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ABSTRACT

Oxidative stress and mitochondrial dysfunction,eesgly at the level of complex | of the
electronic transport chain, have been proposedetaniolved in the pathogenesis of Parkinson
disease (PD). A plausible source of oxidativesstna nigral dopaminergic neurons is the redox
reactions that specifically involve dopamine (DAYdaproduce various toxic molecules, i.e., free
radicals and quinone species (DAQ). It has beenvshihat DA oxidation products can induce
various forms of mitochondrial dysfunction, suchnaisochondrial swelling and decreased electron
transport chain activity.

In the present work, we analyzed the potentialid@ffects of DAQ on mitochondria and,
specifically, on the NADH and GSH pools. Our résulemonstrate that the generation of DAQ in
isolated respiring mitochondria triggers the opgnof the permeability transition pore most
probably by inducing oxidation of NADH, while GSHeMels are not affected. We then
characterizedn vitro, by UV and NMR spectroscopy, the reactivity offeliént DA-derived
qguinones, i.e., dopamine-o-quinone (DQ), aminoclerg®C) and indole-quinone (IQ), toward
NADH and GSH. Our results indicate a very divarsactivity for the different DAQ studied that
may contribute to unravel the complex molecular ma@tsms underlying oxidative stress and

mitochondria dysfunction in the context of PD.



Parkinson disease (PD) is the second most commuanat@ervous system disorder. The
estimated prevalence in 2005 was more than fouliomipeople in the world's most populous
countries and it is expected to more than doubl2d30, as worldwide life expectancy continues to
rise [1].

Various groups of neurons exhibit pathology in RDd extensive (~80%) neuronal death
has been reported for substantia nigra (SN) dopangim and locus coerulus norepinephrinergic
neurons. Nevertheless, while locus coerulus nedearth is elevated also in Alzheimer disease, the
most common neurodegenerative disorder, the lo&Noflopaminergic neurons seems specific to
PD [2].

Although the etiopathogenesis of PD is still ehesipost mortem studies support the
involvement of oxidative stress in neuronal damabeyugh the production of reactive oxygen
species, and of mitochondrial dysfunction, espBciat the level of complex | of the electron
transport chain [3-6]. The coexistence of mitoatraal dysfunction and oxidative stress with nigral
cell loss in PD brains and experimental models makeifficult to establish whether the former are
causes or consequences of nigral degeneration.t Witdear, on the contrary, is that oxidative
stress and mitochondrial dysfunction appear taitetlg correlated and to influence each other.

In the aforementioned vulnerability of dopaminergieurons in PD, DA itself could
represent a crucial determinant. The redox reastibat specifically involve cytosolic DA and
generate the superoxide anion, hydrogen peroxidegamones (DAQ) [7] are indeed a possible
source of oxidative stress. It has been shown E#atoxidation products, including DAQ, can
induce various forms of mitochondrial dysfunctiosych as swelling and decreased electron
transport chain activity [8-11].

Dopaminergic neurons have evolved multiple protecinechanisms against cytosolic DA
toxicity. These include feedback synthesis infobit synaptic vesicle or lysosome sequestration,
degradation by monoamine oxidase and reductionAd Dy glutathione (GSH). The latter is the
most abundant intracellular non protein thiol comompd in mammalian cells, reaching
concentrations up to 12 mM [12]. Interestinglyh#s been observed that there is an age-dependent
depletion in intracellular GSH [13] and that SN haser levels of GSH compared to other brain
regions, according to the following order: cortexcerebellum > hippocampus > striatum > SN
[14]. Additionally, a further specific decrease@8H levels has been reported in the SN of early
and advanced PD patients, compared with aged d¢snsuggesting the decrease of GSH levels in
the SN as an early event for PD [15-17]. Thereforanges in GSH levels may crucially affect the
ability of SN cells to cope with free radical spescior DAQ. At the same time, the defense

mechanisms could be overwhelmed by the redistobuity the cytosol of the DA from the synaptic



vesicles where it is stored at a concentration @pprately five orders of magnitude higher [2]. A
major source of reactive oxygen species (ROS)enctil are the mitochondria, which also contain
several antioxidant tools, such as superoxide dizseu(SOD2), and protective molecules such as
GSH. The redox state of glutathione is in part taiga by the redox state of the pyridine nucleotide
(PN) pool and the activity of glutathione reductasel peroxidase enzymes. The unbalance in the
redox equilibrium inside mitochondria can lead twochondrial dysfunction and, specifically, the
oxidized forms of pyridine nucleotides and glutatie favor the permeability transition (PT) [18,
19]. The PT in turn causes mitochondrial depolaioraswelling and release of proapoptotic
proteins that activate cell death.

