measurements on Isolated Mitochondria
Mitochondrial respiration analysis

Mitochondria oxidized substrates in the matrix tdr&ct electrons that
flux through the four complexes of the mitochonbeectronic transport chain
(ETC). The electron passage in the ETC ends with utilization of these

STATE 4

Mitocondria
¢ AEP

STATE 3

&

Uncoupler
L UNCOUPLED
STATE

20pmol O, L1

‘ 2min

Figure 6 The three state of mitochondrial respiratbn in oxygraphic
measurements

Mitochondrial respiration is assessed polarograglyievith a Clark oxygen electrode.
To a medium containing oxidizing substrates for EHT&C the mitochondria are added
and the State 4 of the respiration, or restingestatmeasured. State 4 is defined as the
respiration not coupled with ATP synthasys andsiineates the physiological state of
the first four complex of the oxidative phosphotigda chain (OXPHOS). If ADP is
added in the chamber the ETC ctivity is couplechwiite ATP synthesis by the fifth
complex of the OXPHOS, the R, ATP synthase complex. i, ATP synthase
complex employ the proton gradient built by the EW@Gring the electron flux
throught the first four complexes to synthesize Afdm ADP. Addition of a toxin
that is able to dissipate the proton gradient teatie uncoupling of the ETC from the
complex V activity and ATP synthesis, an this siatealled Uncoupled state where
the oxygen consume is the highest. State 3/Stidecdlled respiratory control ratio
and for well-coupled mitochondria is between 5 &2d
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electrons by the complex IV to reduce moleculargexy G, to water. Measure of
oxygen consumption by the mitochondria is usedndex of the physiological
state of the ETC of the mitochondrial preparation.

Oxygen consumption was measured polarographicattyanClark oxygen
electrode in a closed 2-ml vessel equipped mi#dgnetic stirring and thermostated
at 25 °C. Experiments were started wviite addition of 1mg mg mitochondria in 2
ml of respiration buffecontaining 0.25 M sucrose, 10 mM Tris-MOPS, 1 mM Pi
Tris, 10 uM EGTA-Tris, pH 7.4. Two solutions wera@oyed containing different
oxidizing substrates for the first two complexestieé mitochondrial ETC. For
complex I: 5 mM glutamate/2.5 mM malate were adtie the medium, for
complex Il: 5 mM succinate-Tris as substrate fanptex Il plus 2 uM rotenone to
completely inhibit complex | to avoid backward étea flux from complex Il to
complex | in the ETC, were added. Two distinct chams were used for the two
solutions. The measurement was started and thar lpeat of this trace (at least
200sec) was used to assess the Staggdre 6) of the mitochondrial preparation.
100pM ADP (stock solution 0.1M) was added into¢hamber with a HamiltoR"
syringe avoiding air bubbles. The measure was wongy until the trace returned
parallel to the initial State 4. With addition oDR the respiration is coupled with
the phosphorylation of ADP to ATP by the last coaxpbf the ETC, the 4Fo
ATPsynthase complex, or complex V. This respirasitate is conventionally called
State 3 and the State 3/State 4 ratio is useddex iof the healthy state of the
mitochondria in the preparation. Well-coupled arslthy mitochondria show a
respiratory control State 3/State 4 between 5 @nd 1
The maximal rate of oxidative phosphorylati®rmpp) was measured after the
addition in the chamber of 25uM 2,4-Dinitrophen®@NP) to measure the
uncoupled state. DNP is a molecule that dissipdegroton gradien)W¥, built
across the IMM between the matrix and the inter-twame space by the complex
[, Iland IV of the ETC. In this state the electiftux among the four complexes of
the ETC is no more coupled with the ATP productard the rate of oxygen
consumption by the complex IV is the highest sittoe ETC try to restore the
dissipated\W¥. Data are recorded as mV during the time of theearent.

Data were analyzed as follow: the ngAt of molecwaygen per mg of

protein (ngAtO/mg) corresponding to 1mV in the @ph was calculated. The
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average of all the initial values was calculated dime function function J,
1mV= [(485ng/ml) x ml in the chamber] / [averadestarting point (mV) x mg
of protein] was used. 485ngAtO/ml correspond tos@lubility at 25°C. Titration
was 485ngAtO/ml ~200mV in the oxygraph. For eveaynple the results were
expressed in 485 ngAtO/ml multiplying the valuegressed in mV for the
results of thdunction 1 The slope of the curve in the linear part for h# three
state was calculated and the results were exgress¢85ngAtO/[ml x min]. The
programOrigin ™ was used for the analysis of the data and theatataesults of

triplicate experiments.

Mitochondrial swelling

Mitochondrialswelling was followed as the change of light saattp of the
mitochondrial suspension at 620 nm with a Perkim&il Life Science850-40
fluorescence spectrophotometer equipped with magnstirring and
thermostatic control. Mitochondrial swelling is ansequence of the opening
of the mitochondrial permeability transition porsaRTP). The mPTP is a
proteinaceous pore that is formed in the inner nramés of mitochondria
(IMM) under certain pathological conditions suchtemimatic brain injury and
stroke. Permeability transition (PT) is an increasdehe permeability of the
mitochondrial membranes to molecules of less this001Daltons in molecular
weight and lead to mitochondrial swelling, the digion of the IMM structure
and the release in the medium of the pro-apopfatitors normally located in
the inter-membrane space. Even if are not knowfasdhe structure and the
components of the mPTP, nonetheless are well ctearaed conditions and
molecules that induce the PT or inhibit Rigure 7). Noteworthy is the ability
of C&"* to induce PT and the molecule cyclosporine A (Cs8)one of the

most powerful inhibitor of the mPTP.
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The Permeability Transition Pore

[intermembrane space]

+++++

! H ’ Closed < Open E Erach
""" [matrix]

Mg2+ Caz2+
NAD(P)H NAD(P)*+
-SH HS- -S-S-

GSH GSSG

CsA CyP-D
ADP, Bongkrekate Atractylate
H+ OH-, Pi

Figure 7 Conditions that induce or inhibit the PT.

Even if the structure of the mPTP has not beennddfiyet, several
conditions and molecules are known to modulate mEgdmormation
as inducer or inhibitors. A general reduced envitent favorites the
close conformation (-SH SH-, GSH) instead an okidiznvironment
(-S-S-S, GSSG) promote opening of the mPTP. Notéwors the
action of the molecule CsA, a specific and powerifufibitor of the
PT, due to its interaction with the protein cyclgllin D. Cyclophyllin
D is so far the only PT modulator identified forresuThe ability of
calcium ions to induce PT is also well charactetizditochondria are
able to import calcium into the matrix by the?Caniporter and this is
one of the cellular way to buffer cytoplasmic amboh C&*. When
Cd" reach a treshold in the mitochondrial matrix iggers the PT by
interaction with still unidentified sites.

Mitochondria (0.5mg/ml) were incubated in 2 ml oédium containing
0.25 M sucrose, 10 mM Tris-MOPS, 1 mM Pi-Tris, 10 EGTA-Tris, , 5 mM
glutamate/2.5 mM malate or 5 mM succinate-Trissi@y.M rotenone. For every
mitochondrial preparation was found a“Caoncentration that is not able to
induce the PPer se’but “sensibilize” the mPTP. 30uM CaQlere added (stock
10mM) to 1mg of mitochondria after 1min and theabance was registered for
10 minutes. Different amounts of calcium were tédte find the concentration

that is slightly under the amount that induces RiTthis condition is easier to

24



reveal if the molecule tested is an inducer or obthe PT since the mPTP
opening is faster. Usually the €aised were 50-55uM. Once found the {Qa
that “sensibilize” the mPTP the swelling measureseacarried out as follow: in
2ml of medium were added 1mg of mitochondria and thacording of the
absorbance was started. After 1 minute the*[Qareviously found was added.
After 1 minute were added DA and tyrosinase to ggieeDA quinines (DAQS) or
other compounds specified in the figure legendtheResultsChapters of this
thesis. When CsA (0.8uM) was used it was addetienredium before addition

of mitochondria Figure 8).

MLM Ca2+ inducer
1 l f inducer + CsA
CsA
AAg;,
0.1
-
2 min

inducer

Figure 8 Explicative trace of a swelling experiment

The decrease of absorbance of a mitochondrial eggpecontaining an
inducer of the PT was followed at the spectrophetem When the
inducer triggers the opening of the mPTP the IMMdiees permeable
to sulutes <~ 1500Da and the mitochondria stagwell. The increase
size of mitochondria lead to a decrease decreaskigluf scattering
detectable at the spectrophotoeter. To verify thigt fenomenon is due
to the induction of the PT the experiments are atgzkin the presence
of the inducer and the specific inhibitor of PT CsA
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Calcium Retention Capacity (CRC) experiments

Extra-mitochondriatalcium concentration was monitored fluorimetrigall
(Hitachi, F4500 or Ocean Optics SD2000 spectrofluorometemgugalcium
Green-5N (excitation—emission: 505-58%). The incubation medium contained
0.25M sucrose, 10mM Tris-MOPS, 1mM Pi-Tris, 10uMEX5Tris, , and 1uM

Addition of

mihajnondria
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¥
fCa

v Inhibitor, CsA

QO
§
Hed
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. —
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5 control
[ =
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d
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E i
5 inducer
5
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Figure 9 Example of Calcium Retention Capacity (CREexperiments.

Mitochondria are incubated in the presence of theréscent probe Calcium Green 5N
(1uM). Calcium Green 5N is able to detect the*’Qaresent in the medium but not the
one that is in the mitochondria. To this solutidiquots of C&* (10-2QuM ) are added
(central trace in the Graph). Upward deflectionttw# traces reflects increases in extra-
mitochondrial C&" and downward deflections reflect mitochondriaf Qaptake. C% is
rapidly taken up by the mitochondria, and extraectfiondrial C& levels rapidly
returned to baseline until an aliquot of?Caxceeded the mitochondrial Caetention
capacity and the mitochondria released their caiciy opening the permeability
transition pore (mPTP). If an inducer is preserthim solution (Lower trace) the aliquots
of C&* that have to be added before inducing the mPTResethan in the control,
because the inducer “sensitize” mitochondria toRfe That this phenomenon is due to
the mPTP opening is verify repeating the experisiémipresence of the inducer and the
inhibitor of the PT cyclosporin A (CsA, upper tracé CsA increase the CRC of the
mitochondria in presence of the inducer it can dectude that the inducer produce the
calcium release by the opening of the PTP.
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calcium green-5N. As oxidizing substrates were ug&thM glutamate/2.5 mM
malate or 5 mM succinate-Tris plus 2 uM rotenonectonpletely block the
backward electron flux through complex I. Finalwole was 2 ml, pH 7.4, 25 °C.
All the experiments were started with the additwd®.5 mg/ml of mitochondria.
Calciumpulses (1AM) were then added at 1 mimtervals until a C&-induced
mitochondrial C& release wasbserved Kigure 9). Calcium retentiorapacity
(CRC) was taken as the total amount of ‘Gazcumulatedy mitochondria prior

to the C&" pulse triggering C& releaseThis value represents a reliable index of
the threshold [C&] required to open the PTP in the whole mitochondrial

populatiorstudied.

Pyridine Nucleotide Assay

Mitochondria (6mg, 0.5mg/ml) were incubated 10mm presence of
different amount of DA and the enzyme tyrosinasegémerate DAQs in the
standard medium containing 0.25 M sucrose, 10 mM-MIOPS, 1 mM Pi-Tris,
10 uM EGTA-Tris 5 mM succinate-Tris plus 2 uM radee and 0.8uM CsA. To
eliminate the colored quinines from this mediumtatinondria were spun 6min at
6000 x g in a benchtop centrifuge at 4 C. The rhibocria were then gently
resuspended in 3 ml of the medium and the pyriduneeotides were extracted
from treated and untreated mitochondria. To 3minedium containing The
untreated mitochondria were processed as the saamnen than the DAQ-
exposed mitochondria. To the mitochondria resuspema 3ml of medium 0.6m|
of 1M EtOH-KOH were added and the suspension wag BOmin at room
temperature (RT). The samples were then cooledcerfar 10min and 1ml of
0.5M trietathanolamine (TEA)A4O, were added and the suspension let 10min at
RT. The samples were centrifuge 10min at 18000nx ip a Sorvall centrifuge,
rotor SE12, and the supernatant transferred in tudb&s. The supernatant was
then spun again 45min at 30000 x g and the sumarhadllected and kept on ice.
The amount of NAD(P)H was assessed with two enzgmassay at the
fluorimeter (HitachiF4500 ) as described in Beatrigeal. 1984. NAD(P)H have

a characteristic absorption peak at 340nm thabsermt in the oxidized species.
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Settings for the fluorimeter were excitation-enaas 340nm-460, slit excitation-
emission 15nm.

For NADH: to 2 ml of pyridine nucleotide extract reeadded 1pul of lactic
dehydrogenase enzyme and 50mM Na-Pyruvate weedlaaitl the oxidation of
NADH was followed, according to the reaction:

Piruvate + NADH + H = lactate + NAD

(reaction catalyzed by lactic dehydrognase enzyme).

For NADPH: when the signal was stable 5mM of oxadizglutathione
(GSSG) and 2ul of glutathione reductase enzyme added and the oxidation of
NADPH was followed according to the reaction:

GSSG + NADPH«= GSH NADP+
(reaction catalyzed by the enzyme glutathione reecha).

A standard curve with known amounts of NADH and NADwas made
and employed to express tiAsp of absorbance in UM NAD(P)H. Untreated
mitochondria were considered 100% NAD(P)H amountshe graphs. All the
measures were repeated in triplicate and the daéityzed with the program

Origin ™.

