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Mitochondrial membrane potential decrease caused by loss of PINK1 is not due to
proton leak, but to respiratory chain defects
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Mutations in PTEN-induced putative kinase 1 (PINK1) cause arecessive form of Parkinson's disease (PD). PINK1
is associated with mitochondrial quality control and its partial knock-down induces mitochondrial
dysfunction including decreased membrane potential and increased vulnerability against mitochondrial
toxins, but the exact function of PINK1 in mitochondria has not been investigated using cells with null
expression of PINK1. Here, we show that loss of PINK1 caused mitochondrial dysfunction. In PINK1-deficient
(PINK1~'~) mouse embryonic fibroblasts (MEFs), mitochendrial membrane potential and cellular ATP levels
were decreased compared with those in littermate wild-type MEFs. However, mitochondrial proton leak.
which reduces membrane potential in the absence of ATP synthesis, was not altered by loss of PINK1. Instead,
activity of the respiratory chain, which produces the membrane potential by oxidizing substrates using
oxygen, declined. H,0, production rate by PINK1™'~ mitochondria was lower than PINK1 /™ mitochondria
as a consequence of decreased oxygen consumption rate, while the proportion (H,0, production rate per
oxygen consumption rate) was higher. These results suggest that mitochondrial dysfunctions in PD
pathogenesis are caused not by proton leak, but by respiratory chain defects.

Proton leak
Reactive oxygen species

© 2010 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is a neurodegenerative disease character-
ized by loss of dopaminergic neurons in the substantia nigra.
Mitochondrial dysfunction has been proposed as a major factor in the
pathogenesis of sporadic and familial PD (Abou-Sleiman et al., 2006). In
particular, the identification of mutations in PTEN-induced putative
kinase 1 (PINK1) has strongly implicated mitochondrial dysfunction
owing to its loss of function in the pathogenesis of PD (Valente et al.,
2004). PINK1 contains an N-terminal mitochondrial targeting sequence
(MTS) and a serine/threonine kinase domain (Valente et al., 2004).
PINK1 kinase activity is crucial for mitochondrial maintenance via TRAP

Abbreviations: Ay, mitochondrial membrane potential; FCCP, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone; MEFs, mouse embryonic fibroblasts; PD, Parkin-
son's disease: PINK1, PTEN-induced putative kinase 1; ROS, reactive oxygen species:
TMRM, tetramethylrhodamine methyl ester; TPMP, triphenylmethylphosphonium.
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phosphorylation (Pridgeon et al., 2007). Loss of PINK1 function induces
increased vulnerability to various stresses (Exner et al., 2007; Haque et
al., 2008; Pridgeon et al, 2007; Wood-Kaczmar et al,, 2008). However,
silencing of PINK1 has only been partial and only one study has been
performed to assess mitochondrial functions in steady and artificial
states with complete ablation of PINK1 expression (Gautier et al., 2008).

Several studies have shown that PINK1 acts upstream of parkin in
the same genetic pathway (Clark et al., 2006; Park et al., 2006) and co-
overexpressed PINK1 and parkin both co-localized to mitochondria
(Kim et al., 2008). Overexpression of PINK1 promotes mitochondrial
fission (Yang et al, 2008). Fission followed by selective fusion
segregates dysfunctional mitochondria and permits their removal by
autophagy (Twig et al, 2008). PINK1 loss-of-function decreases
mitochondrial membrane potential (Chu, 2010) and the PINK1-
parkin pathway is associated with mitochondrial elimination in
cultured cells treated with the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which causes mitochon-
drial depolarization (Geisler et al. 2010:; Kawajiri et al., 2010;
Matsuda et al., 2010; Narendra et al., 2008, 2010; Vives-Bauza et al.,
2010). However, the exact mechanism underlying the mitochondrial
depolarization induced by PINK1 defects leading to mitochondrial
autophagy has not been examined in detail.
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Here, we describe a detailed characterization of mitochondria in
PINK1-deficient cells. We show that PINK1 deficiency causes a
decrease in mitochondrial membrane potential, which is not due to
proton leak, but to respiratory chain defects.

Materials and methods
PINK1 knock-out mouse embryonic fibroblasts (MEFs)

PINK1 knock-out MEFs were prepared and cultured as described
previously (Matsuda et al., 2010). Mouse embryonic fibroblasts
(MEFs) were derived from E12.5 embryos containing littermate 4
mice of each genotype. Embryos were mechanically dispersed by
repeated passage through a P1000 pipette tip and plated with MEF
media containing DME, 10% FCS, 1x nonessential amino acids, 1 mM
L-glutamine, penicillin/streptomycin (invitrogen). The 2 cell line, an
ecotropic retrovirus packaging cell line, was maintained in Dulbecco’s
modified Eagle medium (DMEM, Sigma) with 5% fetal bovine serum
and 50 pg/ml kanamicin. Transfection of the 2 cells with pMESVTS
plasmids containing an SV40 large T antigen was performed by
lipofection method according to the manual provided by the
manufacturer (GIBCO BRL). Five micrograms of the plasmids was
used for each transfection. Transfectants were selected by G418 at the
concentration of 0.5 mg/ml, and 10 clonal cell lines were established.
The highest titer of 5x 10* cfu/ml was obtained for the conditioned
medium of a cell line designated §2SVTS1. 10° MEFs were plated onto
a 10-cm culture dish and kept at 33 °C for 48 hours. Then medium was
replaced with 2 ml supplemented with polybrene-supplemented
medium conditioned by the 2SVTS1 cells at confluency for 3 days.
Infection was continued for 3 hours, and the medium was replaced
with a fresh one. The infected MEFs were cultured at 33 °C until
immortalized cells were obtained.