In the present work, we focused on the potentitdiic effects of DAQ on mitochondria
and, specifically, on the NADH and GSH pools. Q@esults demonstrate that the generation of
DAQ in isolated respiring mitochondria triggers tbpening of the permeability transition pore
most probably by inducing oxidation of NADH. Waeethcharacterizeth vitro, by UV and NMR
spectroscopy, the reactivity of different DA-dedveuinones, i.e., dopamine-o-quinone (DQ),
aminochrome (AC) and indole-quinone (1Q), toward VA We also took into account the
protective role exerted by GSH. The results prieskehere indicate a very diverse behaviour for the
different DAQ studied and may contribute to unrawke complex molecular mechanisms
underlying oxidative stress and mitochondrial dgsfion in the context of PD. Specifically, DQ
and IQ are very reactive with both NADH and GSH #m&lreaction with GSH is largely favoured.

On the contrary, AC does not show any apparentivégc



Materials and Methods

Chemicals — Cyclosporin A (CsA), dopamine, reduced L-gluiatie, nicotinamide adenine
dinucleotide, sodium phosphate salt and mushrogosityase (Ty) were purchased from Sigma-
Aldrich. Water-d and sodium 3-trimethylsilyl propionate-2,2,3,3{d0SP) were obtained from
Cambridge Isotope Laboratories.

Mouse liver mitochondria isolation - Mitochondria were isolated from CD1 mice by anstard
procedure as described in Costantini et al. [2Ghwome modifications. Briefly, the liver was
minced in a buffer containing 0.25 M sucrose, 10 mNs-HCI (pH 7.4) and 0.1 mM EGTA. The
minced liver was homogenized in the same buffer eedtrifuged at 700 x g for 6 min. The
supernatant was centrifuged at 7000 x g for 6 niihe resulting mitochondrial pellet was
resuspended and recentrifuged at 7000 x g for 6 Wie entire procedure was carried out at 4 °C.
Mitochondrial protein concentration was determibgdhe biuret reaction with BSA as a standard.
Mitochondrial swelling - Mitochondrial swelling was followed as the changf light scattering of
the mitochondrial suspension at 620 nm with a Petmer Life Sciences 650-40 fluorescence
spectrophotometer equipped with magnetic stirrind thermostatic control. Mitochondria (1 mg,
0.5 mg/ml) were incubated in 2 ml of medium contagn0.25 M sucrose, 10 mM Tris-MOPS,
1 mM Pi-Tris, 10uM EGTA-Tris, 5 mM glutamate/2.5 mM malate or 5 mMcsinate-Tris plus

2 UM rotenone. An amount of &aunder the threshold necessary to trigger PT waedido
accelerate PT by subsequent treatments. Alkylagagents such as monobromobimane (MBB) or
N-ethylmaleimide (NEM) were added after 1 minuté (200 uM) and Ty (120 units) were added
to the solution after another minute. When Cs/& (M) was used, it was added in the medium
before the addition of mitochondria.