Complex | assay

Complex | activity was assessed in isolated mitadn@a as described in
Jansseret al (2007) (00). In this assay dichloroindophenol (DCIP) is used
terminal electron acceptor. Complex | oxidizes NARiAd the electrons are used
to reduce the artificial substrates decylubiquindhat subsequently delivers
electrons to DCIP. DCIP reduction is followed speghotometrically at 600nm.
The sensitivity of this method resides in the taett other NADH-dehydrogenase
are not able to reduce decylubiquinone. 965ul oflimma containing 25mM
potassium phosphate (KRGtock solution 100mM, pH 7.8), 3.5g/L BSA (stock
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solution 70g/L), 60uM DCIP (stock solution 14mM dimethil sulphoxide,
DMSO), 70uM decylubiquinone (stock solution 6mM wmater) and 1puM
anticycine-A (stock solution 10mM in DMSO), pH 7Asdas pre-incubated with
25ul mitochondria (0.5mg of mitochondrial protgias 37°C for 3 minutes. The
reaction was started with addition of 20ul of NAOktock solution 10mM in
KPO, buffer) and absorbance at 600nm was followed fomiinutes every 30
seconds. 1upl of rotenone (stock solution 1mM in [BWSwas added and
absorbance measured for 1 minute every 30 sec®@ulaplex | activity was
expressed as U/mg protein, in which 1U complextivag is equal to 1 pmol
DCIP reduced per min. Rotenone sensitivity was uBedassess the assay
specificity. The experiments were repeated thrageedi for every condition for
statistical analysis.

Complex | immunocapture (IP)

Complex | from isolated liver mitochondria was IRthwMitoscience™
immunocapure antibody. To a mitochondrial membrsugpension at 5.5 mg/ml
protein in PBS 1/10 volume of 10% lauryl maltos{fieal concentration of 1%)
was added, mixed and the suspension kept on icBdaninutes. The samples
were centrifuge at maximum speed in a benchtopafige for 30 minutes. The
supernatant was collected in new tubgd. & solid beads cross-linked with the
antibody against complex | were added to the sapants and the mix allowed to
turn overnight at 4C on a in a tube rotator. After the mixing step bleads were
collected by centrifugation for 1 minute at 1,00@n a benchtop microfuges
and the supernatant discard. The beads were wagtled 00 volumes of PBS
buffer for 5 minutes on gently agitation to remabe non-specifically bound
proteins prior to elution.. Washing process waseatgd twice. Elution was
performed adding SDS-PAGE loading buffer and bgilifdomin at 96°C before

loading the samples on a 15% pre-cast gel (Bio-Rad)
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Cell Biology
Cdll Cultures

SHSY-5Y human neuroblastoma cells (a generous dfifDr. Tullio
Pozzan, Dept. of Biomedical Sciences, Padova,)ltabre grown in Dulbecco's
modified Eagle's medium supplemented with 2mM glutee. Themedia were all
supplemented with 10% fetal calf serum, 50 uritsl™ penicillin, and 50ug x
mi™ streptomycinCells were kept in a humidified atmosphere of 95¢@ad 5%
CO, at 37 °C in a Forma tissue culture water-jackatemibator. Cells were
seeded 10for every well of a 6wells plate or 2 x @l in flask with 15ml
medium and let grow until 75-80% confluency befoeeseeding, transfection or

treatment.

Trasnsfection

SHSY-5Y cells were transfected with the Nucleofefotechnology
(amaxa biosystems). Cells were passage 3-4 dapsebeghnsfection. Adherent
cells from a 75% confluence were washed with PBSteypsin/EDTA was added
to cells. Trypsinization was stopped with additionanl warm DMEM an aliquot
of cell suspension was used for count cells tordete cell density. 1x10cells
per sample were centrifuged at 90xg for 10 min #Hred supernatant discarded
completely. The pellet was resuspendedud @kl Line Nucleofector™ Solution
V and 2ug plasmid DNA (in 1-5ul H,O or TE) was added. The sample was
transferred into an amaxa certified cuvette, avgdair bubbles while pipetting.
The cuvette was inserted into the cuvette holdethefNucleofectd? and the
Nucleofectof™ programs G-04 was used to transfect the cells High

transfection efficiency and analysis up to 24 hours
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Cdll count

After treatment or before transfection cells weoairded with a spelled
hemocytometer. Hemocytometer is an etched glagslmfiawith raised sides that
hold a quartz coverslip exactly 0.1 mm above thandber floor. The counting
chamber is etched in a total surface area of & (see Figure 5). Calculation of
concentration is based on the volume underneathabver slip. One large square
has a volume of 0.0001 ml (length x width x heighg;, 0.1 cm x 0.1 cm x 0.01
cm). Before counting, cells were added with an eqadume of trypan blue
[0.4% (w/v) tyrypan blue in PBS] to facilitate velization of the cells and to
determine live/dead count (dead cells are bluejvel-suspended mix of cells
was notch at the edge f the hemocytometer andslolvly by capillarity. The
number of live and dead cells was count in theuterosquares and the cell

concentration was calculated as follows:

Cell concentration per ml = Total cell count inguares x 2500 x dilution factor.

— One
1 square
millimerer
I B ﬁ
.
- < ke P
02, 025
o— I mm — 1 mm —ie— | mm —

Figure 10 Dimensions of a hemacytometer.
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Fluorescence Microscopy

One-hundred thousand cells weeeded onto 24-mm diameter round glass
coverslips in 6-wellplates and grown for 1 day. The coverslips weren the
transferredonto the stage of a Zeiss Axiovert 100TV invertedcroscope
equipped with a HBO mercury lamp (100 watts), arpifl@rescencewas
detected with a 12-bit digital cooled CCD cameraicfmax, Princeton
Instruments). Cells were incubated in Hanks' baldraalt solution without
bicarbonate and allowet equilibrate in the dark with 20 nM TMRM in the
presence of 1.6 uMCsH or 1 uM CsA for 30 min at 37 °C prior to funthe
additions. All the experiments were started with #adition of DA and tyrosinase
(100UV). Fluorescence images were acquired withOarié dichroiamirror using a
40x/1.3 oil immersion objective (Zeiss), witxcitation at 546 + 5 nm and
emission at 580 5 nm. Exposure time was 80 ms, and data were r@&chand
analyzedwith the MetaMorph Metafluour Imaging Software. €tiers ofseveral
mitochondria were identified as regions of interesiereas background was taken
from fields not containing cellSequential digital images were acquired every 2
min for 60 minand the average fluorescence intensity of all éiggons ointerest
and of the background was recorded and stored tlsegjuentanalysis.
Mitochondrial fluorescence intensities minus backmdwere normalized to the

initial fluorescence for comparatipeirposes.

Biochemistry

Electrophoresis and Western Blot

SDS-PAGE

Following determination of protein concentrations mitochondria
samples the desired amount of mitochondria wereeplan a fresh centrifuge
tubes and sun down at maximum rate in a benchtopiitgye. The supernatant
was removed and loading buffer containing 250 mNk Trase pH 6.8, 20%
glycerol, 5% SDS, 0.01% bromophenol blue were addedamples to have a
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final concentration of 5pug/ul. Samples were vagtexoiled at 95°C for 10 min,
and cooled to 4°C.

The desired stacking and running Acrylamide/Bisy#amide gels were
casted and run in a mini-vertical electrophoresmt u (SE250, Pharmacia)
following Laemmliet al (1970) (0. The chamber was filled with 125 ml of
Laemmli running buffer (25 mM Tris base, 192 mM ahe, 0.1% SDS).
Mitochondrial protein samples were loaded into wwls within the gel. The
volume of each sample loaded was adjusted to enkading of equal
concentrations of protein. A standard containimgtgins of known molecular
weights was loaded into the tenth lane. Mitochaldsroteins were separated by
applying a 100 mV current in th&tackinggel and 150mV in theunning gel..
Electrophoresis was stopped when the lightest baindhe protein standard
reached the bottom of the gel. Proteins were ttransferred to 0.44m

nitrocellulose membranes (Fisher Scientific) bycetephoresis at 30 mV for 12 h.

Blue Native-PAGE

Blue-Native PAGE was performed in a mini-verticaleatrophoresis unit
(SE250, Pharmacia) as described in Witigl. (2006). This technique is used to
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isolate mitochondrial complexes in their native auive form. In the present

research this technique was used to sepdfétdabelled proteins of the ETC

complexes and detected by autoradiography.

The 3.5-13% acrylamide gradient gel was casted aable 1.

Table 1 3.5-13% BN-PAGE gradient gel

Stacking gel Gradient Separation gel

3.5% acrylamide 4% acrylamide 13% acrylamide
Acryl  Mix (30%, 37,5/1- 0.44ml 1.5ml 3.9ml
Acylamide/Bis Acrylamide
Gel Buffer * 2ml 6ml 5ml
Glycerol 39
Water 3.4ml 10.4ml 3ml
Total volume 6ml 18ml 15ml
10% APS 1Ql 10l 50l
TEMED 1yl 1ul 10l

* Gel Buffer:15M Aminocaproic acid, 150mM Bis-Tris pH 7.0

Mitochondria pellet (400ug proteins) were solul@tiz10min at RT in
extraction buffer (EB), containing 0.75M aminoaaipracid, 50mM Bis-Tris pH
7, 10% nDodecyp-maltoside (12.5ul /100ul EB). The sample was dieite
30min at higher speed in a benchtop centrifugethadupernatant transferred in
a new tube and 5% w/v coomassie brilliant blue G-250.5M Aminocaproic
acid (6.3u1/100ul EB) were added right before sampading. Gel was placed in
the chamber of a mini-vertical electrophoresis u(®E250, Pharmacia) and the
lower chamber was filled with Anode buffer contagi25mM Imidazole pH 7.0.
The running was start with the Cathode buffer Btaming 50mM Tricine,
7,5mM Imidazole pH 7.0, 0.02% Coomassie blue G-2bd after the blue
running front has moved about one third of theltataning distance the Cathode
buffer was replaced with the Cathode buffer 1/10taiming 0.002% Coomasie
blue G-250.

Running conditions were 100V until the sample hatered the gel and

50V overnight and until the end of the run. All thum was performed at°4.
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In-gel digestion of Proteins Separated by Polyacrylamide Gel Electrophoresis

Proteins were separated with SDS-PAGE and gel dinsgh water.
Gloves were worn in every passage of the preparatio avoid cheratines
contamination of the gel. The bands of interestenetcised with a clean scalpel
making sure to cut as close as the edge of the dammbssible. The bands were
chopped into cubes of ~1émand transferred into a clean microcentrifuge tube.
Gel particles were washed with water for 5 min apdn down to remove the
liquid. Acetonitrile (3-4 volumes of the gel pie¢agas added for 10-15 min until
gel pieces shrunk and they became white and stigktiher. The samples were
sun and liquid remove. The gel particles were tiliéed in a vacuum centrifuge.
To reduce proteinlOmM dithitreitol/0.1M NHCO; was added enough to cover
the gel pieces and incubate 30 min af66Gel particles were the spun down and
the excess of liquid removed. Acetonitrile was atdetil el pieces shrunk again
and replaced with 55mM iodoacetamide/0.1M JNBO;. The samples were let
20 min in the dark at RT. lodoacetamide solutiors wiaen removed and gel
pieces washed with 150-2000f 0.1M NHHCGO; for 15 min. el pieces were spun
down and liquid remove. Acetonitrile was added agaitil gel particles shrunk
and then removed after centrifugation. Gel parsicleere dried in a vacuum
centrifuge.

Gel particles were dehydrated withof digestion buffer containing
50mM NHHCO; and 40-50ngil of trypsin. The samples were let 30-40 min on
ice checking after 15-20 min if the liquid was alisorbed by the gel pieces and
eventually more buffer was added. The excess draapant was removed and 5-
25ul of buffer without trypsin was added to cover tp pieces. Digestion was
continued ON at 37C. After ON digestion the sample was spun down Badl
aliquot was used for MALDI analysis.

For ES MS/MS analysis the tryptic peptides wereraeteéd from gel
particles. 20-1fl of 25mM NHHCO; and samples incubated at %7 for 15 min
with shacking. Gel particles were spun down andaoadile (1-2 volumes) were
added. Samples were incubated 15 min at@G#vith shaking, then spun down

and the supernatants were collected in new tubeshd gel particles 40-p0 of
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5% formic acid was added and samples vortexed fomin at 37°C. Gel
particles were spun down and the supernatant ptdigether with the one already
collected. Extract were then dried in a vacuum rifeigee.

Activity Stain for F1F, ATPsynthase complex

In this assay the ATPase activity of theFfF ATPsynthase complex is
assessed as described in Zerbettal (1997) (02. The complex is separated by
BN-PAGE in its active form and both the dimmer ath@ monomer of the
complex can be resolved. In presence of ATH;, FATPsynthase complex
idrolizes ATP to ADP + Pi. Inorganic phosphate tsawith PB* and PiPb
precipitates in the gel in correspondence of #ig ATPsynthase complex band.

In the BN-PAGE a Cathode buffer without Coomasdige b-250 was
added at half of the run to ameliorate detectionhefbands of the active stain.
Once run until the end gel was rinsed with wateeflyr and a buffer containing
35mM Tris, 270mM glycine pH 7.4, 14mM Mga@BmM ATP and 0.2% (w/v)
PbNQ; was added (20ml for a minigel). The gel was keé@ B until the bands of
the active stain appeared and picture at diffetiem¢ point of the reaction were
kept for comparison. Staining was stopped with wate
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RESULTS

Part |: Permeability of mitochondria to DAQ and
mitochondrial proteins modifications.

Introduction

One pathological hallmark of Parkinson disease (BQhe degeneration
of dopaminergic neurons the substantia nigra pars compa@&alpc) (03). The
hypothesis that the neurotransmitter DA, specifjcakpressed by this type of
neurons, can play, besides its fundamental phygdb functions, a cytotoxic
role that can contribute to the neurodegeneratioBNpc dopaminergic neurons
in PD was considered in this research. In particulae toxic effects of the
oxidized products of DA on mitochondria were stddie detail. .