We confirmed that the differences we detected in this study were
due to the PINK1 deficiency, not to artificial effects by immortaliza-
tion, by measuring cellular respiration rates of not immortalized MEFs
from other littermates (Supplemental figure). The respiration rates of
not immortalized MEFs were slightly slower than those of immortal-
ized MEFs, but the differences between PINK1+/* and =/~ MEFs were
consistent (Fig. 2A).

Cell growth

Cells were seeded in 12-well plates at density of 3~6x 10° cells/well
and incubated in DMEM high glucose medium (4.5 g/ glucose and
1 mM sodium pyruvate) supplemented with 10% fetal bovine serum.
After a day, the medium was replaced with DMEM glucose-free medium
supplemented with 1 g/1 galactose, 1 mM sodium pyruvate and 10%
fetal bovine serum (DMEM galactose medium) at 37 °Cin an incubator
with a humidified atmosphere of 5% CO,. Cells were trypsinized and live
cells were assessed by trypan blue dye exclusion.

Mitochondrial morphological changes

Cells were seeded in 6-well plates at 2.0 x 10°/well and incubated
in DMEM high glucose medium (4.5 g/1 glucose and 1 mM sodium
pyruvate) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. After a day, the medium was replaced with
DMEM glucose-free medium supplemented with 1g/I galactose,
1 mM sodium pyruvate and 10% fetal bovine serum (DMEM galactose
medium) at 37 °C in an incubator with a humidified atmosphere of 5%
C0,. 24 hours later, cells were fixed and immunostained with anti-
Tom20 antibody to visualize mitochondria according to a protocol as
previously described (Kawajiri et al., 2010). All images were obtained
using an Axioplan 2 imaging microscope (Carl Zeiss, Oberkochen,
Germany).

Cellular ATP levels

Intracellular ATP levels were determined by a cellular ATP assay kit
(TOYO B-Net, Tokyo, Japan) according to the manufacturer’s instruc-
tions using a Lumat LB9507 luminometer (Berthold Technology, Bad
Wildbad, Germany).

Membrane potential

Fluorescence images were recorded using a multi-dimensional
imaging workstation (AS MDW, Leica Microsystems, Wetzlar,
Germany) with a climate chamber maintained at 37 °C. Fluorescence
was quantified with a CCD camera (CoolSnap HQ, Roper Scientific,
Princeton, NJ) using a 20x objective. Cells were stained for 1 hour
with a non-quenching concentration (20 nM) of tetramethylrhoda-
mine methyl ester (TMRM) in a 96-well plate. The cell-permeable
cationic dye TMRM accumulates in mitochondria according to the
Nernst equation. Nuclei were stained with 250 nM Hoechst 34580.
Mitochondrial TMRM fluorescence was integrated in a 40-pm
diameter circular area around the nucleus, and the minimum
fluorescence in this area was subtracted as background fluorescence.

Cell respiration

Cell respiration was measured at 37 °C using the Oxygen Meter
Model 781 and the Mitocell MT200 closed respiratory chamber
(Strathkelvin Instruments, North Lanarkshire, United Kingdom). Cells
were cultured in DMEM with 4.5 g/1 of glucose supplemented with
10% FBS. Cells were then trypsinized and resuspended in Leibovitz's
L-15 medium (Invitrogen) at density of 8.0 x 10° cells/ml. The oxygen
respiration rate was measured under each of the following three
conditions: basal rate (no additions); State 4 (no ATP synthesis) [after
addition of 1 pg/ml oligomycin (Sigma)], uncoupled [after addition of
3uM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
Sigma)] using Strathkelvin 949 Oxygen System. After sequential
measurements, the endogenous respiration rate was determined by
adding 1 M rotenone + 2 pM myxothiazol.

Mitochondrial respiration and membrane potential

Mitochondria were prepared from cultured MEFs as previously
described (Amo and Brand, 2007). Mitochondrial oxygen consump-
tion with 5 mM succinate as a respiratory substrate was measured at
37 °C using a Clark electrode (Rank Brothers, Cambridge, United
Kingdom) calibrated with air-saturated respiration buffer comprising
0.115M KCl, 10 mM KH,PO,, 3 mM HEPES (pH 7.2), 2 mM MgCl,,
1mM EGTA and 0.3% (w/v) defatted BSA, assumed to contain
406 nmol atomic oxygen/ml (Reynafarje et al., 1985). Mitochondrial
membrane potential (Ays) was measured simultaneously with
respiratory activity using an electrode sensitive to the lipophilic
cation TPMP* (triphenylmethylphosphenium) (Brand, 1995). Mito-
chondria were incubated at 0.5 mg/ml in the presence of 80 ng/ml
nigericin (to collapse the pH gradient so that the proton motive force
was expressed exclusively as Ay) and 2uM rotenone (to inhibit
complex I). The TPMP™-sensitive electrode was calibrated with
sequential additions of TPMP™ up to 2 pM, then 5 mM succinate
was added to initiate respiration. Experiments were terminated with
2 UM FCCP, allowing correction for any small baseline drift. Adr was
calculated from the distribution of TPMP™ across the mitochondrial
inner membrane using a binding correction factor of 0.35mg
protein/yl. Respiratory rates with 4 mM pyruvate + 1 mM malate as
a substrate in State 3 (with 0.25 mM ADP) and State 4 (with 1 pg/ml
oligomycin) were determined using the Oxygen Meter Model 781 and
the Mitocell MT200 closed respiratory chamber (Strathkelvin
Instruments).
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Modular kinetic analysis