Pyridine Nucleotide Assay - Mitochondria (1.5 mg, 0.5 mg/ml) were incubated 10 min at room
temperature (RT) in the presence oftd® DA and 100 units of Ty to generate DAQ in a mexdliu
containing 0.25 M sucrose, 10 mM Tris-MOPS, 5 mMccsnate, 1 mM inorganic phosphate,
10uM EGTA, 2uM rotenone and 0.8M CsA to avoid pyridine nucleotides release from
mitochondria due to PT during the reaction betw& and Ty. To eliminate the coloured
guinones, mitochondria were centrifuged at 6000 xargl 4 °C for 6 min and then gently
resuspended in 3 ml of the same medium. NADH we$ éxtracted from both treated and
untreated mitochondria and then its quantificati@s carried out by an enzymatic assay previously
described [21]: 0.6 ml of 1 M KOH in ethanol werdad to the resuspended mitochondria and the
mixture was kept at RT for 30 min and then cooledo for 10 min. After the addition of 1 ml of

a solution containing 0.5 M triethanolamine, 0.4kM,PQO,, and 0.1 M KHPQ,, the suspension



was kept for 10 min at RT and then centrifuged3(® x g for 20 min. The amount of NADH was
assessed fluorimetrically by the following enzyroatssay:

Piruvate + NADH + H S lactate + NAD
(reaction catalyzed by the enzyme lactate dehyaagm.
The reaction begins after the addition of 50 mMMNauvate and il lactate dehydrogenase (10
units) in 2 ml of pyridine nucleotide extract.
Determination of GSH levels - Mitochondria (4 mg, 2 mg/ml) were treated with DAdaTy as
described above. After centrifugation, mitochonds@re resuspended in 2 ml incubation buffer,
400l of cold 18% HCIQ and 40Qul of 2.1 M K3sPO, The resulted suspension was allowed to
stand on ice 15 min prior to centrifugation at 3DEEmM for 15 min. GSH levels were measured by
an enzymatic recycling procedure in which GSH wexpuentially oxidized by 6 mM of 5,5-dithio-
bis-(2-nitrobenzoic acid) and reduced by 0.3 mM NAD in the presence of 50 units/ml of
glutathione reductase. The rate of 2-nitro-5-thrddmec formation was monitored at 412 nm using a
spectrophotometer and the concentration of GSHdeésrmined using a standard curve that was
generated with known amounts of GSH [18, 21].
UV-vis spectroscopy - Spectra were recorded on a personal computer-atafdiode array Agilent
8453 UV-visible spectrophotometer. Optical measiats were performed under continuous
stirring at 25 °C using HELLMA quartz cells with @asil windows and an optical path length of
1 cm. The wavelength range was 190-1100 nm. firstaseries of experiments, 40/ DA was
dissolved in 20 mM phosphate buffer (pH 7.4) in #fssence or presence of different amounts (40,
80 and 16QuM) of NADH or GSH or both chemicals. Spectra wéren recorded for 10 min at
30 s intervals after the addition of 100 units gf Tin a second series, 100 units of Ty were added
to the solution containing 4@M DA and the reaction was carried out for 5 mindoefthe addition
of NADH or GSH or both chemicals. Then, spectraenscquired for 60 min at 2 min intervals.
NMR spectroscopy - NMR spectra were recorded on a Bruker Avance DMX60Qtspmeter
equipped with a gradient triple resonance probée NMR experiments, consisting of 16K data
points, were carried out at 298 K. The spectralthviwvas set to 7183.91 Hz and the frequency
offset to 2820.3 Hz. Prior to Fourier transforroatithe time domain data were multiplied by an
exponential function and zero filling to 32K poimss employed to increase the digital resolution.
Sodium 3-(trimethylsilyl)propionate-2,2,3,3-dTSP) was used as an internal chemical shift
reference. Stock solutions of the reagents wetairdd by dissolving them in 99.9%:,0.
Samples were then prepared by mixing the stockisokito obtain the desired final concentrations.
Two series of experiments were carried out. In finet one, DA was dissolved in 20 mM

phosphate (pH 7.4) to a final concentration of ib0in the presence of 604 NADH or GSH or



both chemicals. Spectra were recorded before asevaral time intervals after the addition of 100
units of Ty. In the second series, DA (to a finahcentration of 15QM) was first added to the
reaction medium in the presence of 100 units ofaig the reaction was carried out for 5 min
before the addition of NADH or GSH or both reagewots final concentration of 6QfM. Then,
the reactions were followed by recording a serfesn@-dimensional spectra at 2 min intervals. An
initial delay of about 3 min was necessary for thar equilibration of the sample and for probe

tuning and field shimming.