DA is synthesized in the cytoplasm aag@idly sequestered by the VMAT-2
transporter into synaptic vesicles where is maietiin the reduced state by the low
pH (104, 105. If DA synthesis, storage of metabolism is imgaiDA can accumulate
in the cytoplasm of dopaminergic neurons. CytopiasiDA can undergo to
spontaneous oxidation in presence of molecularexy@j). This reaction leads to the
oxidation of the catechol ring of DA and the forimiatof several reactive oxygen
species (ROS) as super oxide aniog {Ohydroxyl radicals (OH and DA quinone
molecules (DAQS) 12). The oxidative reaction of DA involves multipléegs of
oxidation and spontaneous rearrangements of thematliates as depicted kiigure
12 ROS can increase oxidative stress and if theesgawg systems are overwhelmed,
oxidative damage can lead to cell death. Besidés ttole of ROS, growing evidence
account for a detrimental role of the oxidation dorcts of DA. Due to their
electrophilic nature DAQs are highly reactive spedoward cellular nucleophiles as
the sulphydryl groups of free cysteines, glutathi(®H. Moreover, their ability to react
and bind covalently to cysteingsidues of proteins both vitro andin vivo has been
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Figure 12 The oxidative pathway of DA that leads toneuromelanine
synthesis.

In the initial reaction DA is oxidized to dopaminejuinone (DQ).
Neuromelanin is synthesize in the lysosomes thgtress the Vescicular
monoamine transporter-2 (VMAT2) to import DA. Noheless DA oxidation
Is spontaneous in the cytoplasm and strongly falatealkaline pH. Moreover
several enzymes, found in the brain, can catahze reaction as tyrosinase
(Ty, Sanchez-Ferreet al. 1995), Prostaglandin H synthase (Hastiegsal
1995), lipoxygenase (Blarzinet al 1999), xanthine oxidase (Foppeti al
1997). In the lysosomes the pathway to neuromelgmoceed with the
spountaneous cyclization of DQ to leukoaminochrothis, reaction is favored
at lower pH and considered the rate-determinin dtapthe subsequent
oxidation reaction of leukoaminochrome to AminocheoAC). Aminochrome
spountaneously rearrange to 5,6-dihydroxyndole {D¥hich can be oxidize o
Indole-5,6-quinone (1Q) and polymerize to form reguelanin

reported 28, 92, 94, 106-108 The reaction between dopamine-o-quinone and the
amino acid cysteine is depictedrigure 13 Because these residues are often located
at the active sitef a protein covalent modificationssult in an impairment of protein
function with potentiallydeleterious effects on the cell, as describedherRD-gene
productparkin (92). In addition to protein, the oxidized productsD# can react and
covalently modify DNA 109. Several evidence account for a toxic effect AfJ3 on
mitochondria. The ability of DAQs to inhibit mitoshdrial respiration and in particular
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Figure 13 DAQs react and covalently modify cysteineesidues of
proteins

Oxidation of DA leads to the formation of DA quireomolecule and
ROS as super oxide ion £0 and hydrogen peroxide {8,). H,O, can
react with iron abundant in the SN to form hydroxgHical (OH)
through Fenton reaction. DA quinones are highlyctetghiles and
easily react with cellular nucleophiles as GSHe fegsteine or cysteine
residues of proteins. With cysteine the C5 of thinone ring react
with the thinly of cysteine to give a 5-cysteyndtechol molecule.
Since cysteine residues are often found in actites ®f proteins DA
guinone-modification can lead to structure and fiomcalteration of
proteins. (from LaVoiet al 2003)

their toxicity toward complex | has been reportgéiiof113. DAQs are also able to
induce the permeability transition (PT) in braiitathondria {10). Recently, their
ability to induce the electron leakage from theoofibndrial electronic transport chain
(ETC) at the level of complex I, increasing the antaof ROS normally produced by
mitochondria has been reportdd ). Interestingly this is the same mechanism claimed
for the toxicity of the PD-inducing toxin rotenofil)

Since in PD mitochondrial dysfunctions seem to @agentral role in the
onset or progression of the pathogenesis of PDtakie effects of the oxidized
products of DA on mitochondria is a intriguing aspe¢o clarify and their
mechanism of interaction with the mitochondria omgée is subjects of this

chapter.
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Statement of purpose

The overall aim of the research that comprises thssertation is to
enlighten toxic mechanisms of DA quinones towartbotiondria that contribute
to the degeneration of dopaminergic neurons inRi2. experiments described in
this chapter utilizes vitro and cellular models approaches to assess théyaidili
DAQs to enter the mitochondria and covalently mydifitochondrial proteins.
The attempt to identify two DAQs-modified proteissalso reported.

To generate DAQs the mitochondria were incubateth \WA and the
enzyme tyrosinase (Ty). Ty is able to catalyzetthhe steps of the oxidation of
DA to melanin, in particular, the first oxidatiohat generate the dopamine-o-
quinone (DQ) and the oxidation of leukoaminochramaminochrome (AC) (See
alsoFigure 12).

Once proven the ability of DAQs to cross the outetochondrial
membrane (OMM) and the inner mitochondrial membr@kiM), the capacity of
DAQs to bind covalently and modify mitochondrialopgins was assessed by
autoradiography techniques. Finally the attemptsléntify two DAQs-modified
proteins with mass spectrometry analysis (MS) dnedftinctional consequences
of these modifications are reported.

Results

DAQs enter the mitochondria

Several evidences in literature show the abilityhaf oxidized products of
the neurotransmitter DA to exert toxic effects todvéhe mitochondria such as
swelling, decreased activity of the electron tramsghain (ETC) and altered
mitochondrial potentialg9, 110-11%

To further characterize the toxic interaction of @#&toward mitochondria
the ability of DAQs to cross both the outer and the@er mitochondrial
membranes (OMM and IMM) was examined. The modetctetl was the non-

synaptosomal fraction of mitochondria purified froat brain. To be able to track
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the presence DA inside mitochondriaC-DA was used and scintillation or
autoradiography experiments were carried out. Theliong agent used to
generate DAQs from DA was the enzyme mushroom ityase (EC 1.14.18.1,
from Sigma). In the medium both complex | and carpl substrates (glutamate-
malate and succinate, respectively), were presemhimic a more physiological
situation. Once exposed the mitochondria to DAQs1® minutes the medium
was removed by filtration of mitochondria througlcene and the mitochondria
washed three times to remove the non-specificallynd DA and DAQs. Titration
experiments of several DA amounts and incubatioresi were carried out. The
amount of radioactivity accumulated in mitochondn@as measured by
scintillation.

Data from these experimentSidure 14) show that DAQs accumulate fast
in the mitochondria where they become 35 times nooreentrated than in the
medium. DA itself is unable to enter the mitochaadhighlighting that the

active, and more probable toxic, species are thiglized products of the

neurotransmitter.
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Figure 14 DAQs but not DA enter the mitochondria.

Rat brain mitochondria were incubated wific-DA or DA and tyrosinase as
described in théMaterials and MethodsSamples at subsequent time points were
taken and the DAQs accumulated were detected Inyiltion. Radioactivity in
the samples is expressed as pmole$@DA(Q)/ mg of proteins. As shown in the
graph DAQs accumulate fast in the mitochondria lo@ ¢ontrary DA remains
excluded.

41



To test further the ability of DA quinones to craee IMM mitochondria
were treated with the mild detergent digitonin. iRigin is able to remove the
outer mitochondrial membrane (OMM) generating thiéoptasts. Mitoplast are
mitochondria of which OMM has been removed and dahl/ IMM and matrix
remain. Then the radioactivity accumulated in theoptast was measured. DAQs
accumulate also in the mitoplast, suggesting thktyalbf these compounds to
cross both OMM and IMM.Kigure 15). The mechanism by which the DAQs
cross the two membranes is not clarified so fargesian active transport seems
unconvincing, even if it cannot be excluded, andspee diffusion would be
hindered by the negative charge of the quinone comgbs.

To test if the entrance of DAQs in mitochondria elegls on the energetic
state of the organelle, and therefore Aé among the IMM, DAQs-accumulation
in the presence or absence of substrate were cechpar

No significant differences in the accumulationtled DAQs based on the
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Figure 15 DAQs can cross both the outer and the imm mitochondrial
membrane

Brain rat mitochondria were purified as describedviaterials and MethodsTo
test if the oxidized products of DA can cross bdiie outer and the inner
mitochondrial membrane (OMM, IMM) the OMM was reneolwith the mild
detergent digitonin. Radioactivity corresponding'46-DAQ accumulated in the
mitochondria or in the digitonin-generated mitoplaas measured by scintillation
experiments. As shown in the graph DAQs can crosth mitochondrial
membranes and accumulate in either in mitochorairch mitoplast. Radioactivity
in the samples is expressed as pmolé&®DAQ/ mg of proteins.
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energetic state of the ETC were detectabigure 16). This result leads to the
exclude an active transport of DAQs into mitochaamdsince an active transport
requires energy not available in absence of sulestrinterestinglyAW seems not

influence the entrance of the negative charged Dikanes molecules into the

mitochondria.

DA 10pM
+ 100U Ty
s + substrates

" DA 10puM
+ 100U Ty
no substrates

/mg p
= =
(=] N
[=] =]
g P

800 -

600 -

F-9
(=]
o
!

pmoles 14C-DA(Q)

)

(=]

(=]
!

1]

01234567 80910111213141516
Time (min)
Figure 16 Energetic state of mitochondria does nabfluence DAQs entrance.

Rat brain mitochondria purified as described in Mheterials and Methodsnd
incubated with **C-DA and tyrosinase to generate DAQs. Radioactivity
accumulated in the presence or absence of oxid&ibgtrates in the medium was
compared. Radioactivity in the samples is expressedmoles of‘C-DAQ/ mg

of proteins. As shown in the graph no significaiffedences are detectable
between the two condition, excluding the energstate of mitochondria as a
important factor for DAQs entrance

DAQs but not DA modify mitochondrial proteins

The ability of DAQs to bind and covalently modifyitothondrial proteins
was investigated. Rat brain mitochondria were prdifand exposed t&'C-DA
alone or**C-DA and tyrosinase to generate DAQs. At the entheftreatment the
medium was removed by centrifugation of mitochoadand mitochondrial

proteins separated by gel electrophoresis. Theoaatlvity incorporated in
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mitochondrial proteins was detected by scintillatig-igure 17). Results from
these experiments show that only in presence afsiyase radioactivity is

detectable in the mitochondria proteins.
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Figure 17 DAQ but not DA modify mitochondrial proteins.

Rat brain mitochondria were incubated witfiC-DA or *C-DA and
tyrosinase. After 10 minutes of incubation mitoctida were spun and
washed three times with fresh buffer. Proteins wex&racted in loading
buffer and isolated by gel electrophoresys. Evemyel was cutted in 16
segments of 0.5cm each and the radioactivity pteisethe segments was
detected by scintillation.

In addition fluorography experiments were carried t investigate the
ability of DAQs to modify mitochondrial proteinsn these experiments tHéC-
DAQ- modified proteins were revealed by autoracapdpy of X-rays exposure of
the mitochondrial proteins separated by SDS-PAG&arom these experiments
show that DAQs can bind and modify several mitochi@nproteins and two bands

slightly above the 30kDa molecular weight are tlestmeactiveKigure 18).
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Figure 18 DAQ modify mitochondrial proteins

Purified mitochondria from brain, incubated withud **C-DA (1uCi) in the

presence of the enzyme tyrosinase (100U) for 1Qitem After the treatment
the mitochondria were filtered trough silicone amdshed three times with
fresh buffer to remove the non specifically bound. Beveral amount of

mitochondrial proteins (3@-7519-10Qug-20Qug) were separated by gel
electrophoresis (coomassie stain, on the left)taaddried gel exposed to X-
ray film to detect the labeled bands (autoradiogmamnthe right respect the
coomassie). Several proteins are detectable inatheradiogram and two
bands slightly above the 30KDa molecular weightragatly reactive.

MS analysis of two proteins modified by DAQs

A Mass Spectrometry (MS) approach was employed dentify the
proteins highly reactive with DAQs. The two baras the SDS-PAGE were
excised and processed for MS analysis. For therupge the sequence identified
after passive elution was not unambiguous. A MAOMM¥ analysis of the Q-
V/I/F-L/IE/A-E-D/G-1-K-Q/A/E-FIV-VIG peptide was nexssary and three
different proteins were identified in the band: e tholtage-dependent anion-
selective channel protein 1 (VDAC-1), Slc25a3 protand Phosphate carrier
protein, mitochondrial precursor (PTP) (Solute iesrfamily 25 member 3). For
the lower band they-subunit ATP synthase complex was unambiguously

identified from the ATLKDITRXL peptide.
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The y subunit of FF, ATP synthase protein complex is a structural
component of the complex V of the oxidative phospladion chain in the inner
mitochondrial membrane. Complex V synthesizes ATénf ADP using the
electrochemical potential made by the complex lahid IV of the ETC. In
particular y subunit is the stator that connect the functioRgf, part of the
complex, facing the matrix, with the membrane-ametiopart of the complex.
Structural analysis of thesubunit from the crystallographic structure of the
component of the #, ATP-synthase complex1{6) reveals that a cysteine
residue (Cys 78, PDB 10HH) is present in the profacing the matrix space
(Figure 19). Based on the well reported capacity of DAQsédact with cystein
residues in the proteins, this residue can be soredle candidate for DAQs
attack.

Figure 19 Structure of the R-ATPsynthase complex and the subunit

The structure of the matrix-protruding part of h€P synthase complex
from hearth bovine mitochondria (Ref 116) is sho@¥). y subunit is
shown on the rightB). y subunit is the “shaft” that connects thg F
component of the complex embedded in the IMM with FE component
that protrude into the mitochondrial matrix. A @isie residue (Cys78,
PDB 10HH) is highlighted (red balls) and can bamget for the attack of
DAQs.
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VDACL1 isnot one of the proteins modified by DAQs.

To evaluate the role of VDAC-1 in DAQs modificatiove repeated the
experiment with mitochondria purified from Vdaé-iice (kindly provided by
the laboratory of Prof. Paolo Bernardi at the Depant of Biomedical Science of
the University of Padova). If VDAC-1 was the targéDAQs what was expected
was a disappear of the modified band in the auiogaam of mitochondria
exposed t§'C-DAQ extracted from Vdacl KO mice.

Results from this experiment shown that the modliftn pattern from
Vdac-I"" mitochondria is undistinguishable from the wild eypFigure 20).
These result lead to exclude VDAC-1 as one of dingett of the oxidized products
of dopamine and further analysis are necessarydeatity the others DAQ-

modified proteins and the functional consequenééisese modifications.