To investigate differences in oxidative phosphorylation caused by
PINK1 knock-out, we applied a systems approach, namely modular
kinetic analysis (Amo and Brand, 2007; Brand, 1990). This analyzes the
kinetics of the whole of oxidative phosphorylation divided into three
modules connected by their common substrate or product, Ayr. The
modules are (i) the reactions that produce Ay, consisting of the substrate
translocases, dehydrogenases and other enzymes and the components of
the respiratory chain, called ‘substrate oxidation’; (ii) the reactions that
consume Ay and synthesize, export and dephosphorylate ATP, consisting
of ATP synthase, the phosphate and adenine nucleotide translocases and
any ATPases that may be present, called the ‘phosphorylating system’;
and (iii) the reactions that consume Ays without ATP synthesis, called the
‘proton leak’ (Brand, 1990). The analysis reports changes anywhere
within oxidative phosphorylation that are functionally important but is
unresponsive to changes that have no functional consequences.
Comparison of the kinetic responses of each of the three modules to Ays
obtained using mitochondria isolated from PINK1*/* and PINK1~/~
MEFs would reveal any effects of PINK1 on the kinetics of oxidative
phosphorylation. Oxygen consumption and Ay were measured simulta-
neously using mitochondria incubated with 80 ng/ml nigericin and 4 pM
rotenone. Respiration was initiated by 5 mM succinate. The kinetic
behavior of a ‘Ay-producer’ can be established by specific modulation of a
Ag-consumer and the kinetics of a consumer can be established by
specific modulation of a Ay~-producer (Brand, 1998). To measure the
kinetic response of proton leak to Ay, the State 4 (non-phosphorylating)
respiration of mitochondria in the presence of oligomycin (0.8 pig/ml; to
prevent any residual ATP synthesis), which was used solely to drive the
proton leak, was titrated with malonate (up to 8 mM). In a similar way,
State 4 respiration was titrated by FCCP (up to 1 M) for measurement of
the kinetic response of substrate oxidation to Ay, State 3 (maximal rate of
ATP synthesis) was obtained by addition of excess ADP (1 mM). Titration
of State 3 respiration with malonate (up to 1.1 mM) allowed measure-
ment of the kinetics of the Ay-consumers (the sum of the phosphory-
lating system and proton leak). The coupling efficiencies of oxidative
phosphorylation were calculated from the kinetic curves as the
percentage of mitochondrial respiration rate at a given Ays that was
used for ATP synthesis and was therefore inhibited by oligomycin. Note
that any slip reactions will appear as proton leak in this analysis (Brand et
al.,, 1994).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of H,0, generation rate, determined fluorometrically by measure-
ment of oxidation of Amplex Red to fluorescent resorufin coupled to
the enzymatic reduction of H>0, by horseradish peroxidase using a
spectrofluorometer RF-5300PC (Shimadzu, Kyoto, Japan). The H,0»
generation rate was measured in non-phosphorylating conditions
(=State 4) using either pyruvate/malate or succinate as respiratory
substrates. Mitochondria were incubated at 0.1 mg/ml in respiration
buffer. All incubations also contained 5pyM Amplex Red, 2 U/ml
horseradish peroxidase and 8 U/ml superoxide dismutase. The
reaction was initiated by addition of 5mM succinate or 4 mM
pyruvate +1 mM malonate and the increase in fluorescence was
followed at excitation and emission wavelengths of 560 and 590 nm,
respectively. Appropriate correction for background signals and
standard curves generated using known amounts of H,0, were used
to calculate the rate of H>0, production in nmol/min/mg mitochon-
drial protein. The percentage free radical leak, which is a measure of
the number of electrons that produce superoxide (and subsequently
H,0,) compared with the total number of electrons which pass
thorough the respiratory chain, was calculated as the rate of H,0,
production divided by the rate of O, consumption (Barja et al., 1994).

Statistics

Values are presented as means + SEM except Fig. 2D, in which
error bars indicate SD. The significance of differences between means
was assessed by the unpaired Student's t-test using Microsoft Excel; P
values <0.05 were taken to be significant.

Results
Cell growth and mitochondrial morphology

In general, cultured cells gain their energy mostly from glycolysis.
Therefore, cells deficient in respiratory function can grow in normal
medium, although possibly at a slower rate, relying predominantly on
glycolysis (Hofhaus et al, 1996). Actually, p° cells, which lack
mitochondrial DNA completely, can grow producing energy exclu-
sively through glycolysis (King and Attardi, 1989). On the other hand,
galactose metabolism via glycolysis is much slower than glucose
metabolism (Reitzer et al., 1979). Therefore, cells in galactose medium
are forced to oxidize pyruvate through the mitochondrial respiratory
chain for energy required for growth. Consequently, cells with defects
in their mitochondrial respiratory chains show growth impairments
in galactose medium. To evaluate this phenomenon is also observed in
our cells, we examined growth retardation by addition of mitochon-
drial complex I inhibitor, rotenone (Fig. 1A). In glucose medium,
10 nM rotenone had only a slight effect on the growth of PINK1*/*
MEFs and slower growth was observed even in the presence of
100 nM rotenone. However, in the galactose medium, 10 nM rotenone
significantly inhibited the growth of PINK1*/* MEFs and 100 nM
roteone completely arrested the growth. Therefore, we could confirm
that the growth impairment of our cells in the galactose medium was
due to mitochondrial respiratory chain defects.

PINK1 acts upstream of parkin, regulating mitochondrial integrity
and function; therefore, loss of PINK1 is considered to affect
mitochondrial functions. To assess the mitochondrial functions of
PINK1™'~ MEFs, growth capability in a medium in which galactose
replaced glucose was examined. As shown in Fig. 1B, PINK1~/~ MEFs
appeared to show clear growth impairments in the galactose medium,
whereas PINK17/* MEFs grew slightly slower than in the glucose
medium.