Results

Mitochondrial swelling induced by DAQ - The ability of DAQ to induce permeability
transition has been previously reported [8]. Thizeqmmenon is due to the opening of a
proteinaceous pore that forms, under certain cimmdif in the inner mitochondrial membrane
making mitochondria permeable to solutes of mokacuatass up to 1500 Da [22]. In a previous
work, Costantini et al. provided evidence that testinct thiols can modulate PT through their
redox state [18]. One of these thiols is sensitiwethe redox state of the PN pool in the
mitochondrial matrix (labeled P site), when theeotls in equilibrium with the redox state of the
GSH pool in the matrix (labeled S site).

Here, we first verified the induction of liver maileondrial swelling after DAQ exposure (Fig. 1A).
By the addition of CsA, a specific inhibitor of PWe also verified that the swelling is really doe t
the opening of the mitochondrial permeability titioe pore (mPTP). Then, to better understand
the mechanism through which DAQ induce PT, we regaethe experiments in the presence of two
different alkylating agents that block the thiobgps at the P or S site with different selectivity
[18]. Specifically, preincubation of the mitocheiad with monobromobimane (MBB) or N-
ethylmaleimide (NEM) results in the alkylation d¢fetS site thiols or both the S and the P thiols,
respectively. When the S thiols are blocked witBBJ4 DAQ are still able to induce PT. On the
contrary, when P thiols are blocked with NEM, DA@ ao more able to induce PT (Fig. 1A). This
result suggests that DAQ can induce the openirtgeomPTPvia a mechanism that involves thiols
in equilibrium with the PN pool. Comparable resuitsre obtained with mitochondria from mice
forebrain (see Fig. 1 supplementary material).

DAQ-induced effect on GSH and NADH pools - To assess the redox state of the GSH and
the NADH pools in the mitochondria matrix after DA€Xposure, mitochondria were incubated
with DA in the presence of Ty for 10 minutes; theubation buffer (see Materials and Methods)
contained CsA to inhibit the mitochondrial permdgbitransition and the release of GSH or
NADH from mitochondria. Subsequently, GSH and NAD#els were determined from DAQ-
treated and untreated mitochondria on acid andiaékaxtracts, respectively, and the fractions of
reduced molecules were quantified and comparedet@dntrol. While incubation of mitochondria
with DAQ did not affect reduced GSH levels, expesto DAQ led to the oxidation of NADH in
the mitochondrial matrix (Fig. 1B). Parallel expeents performed with only Ty or DA did not
show any change in NADH levels. As a further cointhe GSSG levels were also quantified

without showing any significant increase upon DA®atment (data not shown). These results



suggest that DAQ can oxidize NADH in the mitochoaldmatrix, while they do not affect GSH
level.

DAQ reactivity toward NADH and GSH - To assess whether DAQ could react with NADH
directly, the reactivity was followed by UV-vis alNMR spectroscopy. The competitive reactivity
of GSH was also taken into account. In the da¢sgmted here, a fourfold molar excess of NADH
or GSH relative to DA was used, although experimamging different molar ratios were also
performed (data not shown).

The oxidation of DA generates three monomeric ojén species, dopamine-o-quinone
(DQ), aminochrome (AC) and indole-5,6-quinone ([@3], which are all potentially reactive in a
cellular environment. While the spectroscopic ekterization of 1Q is still elusive, DA, DQ and
AC possess characteristic UV-vis peaks with absmpmaxima at 280 (DA), 390 (DQ) and
300/480 (AC) nm [7]. As previously reported [7}rohg the Ty-mediated oxidation of DA at
physiological pH and 25 °C only AC is detectablethe optical spectra with no evidence for the
presence of DQ. This can be rationalized on tistshat the high reactivity of DQ that undergoes
an intramolecular cyclization reaction with a ratmstant of ~0.155[24]. On the contrary, the
rearrangement reaction which involves AC to for@&hydroxyindole (DHI), with a rate constant
of ~0.06 mift, is much slower leading to accumulation of AC [23hlso NADH possesses a
characteristic absorption peak centered at 340mthat its oxidation can be easily detected by a
decrease of the signal at 340 nm.