MBM MBM MBM MBM
(VDAC+) (VDAC)

2
:

Figure 20 Vdacl KO mice show the same pattern of ndifications
of WT mice

Mouse brain mitochondria from wt and Vdamice were purified by
differential centrifugationMitochondria (0.5mg/ml) were incubated
in 2 ml of medium containing 0.25 M sucrose, 10 niMs-
MOPS pH 7.4, 1 mM Pi-Tris, 10 pM EGTA-Tris, , 5 mM
glutamate/2.5 mM malate. Mitochondria wetreated for 10
minutes with 1AM 'C-DA in presence of 120U tyrosinase. The
protein were extracted in loading buffer and sejgdrdby SDS-PAGE.
The pattern of protein modification BYC-DAQ was compared with
protein treated in the same way from wt animals
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Independent experiments show that the y subunit of the Fi;F, ATP synthase
complex is modified by DAQs.

To verify the ability of DAQs to bind to the subunit of the B, ATP
synthase a proteomic approach was employed. BlugeNBAGE technique was
used to isolate the native complex V from mitoch@maxposed td“C-DAQ
(Figure 21). The several subunits of the isolated complex &ferthen separated
by SDS-PAGE, and the DAQs-modified proteins weentdied by fluorography
of the gel. Results from these experiments contine binding of the oxidized
products of DA to thg subunit of the B, ATP synthase.

These data confirm the finding that thgubunit of the B, ATP synthase
complex is target of DAQs reactive species and teagkclude that possibility of

contaminants in the MS experiments.

Compex V—Pp

Figure 21 DAQs react and covalently modify comple¥X of the ETC

Mouse liver mitochondria were purified as describetfaterials and Methods
Mitochondria were incubated with i®! **C-DA (1uCi) plus Ty to generate
DAQs, and the five complexes of the OXPHOS wereasspd by BN-PAGE.
The dryed gel was exposed to X-ray to reaveal tA@fnodified complexes.
Data from these experiments show that complex Madified from DAQs. An
upper band, corresponding to complex | is alsoatigitée in the autoradiogram.
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Unaltered activity in the DAQs-modified F1F, ATP synthase complex .

To assess if the Complex V modifications at theubunit by DAQs are
able to induce alterations in the enzyme activityira gel activity assay for the
ATPase function of the complex V was carried oute Tive complexes of the
mitochondria were isolated in the native and actitate by Blue Native PAGE.
The ATPase activity of DAQs-modified and wild ty@®mplex V was assessed
with an in-gel assay. The ability of theFg ATP synthase complex to hydrolize
ADP was tested. ATP complex V cans idrolyze the aoolle to ADP and Pi
inorganic. Pi reacts with Phion to give the BPb that precipitates on the ATP-
synthase band in the gel. lead-phosphate. Theitgativthe isolated complex can
then be measured by densitometry analysis. Thétsdsoum these experiments do
not show a decrease of the complex activity for EeQs modified complex
respect to the controF{gure 22).

Nuclear Magnetic Resonance techniques were employewestigate the
ATP synthase activity of the DAQs-modifiediHz ATP synthase. With this
technique was possible to follow the ATP synthasishe intact mitochondria
exposed to DAQs. As for the ATPase activity, alsothe ATP synthase activity

123"'

COOMASSIE 1hr 2hr 3hr 4hr

Figure 22 Complex V modified by DAQ at they subunit retain its
F.F, ATPase activity

Activity staining was performed on Complex V isedt from
mitochondria incubated with DA and tyrosinase. Laneontrol, 5Qig
proteins; lane 2: 5@ proteins from mitochondria exposed 10 minutes
to 2QuM DA plus 120U tyrosinase. To test if the latteridation
products of DA show a different effect on ATPaseviy DA and Ty
were preincubated 5 minutes and after mitochoneeae incubated
with this mix for 10 minutes. 3@ of proteins from this sample were
loaded in lane 3.
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was not possible to detect a significative diffees) between DAQs-modified
complex V activity respect to the control.

Further studies are necessary to investigate thesecuences of DAQs-
modification ofy subunit of the B/, ATP synthase complex. It is now clearly
established that dimerization of theFF ATP synthase takes place in the
mitochondrial inner membrane. Interestingly, oligoimation of this enzyme
seems to be involved in cristae morphogenesis. ey twere able to form
homodimers, subunits 4, andy have been proposed as potential ATP synthase
dimerization subunitsThe hypothesis that DAQs-modifiedH; ATP synthase

can alter mitochondrial morphology of the crista@mnder study.

Conclusions

The present studies have shown that the oxidizestysts of the
neurotransmitter DA can enter the mitochondria sirgs both the outer and the
inner membranes of the organelle. Moreover theaetike species are able to
bind and covalently modify several mitochondriabteins. The ability of DAQs
to modify proteins at sulphydryl residues of proteihas been extensively
reported. Moreover several evidences of the abiftypAQs to bind and inhibit
cytosolic proteins as TH, DAT and parkin are préseriterature. Evidence of
DAQs ability to enter and modify mitochondrial pewots is a crucial step in the
study of mitochondrial impairment in DA neuronsRD. This study has lead to
the identification of they subunit of the ATP synthase complex as one of the
protein modified by DAQs. Anyway assays to test délavity of modified ATP
synthase complex failed to shown impairments in ABnthesis and
hydrolization activity of complex V. Further expaents are required in order to
understand if the binding of DAQs to thResubunit of the ATP synthase complex
can impair other functions of complex V, as e.@ skructural role of complex V
in the formation of the cristae of the IMM. Moreovavestigation to identity the
other DAQs-modified proteins in mitochondria areessary and they can shed
light on the specific vulnerability of DA neuronsnda the mitochondrial

dysfunction in PD.
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Part II: Pathological effects of oxidized productsof
dopamine in mitochondria.

DAQs induce mitochondrial dysfunctions

Mitochondria are key regulator of cell survival agehath. A major role for
mitochondrial dysfunctions has been claimed inghthogenesis of Parkinson’s
disease (PD). Mitochondrial dysfunction have belen assessed in PD patients,
and in particular defects in mitochondrial complexf the respiratory chain has
been shown in the SNpc of sporadic R [This defects seems to be present also
in other tissue of PD patients, since several ewedeare reported for
mitochondrial impairment also in platelets and nes@ 17).

A role of the neurotransmitter DA in the oxidatig&ess that lead to
dopamine neurons cell death in PD has been suggfstéong time. As already
described in this thesis, the neurotransmitter @A give rise to reactive species
in its normal metabolism or undergoes to spontamemucatalyzed oxidative
reactions if accumulated in the cytoplasm of thié ddéese reactive species can
lead to oxidative damage if not efficiently remouag antioxidant system of the

cell.

Previous studies on mitochondrial functions follogii exposure to
oxidized products of DA have shown that DAQs arée a@o induce several
mitochondrial damages as inhibition of mitochonldri@spiration, increase of
ROS production and induction of apopto$9,(110-11% Interestingly the DAQs
ability to induce the mitochondrial PT in brain oghondria has been also shown

(110.

Mitochondrial permeability transition (PT) is an ciease in the

permeability of the mitochondrial membranes to rooles of less than 1500
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Daltons in molecular weight. PT results from openiof mitochondrial
permeability transition pores (MPTR)18-120. The mPT pore is a proteinaceous
pore that is formed in the inner membranes of rhiboclria under certain
pathological conditions such as traumatic braiariynpand stroke. Induction of the
permeability transition pore can lead to mitochaaldswelling and cell death and
plays an important role in some types of apopt¢s&l-124. The MPTP was
proposed by Haworth and Hunter in 1979 and hasesbeen found to be
involved in, among other things, neurodegeneratopyocess that results in
damage and death of neurod2%). MPT is frequently studied in liver cells,
which have especially large number of mitochondra. vitro PT is
accompanied by depolarization, matrix swelling, ldepn of matrix pyridine
nucleotides (PN), outer membrane rupture and relesitermembrane proteins,
including cytochrome c1@3, 126.

Statement of purpose

PT is claimed as one of the pathway of beginningtii@ mitochondrial
apoptosis. In PD the apoptotic pathway seems thigddy activated 7, 8. The
ability of DAQs to induce PT can account as onegh&f way that lead to the
massive loss of dopaminergic neurons in PD. Of tgiaterest is then to
investigate the mechanism by which DAQs induce RTnutochondria. As
shown in chapter | of this thesis DAQs have thditgtib cross both mitochondria
membranes, enter the mitochondrial matrix, and leowly modify several

mitochondrial proteins.

The structure of the mPTP is hotly debated angtb&ins that constitute
or regulate the PT are still not defined. Nonetbelseveral conditions and
molecules that modulate the mPTP conformation abeseé are well
characterized as well as protocols to study the pp€nomenon See also

Materials and Methods, Mitochondrial Swelling) .
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An analytical study on the ability of DAQs to inéu®T in mitochondria and the
investigation of mechanism of its induction wereriesl out and the results are

explained in this chapter.

Results

DAQs Induce swelling in mitochondria

The characterization of the mechanism of DAQs itiduc of the
permeability transition (PT) in mitochondria waadied in collaboration with the
laboratory of the Prof. Paolo Bernardi at the Dapant of Biomedical Sciences

of the University of Padova.

Two types of experiments were used to evaluatduhetional effects of
DAQs-mitochondrial swelling and modification of tlealcium retention capacity
(CRC). Experimentally swelling of mitochondria cdme followed at the
spectrophotometer as a decrease of light scatteohghe mitochondrial
suspension due to the increase of mitochondria mBioas 127). The other
experimental protocol extensively used to studyitiaeiction of PT by DAQs is
the calcium retention capacity (CRC) experiment.toltiondrial C& is
controlled by a transport cycle driven by the protmumps of the respiratory
chain. The transport cycle is mediated by theé*Qaniporter, the NHC&"
antiporter and NdH™ antiporter of the inner membrane. Under physiaali
conditions, mitochondrial G& controls key regulatory dehydrogenises in the
mitochondrial matrix. Under pathological conditicassociated with cellular ATP
depletion and oxidative stressjtochondrial Ca2+ triggers opening of the PT
pore (L22). This is possible because®hinds to and activates Eainding sites
on the matrix side of the mPTP. The presence & feglicals, another result of
excessive intracellular calcium concentrations,
can also cause the mPT pore to open.

The amount of C& that mitochondria can store under different sohuti

conditions can be measure in the CRC experimentshis fluorimetric assay
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mitochondria are resuspended in presence of aefigent probe Calcium green-
5N that cannot permeate into the mitochondria. IBamaounts of calcium are
then added and &ais sequestered by the functional mitochondriaugiothe
Cc&" uniporter. When the amount of calcium in the nxatdach a threshold of
excitotoxicity the mPT pore open with subsequelgase of the calcium in the
medium. The fluorescent signal of the probe bemdthen visible. Analysis of
the amount of calcium added to the mitochondriaifferent conditions allows
defining the Calcium Retention Capacity of mitoctina. A decrease of CRC of
treated mitochondria respect to the control carelad as an ability of the studied
compound to induce PT. Verification of this hypatisecan be carry on by
repeating the CRC experiments in the presenceeatdme time of the studied
compound and CsA. CsA is a powerful inhibitor of pdre opening binding the
matrix protein cyclophillin D. Genetimactivation of genes encoding putative
pore componentshave conclusively demonstrated the role of matrix
cyclophilin D as the mitochondrial receptor for tHesensitizing effects of
cyclosporin A (18). Nevertheless the mechanism by which CsA keepsieP
in the close conformation by binding cyclophillini®still not fully understood.
Results from these experiments allow concluding DAQs induce the
opening of the PTP in a dose dependant manner bet2@20QM DA (Figure
23). Moreover, the CRC experiments confirmed that BA#pe an act as inducers
of PT decreasing the CRC Figure 24). For both these protocols controls
experiments with the specific inhibitor of the PTHclosporine A (CsA) where
carried out. CsA is able to reverse the effect 8(J3 on the PTP opening and
these results confirm that the mechanism by whiél@B induce the swelling of
mitochondria is opening the permeability transitpmre.
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Figure 23 DAQs induce swelling in mitochondria

Mouse liver mitochondria (0.5mg/ml) were incubateith increasing amount of
DA in presence of the enzyme tyrosinase. The dsitrgain absorbance,
correlated to the mitochondrial swelling, was faltdl spectrophotometrically at
620nm. Results from these experiments show that DA®@ able to induce the
PT in mitochondria in a dose-dependant manner. régepthat this effect was
due to the mitochondrial permeability transitiomng@@dmPTP) opening, the same
experiments were repeated in presence of the mRfiBitor CsA. As shown in
the picture for the 1QM DA trace, CsA is able to completely revert théeef
of DAQs.

The early oxidized products of DA are more toxic compared with the late ones.

The reaction of DA oxidation includes several stiyat lead to melanin as
final product 81). Of great interest was to define which among seseral
intermediates of the oxidation reaction has theensagnificant effect toward the
induction of mitochondrial permeability transitiofhe laboratory in Padova
invested a great deal of work in the chemical dtter&zation of the several
oxidation products of dopamine. In the presenceth& enzyme tyrosinase

dopamine is oxidized to dopamine-o-quinone (DAQ)atthspontaneously
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Figure 24 Calcium retention capacity of mouse livemitochondria treated
with DA and tyrosinase.

Mouse liver mitochondria (0.5mg/ml) were incubatedthe presence of the
fluorescent probe calcium green 5N, Calcium gredéh i§ fluorescent in
presence of calcium and is excluded from mitochiendvitochondria are able
to store Ca2+ in the matrix through the calciunporter. When Ca2+ reaches a
threshold of toxicity it activates some still unkwo sites triggering the mPTP
opening and Ca2+ is released in the medium. In ghagocol the amount of
calcium that mitochondria can import in the preseatdifferent amounts of the
PT inducer DAQs is measured. Small mounts of calc{dQuM) are added
every min until the PT happens with release ofigaddn the medium visible at
the fluorimeter as an increased of fluorescencth@fprobe calcium green 5N.
The graph on the left shows that between 10 apd/8DA (+120U tyrosinase)
the calcium retention capacity of mitochondria éase in a dose-dependant
manner. The same experiments were repeated in rdsenre of the mPTP
inhibitor CsA and results (on the right) show t@atA protect mitochondria from
DAQs toxicity.

ciclyzates to form the molecule leukoaminochrombisTcatechol molecule can
be oxidized by tyrosinase to the quinone aminocler¢AC) that in a spontaneous
reaction rearrange to form the 5,6-dihydroxyind@el). DHI can be oxidized
again by tyrosinase to indole-5, 6-quinone that lsom with DHI to form the
polymer melaningl).