No differences of mitochondrial morphology between PINK1
and ~/~ MEFs in the glucose medium were detected (Fig. 1C),
consistent with the previous report (Matsuda et al.,, 2010). However,
in the galactose medium, mitochondria of the PINK1~/~ MEFs were
more fragmented compared to the PINK™/* MEFs (Fig. 1C). This is
consistent with previous reports, which found mitochondrial mor-
phological changes were more pronounced when PINK1 knock-down
Hela cells were grown in low-glucose medium (Exner et al., 2007)
and human PINK1 homozygous mutant fibroblast in galactose
medium (Griinewald et al., 2009). In these cells, mitochondrial
morphological changes were associated with the mitochondrial
functional impairment.

s

Assessments of mitochondrial functions at the cellular level

Because PINK1™/~ MEFs showed severe growth impairments in
the galactose medium, the mitochondrial functions of these cells were
assessed at the cellular level. First, cellular respiration rates were
measured (Fig. 2A). The basal respiration rate was significantly
reduced in PINK17'~ cells compared with that in PINK1%'* cells
(11.134+0.71 versus 14.36-1.01 nmol O/min/10° cells; p<0.05;
n=>5 independent experiments), consistent with previous reports
using partial knock-down of PINK1 expression (Gandhi et al.,, 2009;
Liu et al., 2009). Oligomycin inhibits ATP synthase, resulting in non-
phosphorylating respiration. FCCP uncouples oxidative phosphoryla-
tion, leading to maximum respiration rates. In both conditions, the
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Fig. 1. (A) Growth retardation of PINK1** * MEFs by mitochondrial complex 1 inhibitor, rotenone in glucose or galactose medium. Closed circles with solid line, 0 nM rotenone; open
triangles with dashed line, 1 nM rotenone; closed diamonds with solid line, 10 nM rotenone; open circles with dashed line, 100 nM rotenone; closed triangles with solid line.
1000 nM rotenone. Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye exclusion. (B) Growth curves of PINK1™'~ and ~'~ MEFs. Closed
symbols (glucose), growth curve for cells grown in DMEM containing 4.5 g/1 glucose and 1 mM sodium pyruvate; open symbols (galactose), growth curve for cells grown in DMEM
lacking glucose and containing instead 1.0 g/! galactose and 1 mM sodium pyruvate. Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye
exclusion. (C) Mitochondrial morphology of PINK1 '/ * and ~'~ MEFs. After incubating cells with the glucose or galactose medium for 24 hours, cells were fixed and immunestained

with anti-Tom20 antibody to visualize mitochondria. Scale bar, 20 um.

PINK1 ™'~ cells respired significantly slower than the PINK1™'* cells
(1.76 £0.13 versus 2.9540.27 (p<0.01; n=5 independent experi-
ments) and 16.44 - 1.80 versus 23.50+ 1.18 nmol O/min/10° cells

(p<0.05; n=>5 independent experiments), respectively).

The main function of mitochondria is ATP synthesis via oxidative
phosphorylation. ATP levels under basal conditions were significantly
reduced in PINK1™'~ MEFs (Fig. 2B), as reported previously for
dissociated PINK1™'~ mouse neurons (Gispert et al., 2009) and PINK1
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Fig. 2. Mitochondrial functions assessed at the cellular level. Open bars, PINK1*"* MEFs; closed bars, PINK1™'~ MEFs. (A) Cell respiration rate of PINK1™'™ and ="~ MEFs. The
oxygen respiration rate was measured at density of 8.0x 10° cells/mt under each of the following three conditions: basal rate (no additions); State 4 (nc ATP synthesis) |after
addition of 1 pg/ml oligomycin|, uncoupled [after addition of 3 WM FCCP). After sequential measurements, the endogenous respiration rate was determined by adding 1 uM rotenone
+2 uM myxothiazol. Error bars indicate SEM (n=5 independent experiments). (B) Cellular ATP levels. Data were normalized based on cell numbers and expressed as the
percentage of the level in PINK1™'* cells. Error bars indicate SEM (n=4 independent experiments). (C) Live cell images of PINK1*'* and ="~ MEFs with TMRM fluorescence. (D}
Mitochondrial membrane potential evaluated by live cell imaging of TMRM fluorescence. Left panel, the distribution of TMRM fluorescence from 3537 PIINK1 "' ' and 2566 PINK1 ™ ™~
cells from 12 wells per cell type; right panel, the average value of TMRM fluorescence per cell. Error bars indicate SD. *P<0.05; **P<0.01; ***P«0.001.

siRNA knock-down PC12 cells (Liu et al, 2009). Mitochondrial
membrane potential was also measured by live cell imaging of TMRM
fluorescence. Typical images were shown in Fig. 2C. The histogram
shows the distribution of TMRM fluorescence from 3537 PINK1*/* cells
and 2566 PINK1~/~ cells from 12 wells per cell type and the bar graph
indicates the mean-=SD of TMRM fluorescence per cell (Fig. 2D).
According to the Nernst equation, the ratio of TMRM fluorescence would
translate into, on average, 6.88 mV lower mitochondrial membrane
potential in the PINK1~'~ cells if the plasma membrane potentials were
not different between PINK1™ ™ and '~ cells. Mitochondrial mem-
brane potential decrease was also showed previously in PINK1 knock-
down Hela cells (Exner et al., 2007) and in stable PINK1 knock-down
neuroblastoma cell lines (Sandebring et al.. 2009).