After verifying that DA does not react directly WiNADH (data not shown), Ty was added
to the solution. The subsequent formation of DAgswccompanied by the consumption of NADH
(Fig. 2A). The comparison of the kinetic profile AC appearance, after the addition of Ty in the
presence or absence of NADH, indicates that NAD#uced the rate of AC accumulation (Fig.
2B). It is worth mentioning that the appearanceaopeak at 480 nm was concomitant, not
consequent to the consumption of NADH indicatingt tunder these experimental conditions, DQ
cyclization proceeded at a rate comparable withdhas reduction by NADH. The effects of GSH
were then analyzed. The rate constant of the apbiéc addition of GSH to DQ has been
described to be three orders of magnitude grelgar the cyclization reaction, with a rate constant
of ~200 & [24]. In agreement, after the addition of Ty teddution containing both DA and GSH,
peaks relative to AC did not appear while two neals at 256 and 292 nm became visible (Suppl.
Material-1). According to Nicolis et al., they weassigned to glutathionyl-DA adducts [25]. The
higher reactivity of GSH toward DQ, relative to NADwas further confirmed by mixing together
DA, GSH and NADH before the addition of Ty. Duritige evolution of the reaction, NADH was

not consumed while a slight increase of the absmdat ~292 nm suggested the formation of



GSH-DA adducts (Suppl. Material-Fig. 2). Our UVtalandicated the occurrence of a redox
reaction between DQ and NADH, concomitant to the &@lization reaction. In the presence of
GSH, however, these reactions did not occur bectesaucleophilic attack of GSH on DQ was
largely favored.

To confirm the UV-vis results, the reactivity of DQward NADH and GSH was also
analyzed by NMR spectroscopy. A considerable adgnbf the NMR approach proposed here is
the possibility to observe the time evolution oé thifferent species independently. Furthermore,
aggregation processes do not complicate the asabfsithe spectra. In analogy with the UV
characterization, the reactivity of DQ, the firstimpne formed after oxidation of dopamine, was
analyzed in a first series of experiments. Forstdiee of clarity, only the most informative regimin
the NMR spectra is presented in Fig. 3. For tleason, peaks corresponding to GSH, which
resonate at lower ppm, are not shown in the figlReak assignment was carried out by exploiting
information available in the literature [23, 25-27he spectrum of DA and NADH recorded before
the addition of Ty revealed the presence in salutiba small amount of NAD as a contaminant
of the commercial NADH (Fig. 3A). Neverthelesse thimited concentration of NADdid not
substantially interfere with the analysis. In agnent with the UV data, 4 min after the addition of
Ty, peaks corresponding to NADH disappeared whilaks relative to NADbecame much more
visible in the spectrum. A decrease in intensityDé peaks was also visible, indicating that,
concomitant with the consumption of NADH, quinorpeaies were also formed. These species
were not visible in the spectrum because of theeir toncentration and of their transient nature.
The situation did not evolve further in the spectrrecorded after 10 min, most likely because of
the complete consumption of the molecular oxygessalved in solution. When GSH was used
instead of NADH, the behaviour was very differerig( 3B). After the addition of Ty, DA peaks
fully disappeared while two new peaks became \asivhich were unambiguously assigned to the
5-S-glutathionyl-DA [25] Furthermore, NADH addeftes the formation of the GSH-DA adduct
was not oxidized to NAD The competitive action of NADH and GSH toward D@s
investigated next (Fig. 3C). When Ty was added $olution containing DA, NADH and GSH, the
disappearance of DA peaks was accompanied onliidgppearance of peaks corresponding to the
5-S-glutathionyl-DA derivative while NADH and NADpeak intensities were not affected. In
conclusion, in agreement with the UV analysis, NMRta indicated the presence of a redox
reaction involving DQ and NADH, but when GSH wasgant, the reaction between DQ and GSH
to form a covalent adduct was strongly favoured.