The complexity of this reaction and the high reatti of some of the
intermediates hinder the possibility to isolatesthenolecules and maintain them
stable in the physiologic buffers in order to senglut the individual effect on

mitochondria. The strategy chosen to highlight teactivity of the several
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compounds was to incubate mitochondria with thedpcts of subsequent time
points of the oxidative reaction, and compare thelling induction effect.

Results from these experiments show that theeegstioducts of the DA
oxidation are more effective to induce the PT tltfam later ones. Since in the
reaction mix different products are present atsti@e time the identification of the
specific reactivity for the different products haeebe investigatedgure 25).

1mg 55,M
MLM g2e

Smin
2,5min

30sec
Omin

Figure 25 Mitochondrial swelling at different time point of the DA
oxidation reaction: the early products are more toic than the late.

Mitochondria purified from mouse liver (0.5mg/mlkeve resuspended
in medium containing glutamate and malate as oixigizubstrates for
the ETC. Different time points of the oxidation cgan of 6QUMDA
plus tyrosinase were prepared separately and @dded mitochondria
solution and the decreasing in absorbance at 626amrgsponding to
mitochondria swelling, was followed at the spectr@pmeter. Results
from these experiments show that the early prodoicfBA oxidation
reaction are more effective than the late onestiuge PT in liver
mitochondria. | these conditions the first oxidatis catalized by the
enzyme Ty and the spontaneous cyclization of thst fproduct
dopamine-o-quinone to leukoaminochrome is the Iratiéing step for
the formation of the second quinone aminochromecescyclization is
favored by acidic condition and the pH of the mediis 7.4, the
dopamine-o-quinone, seems to be the most reagiaces
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DAQs toxicity involved the pyridine nucleotide pool.

In Costantini et al., 1996, authors describe twiasste sites on the pore that
contains vicinal thiols128. These thiols groups regulate PTP functions tjinou
their redox state. Thiols/disulfide conformation threse residues depend on the
redox state of the matrix pool of pyridine nucldetifor one of site and on the
glutathione redox state for the other site28). Authors show that selective
alkylation of this two sites with monothiol-bindirgpmpound makes possible to
point out if a molecule induce PT with a mechantbat involve redox state of PN
or GSH pool.

Based on the reported high capacity of DAQs totrestt the free thiols
of GSH this protocol was employed to investigate BT induction mechanism of
DAQs. The experiments were carried out as explainddaterials and Methods
of this thesis. The results show that DAQs abitifyinduce PT is reversed if the
thiols groups in equilibrium with the PN pool areodked with the alkylating
reagent N-ethylmalemide (NEM) instead no differenaee noticed if the thiols in
equilibrium with GSH pool are blockedriQure 26). To further investigate the
nature of the interaction between DAQs and the doye nucleotides pool,
experiments with the molecufgidroxybutirrate (BOH) where carried out. This
molecule is able increase the amounts of NADH m niatrix via the reaction
catalyzed by the enzyme acetate dehydrogeniseateceehydrogenase use BOH
as oxidizing substrate to produce acetate and eetAD" to NADH. Swelling
experiment where performed to test the protectieceof the BOH and results
from these experiments show that if the PN poaitagntained in the reduced state
mitochondria are protected from DAQs toxicitlyiqure 27). These interesting
results let to the hypothesis that DAQs induce Rdriag (directly or indirectly)
redox state of the PN pool in the mitochondrialnwaf he redox state of PN pool
has been prove to be one of the factors that affectPTP state, in particular
oxidation of PN induce the pore openiri9. With these premises the state of
PN after mitochondria incubation with DAQs was assel.
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Figure 26 DAQ induce swelling through alteration ofthe pyridine
nucleotide (PN) pool in mitochondria.

Mitochondria from mouse liver (0.5mg/ml) were inabéd in medium
containing glutamate and malate as oxidizing satetr An amount of
Cd" under the threshold necessary to trigger mPTPingewas added
to accelerate mPTP opening by subsequent treatmdatiglating
reagents as monobromobimne (MBM) or N-ethylmaleeniNEM) or
reducing agent dithiotrehytol (DTT) were added rafteminute. DA
(10QuM) and tyrosinase (120 units) were added to thetienl after
another minute and absorbance at 620nm was folloaedhe
spectrofotometer. Results from these experimentgeate that if
mitochondria are preincubated with the alkylatigerma NEM, DAQs
are not able to induce the PT. This result sugdedtDAQs can induce
PT with a echanism that involve thiols alkylatiomdain particular the
thiols in equilibrium with the pyridine nucleotid@’N) pool in the
matrix seem involved in this mechanism.
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Figure 27 The maintenance of PN pool in the reducestate protects toward
DAQ-induced mitochondrial swelling

Mitochondria from mouse liver (0.5mg/ml) were inatdd in medium
containing glutamate and malate as oxidizing satetr An amount of calcium
under the threshold that trigger PTP opening wadeddafter 1 minute to
accelerate PT in subsequent treatmenuM8@r 60uM DA were added to the
mitochondrial suspension together with the enzymasinase (Ty, 120 unitsf-
idroxybutirrate (BOH) was added when indicated #reddecrease of absorbance
at 620nm corresponding to mitochondrial swelling swafollowed
spectrofotometrically. Results from these experit®meshow that if NADH is
maintained reduced by BOH presence, itochondriapaotected from DAQ-
induced swelling, reinforcing previous data of amolvement of PN oxidation
in DAQ-induced PT in mitochndria.

DAQs oxidize the pyridine nucleotide in mitochondria.

Experiments to evaluate the redox state of PN pfiel DAQs treatment
of mitochondria were carried out. As explained iatbtials and Methods section
the pyridine nucleotides were extracted from mitoatria after DAQs treatment
and an enzymatic assay was performed to estimatarttount of NADH and
NADPH separately. Data from these experiments detnate that NADH in
mitochondria exposed to small amounts of DAQsu(BAA) is oxidized of 40%

respect to the controF{gure 28).
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Figure 28 DAQs oxidize the pyridine nucleotides imsolated mitochondria.

Mouse liver mitochondria were purified and expose®AQs as described Materials
and Methods The amounts of reduced NADH and NADPH were asskssnd
compared to the untreated controls. Results frasdlexperiments show that DAQs are
able to decrease the reduced amounts of pyridickeatide in mitochondrial matrix.
Further studies are necessary to establish if dRidation is due to a direct redox
reaction between the electrophiles DAQ and the ceduNAD(P)H or to other
mechanism.

These results show a toxic effect of DAQs towartbaohiondria and lead
to hypothesize a mechanism by which DAQs inducePfhgsince an oxidation of
the PN pool is recognized as inducing factor of mPdpening 129. The
oxidation of PN can also lead to others detrimeetfact in mitochondria, among
them an impairment of mitochondrial respiratiomcsl PN are the electronic
donors of the complex | of the ETC. Further studieghis aspect of the toxicity
of DAQs in mitochondria can highlight the consequesnof DAQs-induced PN
oxidation in mitochondria.

To point out if DAQs can directly react with NADH vitro experiment
were carried outKigure 29). The reaction between DA and DAQs with NADH
was followed specrophotometrically. The oxidatidrN&ADH can be detected by

the decrease of the signal at 340nm since NADH ehabaracteristic peak of
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Figure 29 DAQs oxidize NADHin vitro

The reaction between DAQs and NADH was studiedtspgicotometricallyin vitro.
Oxidation of NADH to NAD was followed at 340nm were NADH but not NAD
has a characteristic absorption peak. Dopamineimeqge formation was followed at
480nm. As shown in the spectra above DA and NADHhdbreact instead when
tyrosinase (Ty) enzyme is added in the cuvettedtpmamine-o-quinone formation is
accompanied by NADH oxidation, sign of a redox tescbetween the electrophiles
DAQs and the reduced NADH. These data suggest asglpge meccanism of DAQs
toxicity in mitochondria since NADH is one of th&idizing substrates of complex |
of the ETC and its depletion has been shown todad®T. Both these events are
detectable in mitochondria exposed to DAQs

absorption at 340nm and NADRoes not. Results from these experiments (Fig)
show that as DAQs is formed (signal at 480nm) NABIapidly oxidized (signal
340nm) claiming for a direct redox reaction betwB&Qs and NADH.

DAQs depolarize mitochondria a cellular model.

Since all the previous experiments were performed vitro systems, was of great
interest to explore if DAQs have the ability of usg PT in a cellular model. To
probe this toxic effect of DAQs could contribute tmderstand the unknown

mechanism of dopaminergic neurons loss in PD. PTHeniag leads to
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mitochondrial membrane depolarization and this ctffevas followed in a
neuroblastoma SH-SY5Y cell line exposed to DA ayrddinase. Mitochondrial
membrane potential was measured based on the aatiomu of
tetramethylrhodamine methyl ester (TMRM) as desdfitin the Materials and
Methods section of this thesis. Results from thegeeriments show that DAQSs
induce depolarization of mitochondiravivo (Figure 30). To prove that this effect
is due to PTP opening SHSY-5Y cell were exposeDA®)s in presence of the
PTP inhibitor CsA. CsA protects mitochondria from’A@s toxicity confirming that
the oxidized products of DA can be toxic towardaditondrian vivo.

~-  Control
-+ Dopamine 30uM + Ty 100U
= (CsA + Dopamine 30uM + Ty 100U

80 -

TMRM Fluorescence, %
{o}]
=
i

-
(]
|

)
o
|

o

0 10 20 30 40
Time, min

Figure 30 Changes of mitochondrial TMRM fluorescene induced by DAQSs in
SHSY-5Y neuroblastoma cells.

Neuroblastoma cell line SHSY-5Y were loaded withe tifiluorescent probe
tetramethylrhodamine methyl ester (TMRM) and stddias described in the
Materials and MethodsOligomycin (Oligo) was added in every experimenavoid
depolarization due to thelz, ATPase complex. Cluster of mitochondria (10-30jeve
chosen as region of interest. Cells were exposed0u DA and 100U of the
enzyme tyrosinase (Ty). The same experiments isepiee of the inhibitor of the
mPTP CsA were carried out. Sequential digital insagere acquired every 2 min,
and the average fluorescence intensity of all eslevegions was recorded and stored
for subsequent analysis. Results from these expatsrshow that DAQs depolarize
mitochondriain vivo and that CsA protects at least in part, mitochiandrom
depolarization suggesting that DAQs-induce deprmddion is due to induction of
mPTP opening.
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Conclusions

A critical role of mitochondrial dysfunction and idative damage has
been claimed in the pathogenesis of neurodegewerdiseases as Parkinson’s
disease (PD), Alzheimer's disease, Huntington’'s eakge. Historically
mitochondria dysfunction has been associated widhbRsed on the observation
that accidental exposure to the environmental tdximethyl-4-phenyl-1,2,3,4-
tetrathydropyridine (MPTP) results in development parkinsonian syndrome
(10). MPTP is a weak inhibitor of mitochondrial conwplé and its toxic
mechanism seems to involve oxidative damage byeasa of ROS production
and DA oxidation §). Moreover chronic exposure to the pesticide roben
another complex | inhibitor reproduce the main phibical hallmarks of PD as
loss of dopaminergic neurons in the substantia anigrsynuclein positive
inclusions and the characteristic motor symptomamice Q). Mitochondrial
dysfunction has been reported in the SN of PD ptti@and in other tissues
outside the brain3( 117 .

In the scenario of a global mitochondrial dysfuotin PD what becomes
interesting is to investigate what makes dopaminargurons more vulnerable to
a mitochondrial deficiency. A role for DA as endogas toxin has been claimed
for long. Deregulation of DA synthesis, storagenoetabolism can lead to DA
oxidation in the cytoplasm with accumulation of itoproducts as ROS and DA
quinones. Taken together these evidence lead to hymothesis that a
mitochondrial chronic defect or protein mutationncéde exacerbated in
dopaminergic neurons by presence DA and its toxatabolites.

The research presented in this chapter was foauséke characterization
of the toxic effects of the oxidized products of @A mitochondria. DAQs are
able to cross both mitochondria membranes and eotl modify several
mitochondria proteins (Part | of this thesis). Tethological consequences, if
any, of this interaction were investigated. Presi@vidence report the ability of
DAQs to induce PT in brain and liver mitochondridl@. This result was the
starting point for the analytical characterizatminthe ability of DAQs to induce
PT in liver mitochondria. Swelling experiments wearied out testing several

conditions of substrates and DA concentrations. GE@eriments were also
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performed to quantify DAQs induction effect. Theuks presented in this chapter
show that the oxidized products of the neurotrattemiDA can induce the
permeability transition (PT) in a dose dependammeabetween 5-1QMM DA in
presence of tyrosinase enzyme as oxidizing age”ofOn the contrary in the
same conditions DA or tyrosinase alone are not @bieduce PT. CsA, a specific
inhibitor of PT, completely reverts DAQs effect pmog that DAQs-induced
mitochondrial swelling is due to opening of the nfPTalcium retention capacity
experiments confirmed the PT induction ability oA@Qs and allowed to quantify
the effect, in C& nmol that the treated mitochondria are able twestmefore
mPTP opening.