Assessments of mitochondrial functions using isolated mitochondria

To further analyze mitochondrial functions, we measured the
kinetics of oxidative phosphorylation using isolated mitochondria
from PINK17/~ and ~'~ MEFs. Fig. 3 shows the kinetics of the three
modules of oxidative phosphorylation using succinate as a respira-
tory substrate (complex ll-linked respiration). Fig. 3A shows the
kinetic response of substrate oxidation to its product, Ad. The

substrate oxidation kinetic curve for PINK17/'7 cells was clearly
shifted lower compared with that for PINK1%/* cells, indicating that
the loss of PINK1 caused mitochondrial respiratory chain defects.
Fig. 3B shows the kinetic response of proton leak to its driving force,
Ay, and Fig. 3C shows the kinetic response of the ATP phosphory-
lating pathway to its driving force, Ay. Both kinetic curves for
PINK1™* and ~'~ MEFs (open and closed symbols, respectively)
were overlapping, implying that there were no significant differ-
ences in those modules.

We also independently measured the mitochondrial oxygen
consumption rate using pyruvate/malate as a respiratory substrate
instead of succinate to check complex I. Modular kinetic analysis
using pyruvate/malate is technically difficult for the following
reasons: (1) the oxygen consumption rate with pyruvate/ malate is
much slower than succinate respiration; and (2) there are no
competitive inhibitors of complex [-linked respiration, such as
malonate for succinate respiration. As shown in Fig. 4A, the
respiration rates in State 3 and 4 with pyruvate/malate of isolated
mitochondria from PINK17' 7 cells (closed symbols) were signifi-
cantly slower than those of PINK1™'™ cells (open symbols), as in the
case of succinate respiration (Fig. 4B; data derived from the kinetic
curves in Fig. 3).




6 T. Amo et al. / Neurobiology of Disease xxx (2010) xxx-xxx
A . enhanced H,0, generation. During succinate respiration in the
% 1809 o WT absence of respiratory chain inhibitors, ROS are generated mainly
& ° 1 - KO from the quinine binding site of complex I due to reverse electron flow
A=} ‘_i" 1504 from coenzyme Q to complex I. For succinate respiration, H,O»
3 & ] generation rate in the absence of reparatory chain inhibitors was
3 5 120+ higher in PINK1*/* mitochondria than in PINK1™/~ mitochondria,
%é but the difference was not significant (Fig. 4D). The addition of
SE 7 rotenone, which blocks reverse electron flow from coenzyme Q to
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5 % 807 Figs. 4 C and D show a tendency for PINK1*/* mitochondria to
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Fig. 3. Modular kinetic analysis of oxidative phosphorylation in mitochondria isolated
from PINK1*’* and ~'— MEFs. Modular kinetic analysis of the kinetic responses to
membrane potential, Ay, of respiration driving (A) substrate oxidation (A titrated
with uncoupler, FCCP, starting in State 4), (B} proton leak (A titrated with malonate,
starting in State 4) and (C) the phosphorylating system, calculated by subtracting
respiration driving proton leak from respiration driving the Aw-consumers (A titrated
with malonate starting in State 3; not shown) at each Ai. Open symbols, PINK1*™
MEFs; closed symbols, PINK1™'~ MEFs. Error bars indicate SEM (n=4 independent
mitochondrial preparations).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of the H0, generation rate. Mechanisms of mitochondrial ROS
production were well described elsewhere (Fig. 1 of Lambert et al.,
2010). Pyruvate and malate generate NADH, which induced forward
electron transport and generate ROS mainly from complex I and Il
For pyruvate/malate respiration, the basal H,O, generation rate
(measured in the absence of respiratory chain inhibitors) was not
different between PINK1*/* and ~'~ mitochondria (Fig. 4C). The
addition of antimycin A and further addition of rotenone, which
inhibited forward electron transport at complex Il and [, respectively,

by mitochondria (free radical leak) during either pyruvate/malate or
succinate State 4 respiration (Figs. 4E and F). For pyruvate/malate
respiration, mitochondria isolated from PINK1~/~ cells had higher
proportion of H,0, generation than PINK1*/7 mitochondria. During
succinate respiration without respiratory inhibitors, PINK1™/~ mito-
chondria had also higher proportion of free radical leak mainly from
complex I due to reverse electron flow from coenzyme Q to complex L
Because the differences disappeared with addition of rotenone, which
inhibit reverse electron flow, ROS generation enhanced by loss of
PINK1 was mostly from complex L.

Discussion

We produced an in vitro model of Parkinson's disease, immortal-
ized PINK1~/~ MEFs. Previously, impairment of mitochondrial
respiration was observed in the brains of PINK1~'~ mice (Gautier
et al, 2008). PINK1™/~ MEFs clearly showed a phenotype of
mitochondrial dysfunctions, which is consistent with PD pathogen-
esis. This phenotype was apparent in a cell growth experiment using
medium containing galactose instead of glucose (Fig. 1B). Mitochon-
drial fragmentation was observed when PINK1~/~ MEFs grew in the
galactose medium (Fig. 1C), which was consistent with previous
reports (Exner et al., 2007; Griinewald et al., 2009). Our results have
unveiled that the PINK1™'~ MEF line could be a potential PD model,
presenting growth retardation due to decreased mitochondrial
respiration activity. Thus, the PINK17™'~ MEFs are a useful tool for
evaluating the role of PINK1 in mitochondrial dysfunction and
relevant to PD.