AC and 1Q reactivity toward NADH and GSH - To obtain a more detailed description of the

DAQ reactivity, the reactions that involve AC ar@ Wwere analyzed, excluding the reactivity of

10



DQ. To this aim, Ty was added to a solution contgrDA, and NADH or GSH were added 5 min
later, to allow the complete enzymatic transforovatof DA into AC (and other downstream
species). The UV-vis spectra recorded in the cbrgkperiment, i.e., in the absence of either
NADH or GSH, are shown in Fig. 4A. The time evautof AC could be followed at 300 nm
while it was more difficult to extrapolate at 48Mn In fact, as we have already described in a
previous work, light scattering increases duringe theaction, as a consequence of the
polymerization process [23]. Although light scattg complicated the analysis when NADH was
added to the solution, its consumption was stillent, as shown in Fig. 4B. In contrast to the
behaviour observed in the case of AC alone or #feraddition of NADH, when GSH was added
to the solution, light scattering did not appeag(BC) indicating that the polymerization process
was blocked by the formation of a stable adduct.th& same time, the rearrangement rate of AC
was not perturbed by the presence of GSH, suggettat AC is not reactive toward GSH. As a
direct consequence, IQ appeared to be the earkestive quinone species toward GSH. The
competitive reactivity of GSH and NADH was final@nalyzed by the simultaneous addition of
both chemicals to a solution containing AC (Fig.)4[As already observed in the case of DQ, the
presence of GSH prevented the consumption of NADEonsidering the sequential temporal
appearance of AC and IQ, if GSH reactivity invohady 1Q, as our data suggested, it follows that
also NADH consumption observed in the absence dfi @&ived from a redox reaction involving
only IQ. In conclusion, the UV-vis data indicatiét while AC did not show any reactivity toward
either NADH or GSH, IQ was able to react with b&fADH and GSH. As in the case of DQ, the
nucleophilic attack of GSH on 1Q was largely fawhre

To confirm these observations through a differeqgegimental strategy, pseudo-2D NMR
experiments were recorded (Fig. 5). The top viéwhe NMR spectra presented here offers the
advantage to easily follow the kinetic evolutiontbé different species present in solution. Even
more importantly, by setting the threshold just\abthe instrumental noise, peaks corresponding to
low-concentration species, otherwise difficult adldw, can be emphasized. The drawback is the
loss of information about the relative peak intéasiso that an additional analysis of the temporal
evolution of the peak intensities may be requirédg. a control, a delay of 5 min after the addition
of Ty was first verified to be sufficient to fullsonvert DA in AC without the concomitant presence
of DQ (data not shown). When NADH was added to #mdution 5 min after Ty, peaks
corresponding to AC still disappeared (Fig. SAjnitar to the behaviour described in a previous
work in the absence of NADH [23]. Oxidation of NADalso occurred, as indicated by the kinetic
profiles of NADH disappearance and NADormation (Suppl. Material- Fig. 3A). The time

evolution of the peak intensities also indicateat the oxidation of NADH took place until AC was
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present in solution, and then it stopped. As ACageis the rate limiting step during the
polymerization process, these data could not bé tesspecifically assign the observed reactivity to
AC or IQ. In the presence of GSH instead of NADHiY( 5B), AC disappearance was followed by
the growth of three new peaks that were assignettSeglutathionyl-DHI, according to Segura-
Aguilar et al [28]. As already suggested by our &Nalysis, the nature of this adduct indicated that
AC did not show any reactivity toward GSH, while I§d. The results obtained by UV
spectroscopy were also confirmed when NADH and G&ire put together in solution after the
formation of AC (Fig. 5C). Once again, the AC ghigaarance was accompanied by the formation
of 4S-GSH-DHI. Although the presence of peakseasponding to NAD might suggest a redox
reaction between quinones and NADH, this effe@ onsequence of the top view representation
and of the initial presence of NADas a contaminant. This becomes evident by amajyttie
kinetic profiles of NADH consumption and NADformation (Suppl. Material- Fig. 3B). In
conclusion, the NMR data fully confirmed our UV-vissults: IQ was able to react with both
NADH and GSH, but the nucleophilic attack of GSHI@hwas largely favored. In contrast, AC
did not show any reactivity toward either NADH o8B.

