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events in which increased nitric oxide
(NO)-related species S-nitrosylate a
critical thiol group in PINK1, thus
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SUMMARY

Mutations in PARK6 (PINK1) and PARK2 (Parkin) are
linked to rare familial cases of Parkinson’s disease
(PD). Mutations in these genes result in pathological
dysregulation of mitophagy, contributing to neurode-
generation. Here, we report that environmental
factors causing a specific posttranslational modifica-
tion on PINK1 can mimic these genetic mutations.
We describe a molecular mechanism for impairment
of mitophagy via formation of S-nitrosylated PINK1
(SNO-PINK1). Mitochondrial insults simulating age-
or environmental-related stress lead to increased
SNO-PINK1, inhibiting its kinase activity. SNO-PINK1
decreases Parkin translocation to mitochondrial mem-
branes, disrupting mitophagy in cell lines and human-
iPSC-derived neurons. We find levels of SNO-PINK1 in
brains of a-synuclein transgenic PD mice similar to
those in cell-based models, indicating the pathophys-
iological relevance of our findings. Importantly, SNO-
PINK1-mediated deficits in mitophagy contribute
to neuronal cell death. These results reveal a direct
molecular link between nitrosative stress, SNO-
PINK1 formation, and mitophagic dysfunction that
contributes to the pathogenesis of PD.

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurode-
generative disorder and the most common affecting the motor
system. It initially results from loss of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) in the mesenceph-
alon of the brainstem (Lang and Lozano, 1998). Mutations in
PTEN-induced kinase 1 (PINK1, PARK®6) and Parkin (PARK2)
have been linked to rare familial forms of autosomal recessive
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juvenile parkinsonism (AR-JP) (Kitada et al., 1998; Valente
et al., 2004). The proteins encoded by these genes are known
to be critical for mitochondrial quality control by regulating
mitophagy, a selective form of macroautophagy that is specific
for mitochondria (Pickrell and Youle, 2015).

Under basal conditions, PINK1 is integrated into the mitochon-
drial outer membrane but is rapidly cleaved by mitochondrial
proteases such as mitochondrial processing peptidase  and
PARL, generating an N-terminally cleaved form of PINK1. The
cleaved form of PINK1 retranslocates to the cytosol, where it is
degraded by the ubiquitin proteasome system, thus maintaining
very low levels of PINK1 on healthy mitochondria (Greene et al.,
2012; Jinetal., 2010; Mugit et al., 2006). In contrast, loss of mito-
chondrial membrane potential (A¥Wm)—caused by mitochondrial
toxin exposure, environmental pesticides, or other forms of mito-
chondrial stress that, in excess, have been associated with PD
pathogenesis—disrupts PINK1 turnover, leading to stabilization
of full-length PINK1 on the damaged mitochondrial membrane
(Lin and Kang, 2008). Full-length PINK1 then phosphorylates a
number of proteins, including ubiquitin and Parkin. In turn, the
PINK1-mediated phosphorylation of ubiquitin enhances Parkin’s
mitochondrial translocation and ubiquitin E3 ligase activity (Kane
etal., 2014; Koyano et al., 2014). Subsequently, activated Parkin
polyubiquitinates mitochondrial outer membrane proteins to
trigger mitophagy (de Vries and Przedborski, 2013; Kondapalli
et al,, 2012; Okatsu et al., 2012; Pickrell and Youle, 2015).
When properly functioning, mitophagy ameliorates cytotoxicity
by removing damaged or dysfunctional mitochondria.

Aging and environmental toxins are thought to contribute to a
number of neurodegenerative disorders, including PD, in part, by
generating excessive reactive oxygen and nitrogen species
(ROS/RNS) (Bazan, 2006; Lin and Beal, 2006). For example,
recent evidence has shown that RNS/nitric oxide (NO)-induced
protein S-nitrosylation triggers endoplasmic reticulum stress,
protein misfolding, and excessive mitochondrial fragmentation,
causing bioenergetic compromise with consequent synaptic
loss (Hess et al., 2005; Nakamura et al.,, 2013; Raju et al.,
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2015). However, although NO has been reported to affect
macroautophagy in general and mitophagy in particular
(Han et al., 2015; Sarkar et al., 2011), further mechanistic insight
into this process is needed. Here, we present evidence that
excessive levels of NO, as seen in neurodegenerative disorders
like PD, S-nitrosylate PINK1 to inhibit its kinase activity, thus
inhibiting PINK1/Parkin-mediated mitophagy and contributing
to dopaminergic neuronal cell death.

RESULTS

Cys568 Is the Predominant Site of PINK1 S-Nitrosylation
Initially, we investigated whether endogenous PINK1 is S-nitro-
sylated in the SH-SY5Y dopaminergic human-derived neural
cell line 20 min after exposure to the physiological NO donor
S-nitrosocysteine (SNOC). When PINK1 degradation was pre-
vented with a proteasome inhibitor or the protonophore/uncou-
pler carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a
mitochondrial depolarizing agent that triggers accumulation of
full-length PINK1 on damaged mitochondria (Mugit et al., 2006;
Lin and Kang, 2008), we observed formation of SNO-PINK1 (Fig-
ures 1A and S1). Next, we asked whether NO produced from
neuronal NO synthase (nNOS) can S-nitrosylate PINK1. For
this purpose, HEK-nNOS cells (which stably express nNOS)
were transiently transfected with PINK1-FLAG (C-terminally
FLAG-tagged PINK1) and exposed to the calcium ionophore
A23187 to activate nNOS. SNO-PINK1 levels were augmented
in cells incubated with A23187 but not in the presence of the
NOS inhibitor N”-nitro-L-arginine (L-NNA) (Figure 1B).