In PINK1~'~ MEFs, mitochondrial membrane potential was de-
creased compared with that in littermate wild-type MEFs (Figs. 2C and
D), as reported previously for PINK1 knock-down Hela cells (Exner et
al., 2007) and stable PINK1 knock-down neuroblastoma cell lines
(Sandebring et al, 2009). This is a key event during elimination of
mitochondria. Mitochondrial fission followed by selective fusion
segregates damaged mitochondria, which decreases their membrane
potential, and permits their removal by autophagy (Twig et al,, 2008).
The PINK1-parkin pathway is thought to have a crucial role in this
mitochondrial elimination mechanism (Geisler et al., 2010; Kawajiri et
al,, 2010; Matsuda et al,, 2010; Narendra et al., 2008, 2010; Vives-Bauza
et al, 2010). To clarify what caused the decrease in mitochondrial
membrane potential, we performed a modular kinetic analysis using
isolated mitochondria (Fig. 3). This analyzes the kinetics of the whole of
oxidative phosphorylation divided into three modules connected by
their common substrate or product, mitochondrial membrane potential
(AY¥). The modules are include one Ay-producer (substrate oxidation)
and two Ay-consumers (phosphorylating system and proton leak)
(Brand, 1990). To decrease Ay, the Ay-producer should be down-
regulated and/or Ay-consumers should be up-regulated. As cellular ATP
levels were decreased compared with those in littermate wild-type
MEFs (Fig. 2B), it is unlikely that the phosphorylating system is
up-regulated. Indeed, the kinetics of the phosphorylation module
were not altered (Fig. 3C). The other Ay-consumer, proton leak,
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which partially dissipates the membrane potential without ATP
synthesis, was also not changed (Fig. 3B). Therefore, the decrease in
membrane potential caused by loss of PINK1 is likely to have been
caused only by lower activity of the Ay-producer, substrate oxidation
(Fig. 3A). This is the first report showing that mitochondrial membrane
potential decrease caused by loss of PINK1, which is the key event for the
following mitochondrial elimination, was not due to proton leak, but to
respiratory chain defects. We used only succinate (a complex II-linked
substrate) as a respiratory substrate in the modular kinetic analysis for
technical reasons. However, complex I-linked respiration (pyruvate/
malate) was also decreased in PINK1~'~ MEFs like succinate respiration
(Fig. 4A).

The mitochondrial respiration rates in State 4 were decreased in
PINK1~/~ MEFs, and consequently, the proportions of free radical
leak were significantly higher in PINK1~/~ MEFs than in PINK1*/*

MEFs (Figs. 4E and F). Because the differences disappeared with
addition of rotenone (complex I inhibitor, which inhibits reverse
electron flow from coenzyme Q to complex I), ROS generation
enhanced by loss of PINK1 was mostly from complex I. These results
are partially consistent with those in previous reports, suggesting
that MPTP and rotenone induce neuronal cell death by inhibiting
complex I activity, leading to a PD-like phenotype (Dauer and
Przedborski, 2003; Jackson-Lewis and Przedborski, 2007; Troja-
nowski, 2003).

In this study, we developed an in vitro PD model, the PINK1™'~ MEF
line, and established the experimental conditions for cell growth to
detect mitochondrial dysfunction. This is the first report showing that
complete ablation of PINK1 causes a decrease in mitochondrial
membrane potential, which is not due to proton leak, but to respiratory
chain defects.
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Supplementary materials related to this article can be found online
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BEIZ 100% Tld e\ b DD, ZIMERE ROKEBR—HRICHAR 3 EU EFw MG ),
CHIZRCEGERTRIED 100% IFHEI N2V, BERLVEWI LZ2TRRTS. 47
A2V FIRBII22ERENRE LB EFRBITEAFEICLD, 50 KM Lo PD EEORE
FEORERIHAFN, Fth CIi&EOREGRBIIERICE, PD OFEICITEEHETF
DL -O TS Z EBRBRI N,

—7, Rocca b DEEDBREFEREICLY, 66 MEhy A 7L LTENLDEBECRELE
FHEPD LT ABENEITNTETVS, ZOWEIC LIUE, 66 MUT CTRET 2546, KRA
FIEDHNEREZ 2 FIcDIiFs LMEZI N TV 3,

¥7c, FKIEAFEGIC O\ TORM TOBRFLRETIZ, —HENDHRL, BET 10.3%, con-
trol Tix 3.5% (v Xt 3.2, 95%Cl 1.6-6.6) LWMESIN, HLLLFREAEBOEEL RSN
T\ Z) 19).

0k, BENRTF2ERC, BERTLOMEEADS & PD BHIET 5 2 LBFHRE
npEidbiz, BEFORSEEIRYIBERHIDLEZEISNTETNRS,

Tk & 2 F CEEBHETH PD OFREICHESE L TR0 THSH 5 ?

H—BETEEICK S PD OFED S, BENEFORESHELL 2bDIZk>7RTH 525,
OMBICEREZT{NBDIZFPD DR THY, UT, I TRBEEZNEM? S FPD B
HEOBEEGEFIT OV THLMIIEBRR 7,

BC. REM/N—F%>Y K, PARK VU —-ZXDORHE

BIfE £ Tl PARKI~16 % T & NR4A2 HBIETIE (L ToRES M) L LTH
&N, FPD OEREETFE LT 6 OBAEINTWVS (£ 1), Nuri® iz NR4A2 OJFRRES
FELTRESIND, ZOBERRTFOHIIN TR, RELH L VERFECELETOR
EMETED, DWRNE PARKI6 D3 S 7222 PARK ) —XDEET D ) bIEHER
R=%v Y= XLDREEETF E LT, ATPI3A2®), PLA2G6*, FBXO7® i ¥ & h, *
DOfft FPD OFEBET & L TOBRBELNTOHEL L T 0nb O L LT, GIGYF2®), Omi/HtrA2*"
ELHEINTNLS,

1.ﬁ¢éﬁﬁﬁmﬁﬁﬂ—#>v>ﬁ(mwm
a. SNCA, o-synuclein (PARK1, PARK4)