The mechanism by which DAQs induce PT was invettdjand alteration
of the redox state of matrix pyridine nucleotideopof mitochondria was shown.
Oxidation of NAD(P)H is one of the known mechanism induce PTL(29.
Finally the ability of DAQs to induce PT in a cddumodel was shown. Since PT
has as final consequence the disruption of OMM ratehse of the pro-apoptotic
factors that resides in the intermembrane spaesgtdata lead to the hypothesis
that DAQs-induced PT can contribute to the losdagaminergic neurons in PD.
Taken together, these data provide an additionath@mical mechanism by
which DAQs may affect cell function, and suppore tidlea that mitochondrial

damage is an important determinant in DAQs toxicity
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Part Ill: Complex | and Parkinson’s disease

Complex |

Complex | (reducedicotinamide adenine dinucleotide—ubiquinone oxido-
reductase, or NADH:ubiquinone oxidoreductase) is finst complex of the
electron transport chain (ETC) in mitochondria. Amoall the others four
complexes of the ETC it has the most complicataatgire and genetics. It is the
largest complex of the respiratory chain and itatree molecular mass is ~980
000 Da. In mammals, it is composed at least ofulfusits (identified so far), of
which 7 are encoded by the mitochondrial genomd®[i#) and the remaining
by the nuclear genomk§0). Complex | catalyzes the transfer of electromsnfr
NADH to coenzyme-g or ubiquinone via a flavin mononucleotide cofacod
iron sulfur centers. The pathway of electrons ogcas follows: NADH is
oxidized to NAD, reducing flavin mononucleotide to FMNIh one two-electron
step. The next electron carrier is a Fe-S clustdrich can only accept one
electron at a time to reduce the ferric ion intdeerous ion. In a convenient
manner, FMNH can be oxidized in only two one-electron stepspugh a
semiquinone intermediate. The electron thus traivets the FMNH to the Fe-S
cluster, then from the Fe-S cluster to the oxidifgdo give the free-radical
(semiquinone) form of Q. This happens again to cedhe semiquinone form to
the ubiquinol form, QK Complex | also has proton-transporting activiteiothe
inner mitochondrial membrane to the intermembrao&ces, indeed during this
process, four protons are translocated acrossntier imitochondrial membrane,
from the matrix to the intermembrane space. Theaters a proton gradient that
will be later used to generate ATP from ADP throwugidative phosphorylation. .
Complex | is one of the main sites at which premeaglectron leakage to oxygen
occurs, thus being one of main sites of produatiba harmful free radical called

super oxide.
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The great complexity of mammal complex | in congam with other
complex | from different species has made hypo#eedhat it can exerts
supplementary functions. Fontaine et al. have sitgdethat the electron flux
through complex | regulate the mitochondrial PTB1, since when respiration is
supported by complex | substrates the PTP openeatuah lower calcium loads
than with complex Il and 1V substrates. This eféaetis directly related to the rate
of electron flow through complex | and not to meari® potential or the redox
status of pyridine nucleotides in the matrix. Moreo rotenone, a specific
inhibitor of the electron flux through complex leldys PTP opening and
increased CRC in mitochondrid32. Involvement of complex | in cell death
pathways has also been claimed, based on Cao’satabp observation that a
mammal complex | subunit, GRIM19, is released i@ tiytoplasm of apoptotic
cells @33.

A deficiency in complex | is the most frequentlycenntered cause f
mitochondrial disease and mutation in several raicl@NA-encoded subunits
cause devastating neurological disorders as Lsigtireme or Leber’'s Hereditary
Optic Neuropathy (LHON) 134 . Milder defects of complex | has also been
claimed from long time to play a central role invel neurodegenerative

diseases as Parkinson’s disease, Alzheimer’'s éisgasHuntington’s disease.

Complex | is impaired in PD

Several lines of evidence point to an inhibitioncoimplex | activity in
PD. The first evidence of complex | impairment iD Ras reported in 1983 by
Langston and colleagued() when they identified 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a side-product of thathgsis of an heroin analog, as
the cause of development of acute, severe and permh®arkinsonism in several
drug addicts in northern California. MPTP is a pogin that enters the brain and
Is then metabolized by monoamine oxidase B to Iaghek-phenylpiridinium ion
(MPP"). MPF is accumulated in dopaminergic neurons and bemgaellent
substrate of the dopamine transpo(f@AT) and in these neurons accumulates in
mitochondria where inhibits the ETC at the levetomplex | ).
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Other evidences stand for an inhibition of complex idiopathic PD.
Shapira and colleagues reported defects in compéexd reduced glutathione in
the substantia nigra of PD patiens. Complex | deficits seems affect also tissue
outside the brain, several studies have reportédcezl complex | activity in the
platelets of people with POL85-13§. Others studies with cells without mtDNA
(PO cells) fused with platelets from PD patients (@)pshow that the defect in
complex | activity can be stably transferredp® cells @, 139. These studies
strongly suggest that complex | defects in PD migdhtdue to mtDNA mutations
but efforts so far to identify these mutations haeen unsuccessful. Upon these
findings a systemic defect of complex | in idiogatRD has been hypothesized

The in vivo rotenone model of Parkinson’s diseasenie powerful tool to
help to clarify this questiorB). Rotenone is a high affinity inhibitor of compléx
used as organic pesticide. Moreover rotenone extigrophilic nature allows it
to cross easily biological membranes and enter lib@n without specific
transporters. Systemic administration of rotenonerats cause chronic and
uniform inhibition of complex | in several organkd brains, kidney hearth and
liver. Anyway after some weeks selective degenamabf neurons in the SN
occurred. Moreover many of the dying neurons haamgel cytoplasmatic
inclusions containing alpha-synuclein and ubiquitis Lewy bodies in PD.
Dopaminergic degeneration is accompanied by mailkecease in oxidative
protein damage only in affected brain region simta which reported in PD.
Finally rotenone-infused animals developed symptofri3arkinsonism including
bradikinesia and rigidity. A crucial implication tiis work is that dopaminergic
neurons in the substantia nigra have intrinsic ifeitg to complex | defects,
since are the ones that die while complex | isarnify inhibited throughout the
brain (and the rest of the body). Since the degdioer occurred at level of
complex | inhibition that don’t significantly imparespiration, the mechanism of
rotenone toxicity is not related to a bioenergeteficit. The mechanism of
rotenone toxicity is an increased oxidative stressl oxidative damage of
mitochondria and the whole cell)). Other experimental models of PD also
suggest oxidative damage as a key mechanism ohdopegic degeneratiorB).

Under physiological conditions complex | is onetlod main sites at which

premature electron leakage to oxygen occurs, tliisgbone of main sites of
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production of a harmful free radical called supetide. Partial inhibition of
complex | greatly increased the ROS productiondipmex | (L1). Interestingly it
has been shown that the single subunit rotenoms:sitssze NADH-quinone
oxidoreductase (Ndil) &acharomyces cerevisiagtochondria can restore NADH
oxidation in complex I-deficient mammalian cell$€TNdil enzyme is insensitive
to complex | inhibitors such as rotenone and 1-gietiphenylpyridinium ion,
known as a metabolite of 1-methyl-4-phenyl-1,2@Bahydropyridine (MPTP).
Injection of recombinant adeno-associated virusyoeg the Ndil gene into the
vicinity of the substantia nigra in rat resultedexpression of the Ndil protein in
the entire substantia nigra. Resistance to theetias effects caused by rotenone
in these animals has recently been shdri (114, 115, 140, 141

What is still unclear is why a systemic defectfas increased production
of ROS by the rotenone-inhibited complex | leadmany to dopaminergic
neurons loss sparing others neuron kinds andygedkt One of the hypotheses for
the intrinsic sensitivity of dopaminergic neurorfgite substantia nigra is related
to the presence of dopamine (DA) itself. Dopamiearons are believed to exist
in a constant state of oxidative stress and dopanmiself can undergo to
spontaneous or catalyzed oxidative reactions tivatrgises several toxic reactive
species as previously described in this thesisulBg$art | and Il of this thesis).

Presence of DA can be the reason why a mild defedTC and in
particular at the level of complex | that increasadative stress has deleterious
effects in dopaminergic neurons where DA can umaEsgto oxidation and
generates several toxic species.

Interestingly evidence in literature suggest aditexic role of DAQs
toward complex I, as dose-dependent inhibition omplex 1 in disrupted
mitochondria and in a neuroblastoma cell lib&1, 114, 11 Moreover has been
shown that increasing the amount of ROS normalbgdpced by complex I in rat
brain mitochondria exposed with DAQK1LQJ)

Two hypothesis could be formulated for a toxic efffef the oxidized
products of DA toward complex I: first DAQs can liease the electron leakage
from complex | to oxygen and then increase thetigaoxygen species normally

produced by complex |, secondly DAQs can impair plmx | functions
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covalently bind and modify protein subunits of g¢@mplex leading to a loss of
structure and function of proteins and the entglex.

Statement of purpose

The toxic effects of the oxidized products of DAvayd complex | was
investigated. Several approach were pursued toactmize the interaction
between DAQs and complex I. The ability of DAQs itdibit mitochondrial
respiration was tested by oxygraphic measures ambaific assay for complex |
activity was set. The ability of DAQs to bind andvalently modify complex |
subunits was also investigated. The toxic actigitypAQs was also compared to
the one of the specific inhibitor of complex | mt@me and the competition
between DAQs and rotenone to bind complex | subwmits compared.

Dopaminergic cells expressing the rotenone-inseestiomplex | subunit
Ndil was used to point out the specificity of DAward complex 111). If cells
expressing Ndil subunit are resistant or proteftech DAQs toxicity too, is
possible to hypothesize parallel effects of DAQsd arotenone toward
mitochondrial complex .

Results

DAQs inhibit mitochondrial respiration.

NADH and NADPH are the electrons donor of the fesimplex of the
oxidative phosphorilation chain in mitochondria. BAQs are able to oxidize the
pyridine nucleotide pool in a redox reaction (ResuPart Il, of this thesis), is
reasonable to hypothesize that this effect leadsario impairment of the
mitochondrial respiration. Data present in literat{l10) show the faculty of
DAQs to inhibit the state 3 of mitochondrial regpion. During mitochondrial
respiration, molecular oxygen is reduced to watercomplex IV (cytochrome

oxidase complex), in the last step of the electroransport chain.
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Experimentally, mitochondria respiration is assddsg oxigraphic measurement
of the decrease of molecular oxygen dissolved imichondria suspension.
Conventionally mitochondria respiration is divided three states. State 4, or
resting respiration, is defined as oxygen consumnpdif isolated mitochondria in
the presence of oxidizing substrates and in theradgsof ADP. State 3, or active
respiration, is ADP-stimulated respiration in preseof oxidizing substrates. The
uncoupled state is defined as a condition in whigh rate of electron transport
can no longer be regulated by an intact chemiosngradient, and is measured
after addition of an uncoupler agent as 2,4-dipttemol (DNP) or carbonyl
cyanide p-[rifluoromethoxyl]-phenyl-hydrozone (FCCB®NP and FCCP act as
proton ionophore binding protons on one side of i@mbrane and being fat
soluble, drifting to the opposite side where thesel the protons, dissipating the
chemiosmotic gradient and leaving the electron sjpart system unhibited.
Oxygraphic measurements were carried out to evaliat respiration capacity of
mitochondria. Accurate precautions were taken toore the enzyme tyrosinase
and the non-reacted DA from the samples. Sincesityase requires molecular
oxygen as co-substrate in the oxidation of its sabss removal of tyrosinase is
crucial to avoid measurement of oxygen consumethéntyrosinase oxidative
reaction.

Data from these experiments show that after incoibatith DAQs all the
three states of mitochondrial respiration are iitbi In particular state 3 and the
uncoupled state are almost equally inhibited legdia the hypothesis that
complex V is not inhibited by DAQs reinforcing preus findings of this thesis.
These findings do not permit to define which amdmg first four complexes of
the ETC is more affected by DAQs toxic effect resp® the others. Specific
assays for every complex of the ETC were plannedvestigate at which point
of the mitochondrial respiration DAQs exert thaihibitory effect and the results

for the complex | are reported in the next paragr@&gure 31).
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Figure 31 DAQ inhibit mitochondrial respiration

Mouse liver mitochondria were exposed to DA (2Qd8) and tyrosinase (Ty, 100
units) for 10 minutes as describedMiaterials and MethodsThe medium contained
glutamate and malate as oxidizing substrates aAd(ZigVl) to inhibit mMPTP opening
and subsequent mitochondria depolarization. Theethstate of mitochondrial
respiration were assessed by oxygraphic measursmeith a Clark electrode
chamber. Sate 4 was measured in absence of ADie. S#dter ADP addition and the
Uncoupled State after DNP addition. Non-reacted &#&l Ty were removed by
centrifugation before starting the respiration sifiy employs molecular oxygen for
its oxidizing reaction. Results from these experitaeshow that DAQs are able to
inhibit all the three states of mitochondrial reapon. State 3 and the Uncoupled state
are inhibited almost at the same amount. This résatls to exclude the complex V as
one of the target of DAQs inhibition.

DAQs inhibit Complex | of the electronic transport chain in mitochondria.

Since DAQs inhibit mitochondrial respiration, exipggnts to point out the
functional state of complex | after DAQs treatmemre carried out. A specific
assay for complex | was employetOQ) and the activity of the complex from
mitochondria exposed to increasing amount of DA@s measured. In this assay

reduction of 2,6-dichloroindophenol (DCIP) by elects accepted from
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decylubiquinol was measured as described in Mueterials and Methods
Decylubiquinol is reduced by complex | after oxidatof NADH.

Results from these experiments show an inhibitoifece of DAQs
treatment on complex | activityrigure 32). Specific precautions were taken to
remove unreacted DA and the enzyme tyrosinase defstarting the
measurements. This solution was necessary since(Ry&Ds readily oxidized by

DAQs in a redox reaction (Results, Part | of thissis). After removal of both the
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Figure 32 DAQs inhibit Complex |

A sensitive and specific assay for mitochondriahptex | activity was employed
to test the inhibitory effect of DAQs on the firsomplex of the ETC. This
method is based on measuring 2,6-dichloroindophébB@IP) reduction by
electrons accepted from decylubiquinol reducedr aftedation of NADH by
complex I. 0.5mg/ml of mitochondria were exposedé (0-15QuM) and
tyrosinase (Ty, 100U) to generate DAQs for 10 resu Mitochondria were
gently spun down and resuspnded in |96& reaction buffer containing 25mM
KPQ,, 3.5¢g/L BSA, 7@M Decylubiquinone, 6aM Dichloroindophenol (DCIP),
1uM Antimycin A. The solution was let equilibrate f8f55min at 37°C and the
reaction was started by adding2®f 10mM NADH solution. Absorbance at
600nm was measured every 30 seconds for 10 mirfiptest rotenone 1mM was
added and absorbance was measured every 30 sdopBdsinutes. The data are
expressed respect the control and the non spda@i® reduction, if any, was
detected after addition of rotenone and subtracieyery measure.
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non-reacted DA and the enzyme tyrosinase, pyriduweotide were added to the
mitochondria, then these data refer to a direcaimpent of the complex activity
non-dependent on the oxidizing substrates defigieAs shown in the Fig 3.2
DAQs impairment of complex | in mitochondria expdde DAQs is detectable.
Concentrations of DA between 10-180 were tested and the effect is dose
dependent.