12



Discussion

Studies of patients with PD demonstrate a 35% dserén mitochondrial electron transport
chain (ETC) complex | activity in the SN region []. As DA is able to inhibit respiration in
isolated brain mitochondria in a dose-dependentn@af8, 30, 31], this has raised the speculation
that DA may bring about mitochondrial dysfunctioithin DA-neurons by the same mechanisms
mediating inhibition in isolated mitochondria [8)]3 DA reactivity could be linked to chemical
modification of ETC sulfhydryls through pathwaysatving oxidative reactions or covalent adduct
formation [8]. The ability of DAQ to induce pernielty transition has also been reported [8].
With the aim of shedding some light on the mechanisrough which DAQ can induce PT, the
first goal of the present work is the analysis lié redox state of the GSH and NADH pool in
mitochondria exposed to DAQ. Our results show haQ exposure causes the oxidation of
NADH in the mitochondrial matrix, while both thediwced GSH and oxidized GSSG levels are not
affected. This is in agreement with data obtaibgdncubating human neuroblastoma SH-SY5Y
cells in the presence of DA [32]. These resultggsst a possible mechanism of toxicity of DAQ in
mitochondria, involving the oxidation of NADH, whiccan lead to a variety of toxic effects. In
addition to promoting the opening of the mPTP, Bidlation could also affect the activity of the
ETC, particularly at the level of complex I. Irctathe electrons derived from NADH oxidation by
complex | flow through the ETC to generate the gmogradient, which is then used by the ATP
synthase complex to produce ATP from ADP and Pi.

Metabolism of DA in dopaminergic neurons is a cosmpprocess, which involves the
production of reactive oxygen species, quinoneispeand polymeric products. For this reason, an
unequivocal characterization of the chemical sgemsponsible for mitochondrial dysfunction is
far from easy. Nevertheless, data from the liteeatemphasise the involvement of quinone
products in the inactivation of complex | and coexplV [9, 10] and in the opening of the mPTP
[8]. In this context, the second goal of this wigkthe molecular characterizatian,vitro, of the
DA-derived quinone reactivity toward NADH and GSHhe oxidation of DA generates three
monomeric quinone species, DQ, AC and 1Q [23], Whace all potentially reactive in a cellular
environment.

The results obtained in the present work are sumethrin Fig. 6. Dopamine-derived
guinone reactivity has been usually ascribed to PQtually, this electron-deficient species reacts
very fast with the cysteinyl residues of proteirtsile/the reactions of the other nucleophilic amino
acids are too slow to compete with its intramolacualyclization [24]. Here, not only the expected
reactivity of DQ toward GSH was confirmed, but weoadocumented the occurrence of a redox
reaction between DQ and NADH. IQ is also very twacas indicated by the fact that, to our
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knowledge, it has never been isolated and it doesccumulate in solution at concentrations high
enough to be detected by the techniques used &gpeokimately 2QuM). In fact, as soon as 1Q is
formed, it undergoes an auto-condensation reattidorm a black precipitate. In this study, we
demonstrated that IQ reacts with GSH as well as WADH.

Several reports in the literature associate expariad toxic effects, observed on cellular
viability or proteasomal dysfunction, to AC [32-35}his seems to contrast with the data presented
here, which indicate that AC does not react eitweh NADH or with GSH. It should be
mentioned that it is hard to discriminate betwdan reactivity of AC and that of 1Q. Indeed, in
most published studies the investigators addecdhlfregrepared AC to their reaction mixture
without taking into account the possibility of teabsequent spontaneous rearrangement reaction
which involves AC to form DHI, which can be furthexidized to 1Q. A way to deal with this issue
has been to associate the toxic effects observeprdducts defined as “cyclized DA-derived
quinones” [34, 35]. To further support our progpsa a very recent study the reaction between
GSH and AC was analyzed by HPLC and mass specppg86]. Although the investigators still
purported the formation of GSH-AC conjugates, tipeynted out a discrepancy with their mass
spectrometry data, which could be rationalized suaning the reaction between GSH and 1Q to
form glutathionyl-DHI adducts.