1990 £EICERFRAER S & 72 K& 7% ADPD DR, Contursi KFED> 5, 1997 £ FPD DR
KEETFERL LTHD T a-synuclein AS3T EEDFE S 1z¥, ThF Tic AS3T I Z,
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BEFY VRV BnFEE BEHER
PARKI, 4 (SNCA) 4q21 AD o -synuclein -
PARK2 ' 6q25.2-q27 AR parkin - (+ %1, *2)
PARK3 2p13 AD ? +
PARK5 4pl4 AD UCH-L1 ?
PARK6 1p35-p36 AR PINK1 ? (+ *2)
PARK7 1p36 AR DJ-1 ?
PARKS 12q12 AD LRRK2 e =
PARK9 1p36 AR ATPI3A2 ?
PARKI0 1p32 SP (Bx=ZMEEF) 7 ?
PARKI11 2436-q37 AD GIGYF2 ?
PARK12 Xq21-q25 SP (BZEZMEEETF) ° ?
PARKI13 2p12 AD HtrA2/0Omi ?
PARK14 22q13.1 AR PLA2G6 ?
PARKI15 22q12-q13 AR FBX07 g
PARK16 1q32 SP ? ?
GBA 1g21 SP glucocerebrosidase +
SCA2 12q24 AD ataxin—2 4
NR4A2 2q22-q23 AD Nurrl ?
AD: autosomal dominant, AR: autosomal recessive, SP: sporadic
*1: +; FEEERTLIH, HE~NTERT2HHME. *2: +; ~TuEETHEDD

A30P®), E46K®'D 30D I At VAEEBHEINTWEY, ZROHEERR (ML ITL
3. BREBIZDPPEERED N N—F Y Z A LITMA, —EIZ dementia 2589 %, A53T 2RI
ZD%E 11 RROBEVH Y, ¥V viEFORRICIZTR O, 2 TIBEOMLI L 288E
MEBTRINT VS, REEEAD S QHENDH YO, MOk TH 3 LBTBRENT.
A53T ZEEFEFIE SPD 12 & K UTVW 223, FHFRIEFEIT 45.6 B TRAED &ML\, —FF
AP BERIZ A YOFR LY Bobh, FHRIEFHZ 54.3 B THHER & LT o RBALEZ
9 T EDVLOAREEDERE Sk, ASOP ZRES OWEGR D BE, Fi, KEMETI%E
Ea 13 OILE#IC o-synuclein DILE 2R, —RD SPD & iRk h BB Z D TWi-,
E46K ZRIZARL VORFZTHRES N, %ﬁ@#u5mmaﬁfwﬂﬁu#5paﬁ%< P
BTOEBELE—/AMBETH 2 2 LRI N TV S,

NS DERIC L BRI TI, ZBREEDDH S LK D a-synuclein 234 ) T — 2L
L, BEEE, EMLL I R2IEMEZIONTWS, AP DEEIZ X D a-synuclein EfFE & D
FEADMET LY, AST OERICL ) RORBENENT 2 2 & bWE SN T W B, A53T,
A30P, E46K @ 3 DDOERLETHEEMATIICH 2 DI, o-synuclein &JEE L DIEAD, B
LE, MEBEDENICL2EEEZIMNZIAILEZTRBLTVREDd LIk,

o -synuclein =2 BE ORI R TIIMEICL ¥ —/IMEZFZHTW 3, a-synuclein & PD D
BRENZHOBER L SNTELLVE—/MEDFERBRETTH Y, S 5ICIELRREMIED glial
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cytoplasmic inclusion (GCI) DERRITH H 2 LFPEHS NI L H 6, FPD DA% 5T SPD K
BI2LE—/MEER, S5 YVECBEBEOORE - BEEF, SEMREERF R
WHEBLEREZ O DLEZONTWS, a-synuclein 2213 gain of toxic function 2 7z L, Mk
EHEIEHZLEZONTWVS, PD 2L DL L7 a-synuclein DERIZ & % synucleinopathy
EWIEBEOESLIAND, PLINLT—wmEIRLD E L tau DERKIC X B tauopathy &
synucleinopathy & 39 2 DDBEEBID L2 6T A==y 7T3ZLLE/HINTETED,

TDP-43 proteinopathy®**® & & RFEMW L EHEBR OMEE BRI B L TB OB EE
THEREMEDEZ SN TS, a-synuclein DFBERICBWTL, VY Y —LARPEHE T
2 5%, o -synuclein DBFIFE I MRENBE CEE L ubiquitin-proteasome system (UPS) %
HT2 2 EHMEINT VS, a-synuclein ® tau (° TDP-43) R EDTFIBRELED 2 \»
BEEERTAEF2EHT I Z LOMEERERERRT A AXICEL LbEI N TS,

2003 £E1Z, PARK4 & LT 4 BRAMEEHICCy 73N T 077 4 3 7 RRIE a-synuclein EiR
F @ 3 B triplication TH % (PARK4 135213 PARK1 AU BETFES Y, FREGTIREL
o -synuclein 72 o72) T LR L 75 a-synuclein ZERICIZ duplication (2 BE) OBEL H
D, HERTHLEBEORRTA DD >TED, a-synuclein multiplication (& ADPD @ 2% < 5\ %
G ORERDIKD > DBEIZ EM T 2 WATREED S 2%, BETFEBIC L 3 a-synuclein DI
FIHBMBREICEHEL TR I EWRBRINTEYD, o-synuclein triplication 12 duplication
MHER PD i L, BEFEFHOEFELE X U dementia D& ERER D EFELL (gene dose effect)
DEEEN, triplication FI DIFEURIZTEMEL € —MEBETH 5%, %47 duplication FERIT IR
MEEEPFL R EREZIN T, BL DR L 7= duplication FEH TIIRANER AL B
b, ZOWREHTIHLE—/MEL LI, GCI ZBD 7 2 LIZKEEREN | £7, a-synu-
clein 2 BEEERCEEEH 33% (2/6) LEVWRRVEELTE Y, FHREERHZEDLICEL
THHIEL TORWREIEF v U PHEET 5 2 LHiH YY), 2 OFES L DBV Ib T a-
synuglein 53 PD OFIEBFIC ED L) 2REE 20 L0 ) I LEDNBMB/ONLD2H LA
BV, &S ITENE, ABMERRNTIC X O a-synuclein 0 SNP 45 MSA OEBET Ik 5 & & bl
ENP . a-synuclein DHEEE Y T—L T2 LD, PD DA% ST MSA b&T synuclei-
nopathy DIGED ¥ —4" v M 2 THEMEDLH 5. o -synuclein multiplication i FPD D 1~2%
KiEEHEINTV5D, SPD THHFET A I EBHEINTEY, MHEAICBIT2ERLRR
ENTETEY,