Since at 4QM DA State 3 and the Uncoupled State of respiratos
inhibited almost at 50% and complex | is not as Imuthibited it has to be
concluded that there is at least another point éetmcomplex | and complex IV
of mitochondrial ETC where DAQs exert their inhdsy effect. Further

experiments are necessary to identify which oras}hese steps.

DAQs directly modify complex | subunits.

Several evidence in literature point out the apibf DAQs to directly
react with proteins and covalently modify the®il( 93-95, 110, 142 These
modifications can lead to protein structure anccfiom modification that result in
protein impairment. The ability of DAQs to directhgodify complex | subunits
was thus assessed. Complex | from mitochondriabaima with*’C-DAQ was
purified by immunocapture (sédaterials and Methodgsand the several subunits
isolated by SDS-PAGE. THAC-DAQ-modified subunits were then detected by
autoradiography of the Western blot.

As shown in the pictureF{gure 33) 3-4 bands are clearly detectable.
These bands correspond to the subunits of Compteadified by the binding of
the DAQs. Further investigations to identify théseds are necessary.
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Figure 33 Autoradiogram of Complex | isolated by Inmunoprecipitation from
mitochondria treated with 14C-DA and tyrosinase.

Liver rat mitochondria were purified as described/iaterials and Methodd.ane I:
Mitochondria (5mg) were then resuspended in mediemtaining glutamate and
malate as oxidizing substrates and exposed 10 esnat2@M “C-DA, (1uCi), and
tyrosinase (120 units) to generate DAQs. At the ehthe treatment mitochondria
were lysed and complex | immunocaptured followinginefacture directions.
Complex | subunits were then separated in a prd@8tgel by SDS-PAGE and the
proteins transferred overnight in a PVDF membrangestern blot. The membrane
was the exposed to X-ray film and the autoradiogdaneloped 21 days later.

Lane Il as lane |, plus 2mM rotenone during DAQantrent for 10 minutes. The
Autoradiograms show that DAQs are able to reach wit least three subunits of
complex | instead rotenone completely revert thisraction.

Rotenone-DAQs competition

Previous results shown in this research outlinetti@rotenone, a specific
complex | inhibitor, exacerbates the toxic effetDAQ in mitochondria. To test
if the rotenone molecule and the oxidized prodaét®A compete for the same
sites of complex | and delineate their mechanisnmtefraction with the complex,
a competitive assay was carried out. Mitochondreaaenincubated with a large

amount of rotenone (2mM) and aftéC-DA and tyrosinase was added for 10
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minutes. The medium was then removed after cegtitfan of mitochondria and
the mitochondria washed.

Complex | from this sample was isolated by immumpbgee and the
subunits separated by SDS-PAGE. The proteins wansferred to a membrane
by Western blot and the membrane exposed to aryXim to detect the band
modified by the binding to DAQ.

The absence of detectable bands in the autoradioffigure 33 lane II)
can suggest a direct competition between the migle@nd a inability of DAQ to
bind to the complex | subunits sites already botmdotenone molecules or a
conformation change in complex | structure duedtemone that make the DAQ
binding not possible. This interesting result openv prospective of research in
both rotenone mechanism of complex | inhibition &AQ modification ability
of complex | subunits.

Comparative experiments of DAQs and rotenone toxievere then
planned to figure out if the toxic mechanism ofsta@ompounds is comparalne

vitro andin vivo.

Cellsresistant to rotenone show a decrease vulnerability to DAQs toxicity.

To further investigate if DAQs toxicity depends amteraction with
complex I, the effect of DAQs in cells expressihg totenone-insensitive single
subunit NADH dehydrogenase 8accharomices cerevisigidil) was analyzed.
This single subunit acts as a “replacement” forghgre complex | in mammalian
cells (Seo et al 200, Bat al 2001, see Rotenone toxicity is caused by coxbple
inhibition in Todd paper). This system was usedsdssess that rotenone toxicity
depended on direct interaction with complex | ineypous findings from
Greenamyre’s laboratory ). In this system, electrons from complex | sulisga
(e.g., glutamate) are shunted through Ndil intorkiream portions of the ETC,
thereby allowing mitochondrial respiration to bypa®mplex | inhibition. Since
cells expressing Ndil subunit are resistant tonmte toxicity rotenone effects
can be entirely explained by the inhibition of cdexpl. This system was then

chosen to investigate the toxic effects of DAQIDKQs exert their toxic affect
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toward complex I, cells expressing the Ndil subuwiilitbe protected from DAQs
toxicity. Cells expressing Ndil subunit were trelatgith DAQs and the cells
availability after the treatment was assessed (Beerial and Methods
Interestingly cells expressing the rotenone-resissubunit show an increased
resistance to DAQs toxicity tod-igura 34). This finding proves that DAQs exert
toxic effects from their interaction with complexand if it is bypassed DAQs are
less toxic. Is tempting to speculate that DAQs ettesir toxic effects on complex
I in a similar way as rotenone does. If this hygsik is correct DAQs have the
ability to increase the electrons leakage from dempincreasing the production
of ROS and the oxidative damage. Evidences iralitge support this speculation.

The ability of DAQs to increase the amount ofdd produced by mitochondria in
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Figure 34 Cells expressing the rotenone-insensitivddil subunits are
protected from DAQs toxicity.

Neuroblastoma SHSY-5Y cells were transfected withNBI1 gene
expressing plasmid as described in thiaterials and Methods The
efficiency of the transfection was assessed atriceoscope before starting
the treatment. Cells were exposed to DA overnigiat #he cells viability
was assessed at the microscope. Four fields wergdsmed and the % of
cell death is referred to the untreated controlsAswn in the graph above
the Ndil expressing cells are ore resistant to DAQdcity than the
untreated cells. Ndil is a rotenone-insensitiveglsinsubunit NADH
dehydrogenase @accharomices cerevisia€hese data suggest that one of
the mechanism of DAQs toxicity can be similar te tlotenone with the
specific inhibition of complex | and the increadeetectrons leakage from
this site.
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presence of complex | oxidizing substrates has lsdemvn, on the contrary the
effect is not detectable if complex | is bypassdthvguccinate, a complex I
substrate {13). Nonetheless cells expressing Ndil subunit ateully protected
from DAQs toxicity their detrimental effect doestmesult solely from complex |
impairment. This result is expected from the higlactivity of DA oxidized

products and also from previous results from thesis.

Conclusions

The research presented in this chapter show tHeyabi the oxidized
products of DA to inhibit mitochondrial respiratiamd the inhibitory effect at the
complex | level was studied further. The inhibitiohthe ETC was assessed by
oxygraphic measurements and the results show tlhathe three states of
mitochondrial respiration are inhibited after exp@sto DAQs. Since the State 3
and the uncoupled State are equally inhibitedre 31) it can be excluded at
specific inhibition at the level of complex V ofehmitochondria ETC. State 3 is
the respiration in presence of oxidizing substrate$ ADP, so is an index of the
respiration coupled with ATP synthesis instead thecoupled State is the
maximum rate of the respiration not coupled withPA3ynthesis, that is an index
of the function of the four complex of the ETC. Angpothem, the effect of DAQs
toward the first complex was investigated more @tad. Previous results from
this research suggest a possible inhibitory efftdcDAQs on complex | can
derived from their ability to oxidized the pyridineucleotide in mitochondrial
matrix (Figure 28) since complex | catalyzes the transfer of elextrirom the
pyridine nucleotide NADH to ubiquinone. Resultsnfrohese experiments lead to
conclude that his mechanism, even if present, isthe only way of DAQs
toxicity. Cells expressing the rotenone-insensitigengle subunit NADH
dehydrogenase ofaccharomices cerevisiagNdil) were a powerful tool to
investigate DAQs toxicity toward complex I. In thsg/stem NADH is still
oxidized by Ndil subunit but what is missing is s of action of the complex |
inhibitor rotenone. In Ndil-expressing cells DAQ= dess toxic than in the

control, suggesting that besides the oxidatiomefgtyridine nucleotide there must
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be another mechanism by which these cells are ggeatdrom DAQs toxicity. Is
tempting to speculate that the mechanism by Ndi$ eee protected from DAQs
is the same they are protected from rotenone. Raotemrexerts its toxic effect
binding to complex | and increasing electron leakgm complex I, heightening
the amounts of ROS produced by complex | in mitochi@. There are already
evidence in literature that mitochondria expose®ARs increase the amount of
H.O, produced respect to the contrdll®. In addition preincubation of
mitochondria with rotenone prevent DAQs to bind aodalently modify DAQs
subunits Figure 33) suggesting that there can be a competition fer dame
site(s) between these two species. Further inagiigare necessary to clarify the
toxic mechanism of DAQs on mitochondria nonethetmgadences of their effects
to complex | is clearly suggested herein. Complexs |impaired in the
dopaminergic neurons of PD patients and studie®n brain show a great
increase of oxidative stress in dopaminergic nesirdime results describe in this
chapter show a possible way of mitochondrial impamt and complex |

inhibition due to the oxidized products of DA.
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Discussion

The research that comprises this dissertation coadée toxic effects of
DA oxidation products on mitochondria. Further cterization of this
detrimental interaction may shed light on the stihknown mechanism of
dopaminergic neuron loss in Parkinson’s disease).(BBsed on studies using
human PD brains, animals models of PD, amdvitro cellular models, three
mechanisms seem to be primarily involved in the roeéegeneration of
dopaminergic neurons in PD: 1) increased oxidastress, 2) mitochondrial
dysfunction (i.e. decrease of ATP production®‘Qaishandling and increase of
electrons leakage from ETC with consequent ROSymtiah), and 3) impairment
of the ubiquitin-proteasome system with conseq@acumulation of misfolded
proteins in the cytoplasm of neurons. Severabfachave been shown to induce
neurodegeneration of dopaminerigc neurons, involkong or more of these
mechanisms. It is particularly noteworthy that aoftondrial dysfunction can
exacerbate each of these pathogenic mechanismslitiohally, since none of
these proposed pathogenic mechanisms adequatelgirexpvhy dopaminergic
neurons are selectively vulnerable in PD, furtheracterizing the effects of DA
on mitochondria is paramount.

A combination of genetic susceptibilities and eammental factors seems
to play a central role in PD pathogenesis. In &% fen years, mutations in seven
genes have been reported to cause rare familiaisfaf PD. While these genetic
forms of PD represent a small portion of total Ri3as, they highlight pathogenic
pathways that may be involved in all cases of RDf. particular interest to this
dissertation, is that all mutations in genes relate PD exert an effect on
mitochondrial function.

Environmental toxins that inhibit mitochondrial cplex | throughout the
body (MPTP and the pesticide rotenone) induce PRumans and are considered
one of the factors involved in the developmentmdradic forms of PD. What is

still not understood is why a defect or impairm#rdt affects all the cells in the
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body (for the rotenone) has as prime consequereedhgeneration of a specific
family of neurons in the brain. However, similarthe genetic mutations, which
give rise to PD, these environmental toxins hiditlighe importance of
mitochondrial function and ROS-mediated oxidativieess in the death of
dopamineric neurons.

Based on the anatomy of this neurodegeneratiorenérat role of the
neurotransmitter DA in dopaminergic cell loss in R&s been for long proposed
(143. DA is a highly reactive molecule that can undergpontaneous or
enzymatic catalyzed oxidative reactions in the phem, leading to the
production of highly reactive oxidized species. Bos reason cytoplasmic DA is
normally stored in synaptic vesicles or readily aelized to less toxic products
by cytosolic enzymes. If the synthesis or metabolag DA is impaired, DA can
accumulate in the cytosol and give rise to sevenalt reactive oxygen species
(ROS) such as superoxide anion, hydroxyl radicdl @A quinones. Pathological
events that lead to DA catabolism/metabolism impamt can lead to
accumulation of ROS and DA quinone formation, iasieg oxidative stress in
dopaminergic neurons. If cellular antioxidant sgsdethat scavenge these toxic
species are overwhelmed, growing ROS productionicduace cytotoxicity and
consequent cell death. Moreover, growing evidesoggests a toxic role
specifically for the DA quinone species. DA has aechol ring that can be
oxidized to a quinone. Quinones are highly eledtilap and readily react with
cellular nucleophiles. It has been reported thatduxones are able to react with
glutathione, and covalently modify proteins at eys¢ residuesn vitro andin
vivo (28, 94, 106, 108)5ince cysteine amino acids are often found inaitteve
sites of proteins, binding of such residues by DAngnes can lead to protein
modification and impair function. DA quinones h&ween reported to modify and
inhibit several proteins, including tyrosine hydytase (TH) (08), dopamine
transporter (DAT) 94) and parkin 92). Moreover, DAQ-modification inhibits-
synuclein fibrillation process and leads to accwatiah of the more toxic
protofibrils speciesy7).

Evidence suggests that an alteration of DA metabobccurs in PD with
consequent accumulation of DA in the cytopladd¥( 145. Several mechanisms

have been suggested that lead to increased cytaipl&A, such as mitochondrial
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dysfunction and a resulting decrease in ATP. Tasrease in ATP production
can affect several ATP-dependent cellular processaduding the active
transport of DA molecules into synaptic vesicldg)( Other process that can
inhibit the transport of DA into vesicles have beaeported, including a toxic
interaction between mutatedsynuclein and the synaptic vesiclég§ or MPTP
exposure 147). Moreover, free cysteinyl-catechol and GSH-cabéderivatives
have been found to be increased in post-mortem Rilhd compared to age-
matched controls86, 109. This growing body of evidence supports the tiieor
that DA oxidation and protein modification by DAiganes can be one of the key
explanations for why dopaminergic neurons are maaheerable to insults in PD.