In conclusion, the data presented in this workdat# a very diverse behaviour for the
different DAQ studied. Specifically, DQ and 1Q arery reactive with both NADH and GSH even
though the reaction with GSH is largely favouréah the contrary, AC does not show any apparent
reactivity. The higher reactivity of GSH towardimones, observeth vitro, poses an interesting
guestion on why GSH does not prevent NADH oxidatimide mitochondria.

One plausible explanation for the oxidation of NAB+hat this is not coming from a direct
interaction with DAQ, but through ROS-mediated @tidn. In agreement with this hypothesis,
Zoccarato et al. demonstrated that incubation gpireng brain mitochondria with DAQ generates
0,7/H,0, [37]. The site of @/H,O, production appeared to be the inner face of thmerin
mitochondrial membrane. An observation relevartheoreactivity presented here is that peroxide
production was not prevented by GSH [37]. , Anoibassible explanation is an indirect effect of
DAQ on NADH, mediated by the P-site thiols. Instiramework, PN oxidation could be a
consequence of a selective interaction of DAQ \ilin P thiols, whose redox state depends on an

equilibrium with the PN pool.
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Figurelegends

Figure 1. DAQ effects on mitochondrial swellingdasn reduced glutathione and NADH pools. A)
Mitochondria swelling was measured after treatmatit DAQ. The effect of CsA, NEM and MBB
were also taken into account. B) The amounts aiced GSH and NADH in isolated mitochondria
were assessed after treatment with DAQ and compareéde untreated control. Values are the
mean £ SEM (n = 3)

Figure 2. UV-vis spectral changes associated thighreactions between NADH and DAQ. A) To
make the graphical visualization easier, selecpettsa are shown, recorded at 1 minute intervals
after the addition of Ty to a solution containindADH and DA. B) Time dependence of the
variation in absorbance of NADH (filled circles)daAC (filled triangles) after the addition of Ty.

Open triangles represent the temporal evolutioA®@fn the absence of NADH.

Figure 3. NMR analysis of DQ reactivity. 1D-NMRextra were recorded after the addition of Ty
to a solution containing DA and A) NADH, B) GSH,da@) both NADH and GSH. DA peaks are
represented in black, NADH peaks in blue, NARaks in red and 5-S-glutathionyl-DA in green.

Figure 4. Competitive reactions of NADH and GSHhnvAC and IQ. To make the graphical
visualization easier, selected UV-vis spectra &@ws, recorded at 10 minute intervals after the
addition of NADH and/or GSH to a solution contagniAC. A) Spectral evolution of AC peaks in
the absence of both NADH and GSH. Light scatteapgears during the course of the reaction. B)
NADH consumption is visible after its addition tbet solution containing AC, in spite of the
presence of light scattering. The inset represer@gime evolution of the peak corresponding to
NADH. C) Addition of GSH blocks light scatteringrimation, but does not alter AC decay. D)
The concomitant presence of GSH prevents the copsamof NADH.

Upward arrows, downward arrows and left-right deuldrrowheads indicate, respectively, a
temporal increase, decrease and invariance ofpihetral feature assigned to the indicated chemical

species. In panel A, a significant increaseghtliscattering is observed.
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Figure 5. NMR analysis of AC and IQ reactivity.sedo 2D-NMR spectra were recorded at
2 minute intervals. To permit the complete enzyo@mainsformation of DA into AC, Ty and DA
were mixed together 5 minutes before the subsecpaatition of A) NADH, B) GSH, or C) both
NADH and GSH. AC peaks are represented in blagd)N peaks in blue, NAD peaks in red and
4-S-glutathionyl-DHI in green.

Figure 6. Schematic representation of the reastsbmdied. DQ and 1Q react with both NADH and
GSH, but the reaction with GSH is largely favourdd.contrast, AC does not show any reactivity.
In agreement with this picture, while DQ and 1Q mimt accumulate in solution because of their

reactivity, AC rearrangement is much slower andrsrits accumulation.
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