—7%, o-synuclein DEEFHRBEBROEI O HEZEME Y 3 2 & CHAEICETD 5 AREMED
EZZoN, a-synuclein DT OE—F — IR NACP-Repl %% SPD OfEfREFic7e 5 &
W& Z N, KFIEB VT H SNP FBHT23TH 1, intron 4 ICHFET 5 SNP SEEZMEET L L
TRAESNLD, 20 SNP 2R LR FRL AT 2 2 LpFASN T 32, Hi
B OBEETFEE b ST a-synuclein DBEFIFEIDS PD, synucleinopathy DHIERTF2E 2 5 LT
BETHIEEZOLNTWVS,
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b. LRRK2, leucin rich repeat kinase 2 (PARKS)

PARKS 1% 1978 SEIZ8R 5 X 1172 ADPD ORFHTH 2 HEEFRRD L h 2002 £ BIEFEDS
B 5N, BMKORFEH S 2004 £E1C LRRE2 BEAE S 00 a-synuclein & RBER O
FEiddeie D, ADPD @ 5~10%R08, BLHEBID 1~2% BRI KA LBEINTE YO, &
i= FPD O FEHBETOHR TS FPD OA% 5T SPD KB 3HE5bRF L EEEIATY
29 InFETIN220BORAEE ) BETFEENRE TN T 52, RHTH G2019S BRI
T T7RPISYRABEBLICRAARE S, BiIi7 7948777 AD PD O 30~41% 2
DY, ROTEKIZE L NT B P 4 THITIC & DI 2250 5ERTD & DAIBENRBTERE LTV
%9 G2019S BRI 77 TR TEP TR 3 KARDWMENH 508, LFMAE LA UAIKBED
BEBENTH 200, —F, FLaATh G019 BEMAEIN, HEADONTRI L TE
RAUTHY, HBOHGLEZ SN, REBEHOESRZRE L KEHEEKEL?, HEFERRE
G2019S ZR OB H 5 7 = /D 12020T £E2 H 5%, A THERFRUACH 2 KAIH
EINTVEY, ZHE50ERIIOVTRARATRALNATRY A 72R LTk D, HEER
ZLALREA» PN ERREHEEINED, —F, HBHEER L ZHICEE T G2385R™»
R1628P%) & \» 9 BENBHE X1, SPD OERET &L LT, FECHESTIHBENBo NI IR
X 5 ICHBKREE, G2385R ICD\W T 4800 F{ S WATO 7Y 7 ATEL AIBERR L HEI N
TV %%,

PD 134> 5% 200 £ Hi D 1817 ££i2, James Parkinson »% “An Essay on the Shaking Palsy” T
MO THE L RETH 52, FPD ODRFEBIETF TH 5 LRRE2 DEBBEIVIRICELD, 20
W= IZHETE 2250 SE SVEHICE TEDDIEL Z LMW TETWEY, ABOL—Y ALY 7Y
AHY, 2IpoREKKI—a vl FEREIUCORBECBE L ThoeEA SN TV 37,
ANERE L RBERBEIOESRY, PD ORELBHOERDL L T3 HgEEIFRIN, A
FOREFAIICRERRE VW,

LRRK2 BRIEGIORKRENL, BRI ZFAIRELIS {, VR P RORGHER L VS—F vy
S ALT, —fD SPD & RRIMEETH 528, BELEMN L > TEHRREREORERZ LD
BAZLEROBERECETH S, HEFERIT 20 BARD early-onset PD b & h AHFH I KA
538758 50~60 fRLLFED late-onset PD 73\, MIBG O v F IRIEEGI LETH & 2%
250 (20195 ZE-Tiz SPD L FB, F®-dopa PET T F¥-dopa DEL D AHBE T A A Stz IE
IREEIL 85% RO W IRED D 503, REMEEIL parkin RG] L BRRICHEHIRHE L S
115980 LRRK2 kL E—/MEDHRRTTH 5 LHEI N B —FH2, LE—/MERBRVLH DD
HUBELEY—IMERETCLE—/MEOHBRIIERICE > TH I FIE T, ETHK LEMED
TEREEURBUESORBEEE L H 2%, 25 EERFR TR L ¥ —/MEBEE L 72 LIER
&, GCl # RO 7-MEGREEME (ZRKBME, MSA) DEFIDBESNTEHY, A—FK
F, AR TLERFEGL LD 5 52 LITEREMRET 2% 2 2 H T b REIKE DY,

EHOKEIZSD L ZATHETH 503, LRRK2 it ubiquitous WCFILTE YD, a-synuclein &
tau B0 ERICHBLZNS50) VEMULICEEE T2 EBER L LT, ZRBREBRLIEEL T
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