Based upon all these data, it was compelling toloegpthe possible
mechanisms that define the effects of DA quinomesngochondria. Evidence in
the literature shows that the oxidized products D& induce permeability
transition (PT) in isolated brain mitochondria andhibit mitochondrial
respiration £10). In isolated and disrupted mitochondria, DAQsithcomplex |
of the ETC. This effect can be reversed by GSHnmtitoy ROS scavengers such
as catalase owo-tocopherol, suggesting that DAQs are the toxiccese (14,
115).

In the research presented in this thesis, the &ffécts of DA quinones on
mitochondria were investigated using different agghes. The ability of the
oxidized products of DA to enter in the mitochoadwas first investigated. The
results from these experiments show that DAQs lmitDA are able to enter
mitochondria. The ability of DAQs to cross both tleuter and inner
mitochondrial membranes of mitochondria was assess@ithin the
mitochondria, DAQs are able to react and covalemigdify mitochondrial
proteins. DAQ-modified mitochondrial matrix proteisuch as thg-subunit of
F1Fo ATP synthase and complex | subunits were foun@réstingly thei-subunit
of F1F, ATP synthase contains a cysteine residues (Cysn78)loop exposed to
the matrix and this is a reasonable site for DA@sHbhg and modification.
Experiments to verify whether the activity of theA@Q-modified RF, ATP
synthase is impaired were carried out. An in-ggivdy assay for the ATPase
activity of the kR, ATP synthase complex did not reveal significanfeddnces
when compared to the untreated complex. It is ndsarly established that
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dimerization of the B~, ATP synthase takes place in the mitochondrial inne
membrane. Interestingly, oligomerization of thizyne seems to be involved in
cristae morphogenesis. As they were able to formdmmers, subunif has been
proposed as one of the potential ATP synthase diatean subunits148). The
hypothesis that DAQs-modified 1, ATP synthase can alter mitochondrial
morphology of the cristae is currently under study.

The mechanism by which DAQs enter the mitochondsas then
investigated. Results from these experiments haesvis that DAQs enter the
mitochondria in a way that is independent of mitwudirial AY. Experiments that
assess the ability of DAQs to enter the mitochandvere carried out in the
presence or absence of oxidizing substrates, howsvesignificant differences
could be detected. From these experiments it cacoheluded that DAQs enter
the mitochondria without an active transport, siabsence of substrates for the
oxidative phosphorylation doesn't alter their ditio enter the organelle.

DAQs were able to inhibit mitochondrial respiraticend specific
inhibition of complex | isolated from mitochondrxposed to DAQs was found.
DAQ-modified complex | subunits were identified bgutoradiography
experiments with“C-DAQs and these modifications can account for demp
inhibition. Another possible mechanism of DAQ-inddctoxicity at the level of
complex | is suggested in Zoccarato et al. 200Gdam the capacity of the
electrophilic DAQs to remove electrons from complexand increased ROS
production {13).

Thesein vitro findings point to a toxic role for the oxidized prects of the
neurotransmitter DA on mitochondria, a scenarid ikaikely to occur if DA
accumulates in the cytoplasm of the dopaminergicares. Impaired storage or
metabolism of DA has been suggested in PD resultinogn mitochondrial
impairments and decreased ATP productib#3| or a-synuclein mutationslQ).
Mitochondrial ETC dysfunction can lead to increaseddative stress, and a
decrease of ATP production. Both these phenomema lead to further
deregulation of DA synthesis, storage, and metabplthus reinforcing a vicious
cycle.

These results are alsonportant for understanding the specific

vulnerability of DA neurons in PD, since this type of neuronestVely
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expresses DA. Some dopaminergic neurons (in otbgioms of the CNS) are
spared in PD. This suggests that other mechanisimde involved in this cell
loss. One possibility is that injury to SNpc newotriggers compensatory
mechanisms in surviving neurons that increase Déase {49 and metabolism,
ultimately increasing DA oxidation as a negatiwgeseffect.

The ability of DAQs to induce permeability transiti (PT) was
demonstrated in detail. PT is a phenomenon dulegt@pening of a proteinaceous
pore in the internal mitochondrial matrix (IMM) thenakes the IMM permeable
to solutes with masses beld.5kDa. A consequence of this transition is the los
of structure of the cristae of the IMM and swellioigthe mitochondria. The final
outcome is the disruption of the outer mitochoridme&mbrane and the release
into the cytosol of the pro-apoptotic factors tmeside in the intermembrane
mitochondrial space.

Data from this thesis confirm previous findingsl(Q) that the oxidized
products of DA induce PT in isolated mitochondiigver mitochondria were
chosen to characterize the DAQs ability to indu@e Hhe choice of this system
is based on practical reasons because PT transitiorer is better characterized,
the effect is easier to measure and the systeenmsts/e to cyclosporin A (CsA)
inhibition. The results from these studies shoat DAQs are able to induce PT
in a dose-dependent manner at concentrations ambbgto 15QM.
Concentrations higher than 3 were not tested since they are not considered
physiologically relevant. As expected, the sameceatrations reduce the calcium
retention capacity of mitochondria, likewise in @sd-dependent manner. Both of
these effects are completely reversed when thafgperhibitor of the PT, CsA,
is added to the solution. These results let to lcoiec that the effect of DA
guinones is related to the opening of the PT pore.

Time-course experiments of DA oxidation reactionsrevcarried out to
compare the reactivity of several products thaseafrom DA oxidation. The
earlier oxidation products exhibit the greatestigtiio induce PT, suggesting that
the first quinone (dopamine-o-quinone) or the armimome formed are the most
reactive. Kinetic analyses of the DA oxidation @& reveal that at physiological
pH the dopamine-o-quinone rearrange to form leukonaamrome in kinetic very

fast 81). In the presence of —SH instead the electrogiteck and formation of
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the 5s-cystenil-catechol is favored several times respieetinternal cyclization.
If —SH are not present the most reactive spe@ems to be the aminochrome,
due to its higher stability8().

Interestingly, if the mPTP is kept in the closedhfoomation by the
addition of CsA, the various DAQs are equally atdeenter the mitochondria.
Furthermore, the pattern of protein modificatiothie same regardless of whether
the mPTP is open (by €aaction) or closed. Taken together these findings
suggest that DAQs are able to enter the mitochandiefore PT induction and
only once inside the organelle DAQs are able indRite

The mechanism of DAQ-induced PT was then invest@jaEven if the
structure and composition of the mPTP is not ydindd, several conditions are
known to induce PT or to maintain the pore in thesed conformation. The
pyridine nucleotides pool, [NAD(P)H/NAD(F) and glutathione (GSH/GSSG)
pool in the reduced state, promote the closed cord#ton, on the contrary, under
normal physiological (oxidizing) conditions the pewbility of PT induction
increases. The redox state of the pyridine nudeogiool of mitochondria that
were exposed to DAQs was then estimated. Resalts these experiments show
that DAQ exposure causes the oxidation of the pyiducleotide pool in the
mitochondrial matrix in a dose-dependent manneres€hresults suggest a
possible mechanism of toxicity of DAQs in the mhoadria that can lead to a
great variety of toxic effects. Pyridine nucleotiobddation can directly affect the
activity of the ETC, particularly at the level afraplex | since NADH is oxidized
by complex | in order to extract the electrons that through the ETC to create
the proton gradient that is used by th&d~ATP synthase complex to produce
ATP from ADP. Additionally, the reduced state oé thyridine nucleotide pool is
required to scavenge ROS that are normally produmedhe mitochondrion.
Mitochondria are the primary cellular site of RO®duction, primarily due to the
electron leakage from the ETC, and for this reaseweral mechanism of ROS
scavenging are present in mitochondria. Reduced,®&8lth is present in the
mitochondrial matrix in high amounts is one of thmst important of these
antioxidant defenses. To maintain glutathione he treduced state (GSH),
NADPH is oxidized by the enzyme glutathione redsetameanwhile reducing
GSSG to GSH. If the pyridine nucleotide pool is dixéd, then the pool of
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reduced glutathione cannot be regenerated, andhtpisrtant antioxidant defense
iIs impaired, allowing for oxidative damage to thetachondria. Lastly, the
reduced state of the pyridine nucleotide pool is ohseveral conditions that keep
the mPTP in the closed conformation, preventing Bider oxidizing conditions,
the oxidized pyridine nucleotide pool induces Pd ¢his effect is shown to play
a central role in DAQ-induced PT.

The ability of DAQs to induce PT transition in dlgkar model has also
been shown. These results suggest a possible msechari cellular damage
induced by DAQs. As mentioned above, one conseguehPT is the disruption
of IMM structure and the subsequent disruptionhaf ©MM with the release of
the pro-apoptotic factors that reside in the inmbrane space. The apoptotic
pathway seems to be highly activated in FDg and cell death as a consequence
of DAQ-induced PT could account for the specifitnarability of DA-containing
neurons in PD.

Another mechanism by which DAQs exert their toxiffeets was
presented in the Part Il of this thesis. DAQs alde to inhibit the principal
function of mitochondria, the ETC. In particulangtinhibitory activity of DAQs
on the first complex of the ETC was shown. Previbudings suggest that DAQ-
mediated inhibition of complex | is exerted by easing of electron leakage from
the complex I, leading to increased ROS formatidns mechanism accounts for
the toxic effects of the environmental PD toxintermne. Rotenone is a specific
inhibitor of complex | that has been shown to irgluzeurodegeneration of
dopaminergic neurons and is widely used to reckgp@uPD in animals. Rotenone
toxicity is due principally to its ability of inhibcomplex | and cause increased
ROS production (via electron leakage from this)sitgher than by inducing a
mitochondrial bioenergetic defect with decreased®Afoduction, since cellular
toxicity still occurs when concentrations of roteapothat don’t alter ATP
production are used.

The toxicity of rotenone and DAQs was compared eyipy the Ndil-
cellular model. In this model, neuroblastoma c&Id-SY5Y expressing the
rotenone-insensitive complex | subunit (Ndil) wesgosed to DAQs. Results
from these experiments show that the presence @ Bldbunits protects cells

from DAQs toxicity. Ndil's protective effect agatnm®tenone relies on its ability
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to oxidize NADH and maintain the electron flux tbgh the ETC because it does
not have the rotenone binding site, thereby prewgntotenone from inducing
electron leakage from this complex and a resultaotease ROS production.
Since Ndil-expressing cells are protected fromtdte effects of DAQs as well,
a possible mechanism of DAQ toxicity could be imsiag ROS production in
mitochondria, in particular at complex | level.

One of the biochemical hallmarks of the PD brainthe significant
increase in oxidative modification to cellular mamolecules. These oxidative
end products include protein carbonyls, lipid p&teg, and oxidized DNA.
Alterations in DA catabolism and metabolism havegldeen claimed as one of
the factors that contribute to dopaminergic neuitoss in PD. If DA accumulates
in the cytoplasm, it can spontaneously undergo aiad, resulting in DAQ
formation. Indeed, the presence of DAQ-modifiedt@irts is increased in the SN
of PD brains.

Data from this thesis suggest a possible mechaofsBAQ toxicity that
involves mitochondria. DAQ can enter mitochondma énduce oxidative damage
by oxidizing the pyridine nucleotide pool in thetaghondrial matrix. Inhibition
of complex | promotes electron leakage and ROS &tion, covalently modifying
and impairing the function of mitochondrial proteimnd inducing PT, ultimately
leading to cell death.

In conclusion, data presented in this work desdiilgetoxic effects of the
oxidized products of the neurotransmitter DA onatiitondriabothin vitro andin
vivo. The effects concern mitochondrial respiration,iolhleads to decreased
production of ATP as a final outcome with resultergergetic impairment for the
whole cell. DAQs are also shown to induce PT, Whiepresents one of the
triggers of the mitochondrial pathway of cell deaBince in DAminergic neurons
the oxidation of cytoplasmatic DA occurs naturafpathological conditions that
increase the accumulation of DA in the cytoplasuthsas an impairment in DA
storage and/or metabolism, can lead to increasedation of DAQs and their
downstream toxic effects.

In PD, the reason for the specific loss of dopargit neurons remains
elusive. In both sporadic and genetic forms of PI3 likely that mitochondrial

impairment underlies the vulnerability dopaminengéurons of SNpc. Therefore,
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the research described in this dissertation degailsechanism that may render
SNpc DA neurons specifically more vulnerable todative stress and ROS-
mediated oxidative damage, and neurodegenerati®?Din The contribution of
the neurotransmitter DA to oxidative stress represa valid explanation for the
peculiar vulnerability of these neurons in PD ardoarepresents a logical
therapeutic target for protecting these neurons.

Several strategies have been developed to protgmnainergic neurons from
DA-induce toxicity. One tricky issue in developitigerapeutic solution for PD
patients is constituted by the fact that the sewsstor symptoms that characterize
PD are alleviated increasing presence of DA neamnsmitter in the striatum of
PD patients. This goal is achieved by somminisiratf the DA precursor L-
DOPA or by inhibitor of the metabolic pathway of Dfe. inhibitors of
mitochondria MAQO). These strategies, even if thestmommonly used so far,
have detrimental side effects due to the incred&8\ederived oxidative stress.
Over the past few years several efforts has beemt $p develop antioxidants that
decrease oxidative stress in dopaminergic neuroR®i

The antioxidant efficacy of these molecules wasrdased considerably by
targeting these compounds to mitochondria. This aelsieved by covalent
attachment of the antioxidant to lipophilic catig@50. Due to the large
mitochondrial potential, these cations accumulatevesal folds within
mitochondrial matrix protecting them from oxidatidamage. Among these
molecules the natural antioxidant ubiquinone waslifreml with the lipophilic tri-
phenylphosphonium cation (MitoQ) and the small aticacationic peptide (SS-
peptides Szeto-Schiller-peptides) seem the moshigieg. These compounds are
now tested for their potential therapeutic progsrin animal model of PD (MPTP
mice) and they have reveled significant protectmin striatal dopaminergic
neurons decreasing ROS production from mitochongassing into the

cytoplasm.
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