In order to determine the site of S-nitrosylation, we mutated
candidate cysteine residues 92, 166, 564, and 568, all of which
are surrounded by a partial SNO-motif (Stamler et al., 1997),
and monitored their S-nitrosylation status (Figure S2). The
PINK1(C568A) mutation decreased S-nitrosylation by ~70%
compared to wild-type (WT) PINK1 (Figures 1C and 1D). Next,
we performed mass spectrometry (MS), exposing recombinant
PINK1 to SNOC, and showed that PINK1 can be S-nitrosylated
at cysteine 568 (Figure 1E). Collectively, these data suggest
that Cys568 is the predominant site of S-nitrosylation on PINK1.

S-Nitrosylation of PINK1 in the a-Synuclein Transgenic
Mouse Model of PD

To assess the potential pathophysiological relevance of SNO-
PINK1 formation to PD, we asked whether SNO-PINK1 levels
are elevated in the a-synuclein (a-syn) transgenic mouse that
partially mimics sporadic PD with regard to increased expres-
sion of a-syn and abnormal mitochondrial morphology (Rocken-
stein et al., 2002; Nakamura et al., 2011). Consistent with the
notion that SNO-PINK1 might contribute to PD-related pathol-
ogy in vivo, we observed a significant increase in SNO-PINK1
expression in a-syn mouse brains early on in the disease process
(Figures 1F and 1G). In contrast, although we and others have
published that Parkin can also be S-nitrosylated in sporadic
cases of advanced PD (Chung et al., 2004; Ozawa et al., 2013;
Yao et al., 2004), we found that SNO-Parkin was undetectable
in these early, pre-symptomatic a-syn transgenic mice, suggest-
ing that PINK1 is even more sensitive to SNO modification and
occurs earlier in the disease process than Parkin (Figure 1F).
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S-Nitrosylation of PINK1 Downregulates Its Kinase
Activity, and Non-Nitrosylatable PINK1 Mutant Mimics
This Effect

The site of S-nitrosylation on PINK1, Cys568, is located in the C
terminus and is present in both full-length and cleaved forms
(Figure 1H). Interestingly, PD-causing mutations encountered in
the C terminus of PINK1 abolish the enzyme’s kinase activity,
supporting the notion that this region plays a critical role in
enzyme function (Plun-Favreau et al., 2007; Sim et al., 2006).
For this reason, we examined whether S-nitrosylation of PINK1
affects its kinase activity. We exposed SH-SY5Y cells transfected
with PINK1-FLAG to SNOC in the presence or absence of CCCP.
Consistent with prior reports, our phos-tag immunoblotting
analysis, in which phosphorylated proteins appear as slower
migrating bands (Kinoshita et al., 2006), showed that CCCP
exposure increased auto-phosphorylation of PINK1 (Figure 2A)
(Okatsu et al., 2012). In contrast, exposure to SNOC decreased
the level of auto-phosphorylated PINK1, in both the presence
and the absence of CCCP (Figure 2A). To further verify the effect
of SNOC on PINK1 kinase activity, we examined the phosphory-
lation status of Parkin, a substrate of PINK1 kinase during
mitophagy. Similar to our observations on auto-phosphorylation,
we found that CCCP elevated Parkin phosphorylation,
while SNOC diminished this effect (Figures 2B, 2C, and S3)
(Shiba-Fukushima et al., 2012). Hence, these results are consis-
tent with the notion that S-nitrosylation inhibits PINK1 kinase
activity. Next, we co-transfected WT or non-nitrosylatable mutant
PINK1(C568A) plus GFP-Parkin into SH-SY5Y cells and found,
similar to the inhibitory effect of S-nitrosylation on PINK1 activity,
that mutation of PINK1 at Cys568 significantly decreased its
ability to phosphorylate Parkin (Figures 2D, 2E, and S3).

Importantly, during the initiation steps of mitophagy, PINK1
phosphorylates ubiquitin to activate Parkin E3 ligase activity
(Kane et al., 2014; Koyano et al., 2014). Hence, we tested
whether non-nitrosylatable mutant PINK1(C568A) can decrease
ubiquitin phosphorylation in SH-SY5Y cells after exposure to
CCCP. Consistent with a reduction in PINK1 kinase activity,
phosphorylated polyubiquitin chains were also decreased by
non-nitrosylatable PINK1 (Figures 2F and 2G) (Fiesel et al,,
2015). From these results, we reasoned that the PINK1(C568A)
mutant mimics SNO-PINK1 in that it manifests decreased kinase
activity, allowing us to exploit the use of this cysteine mutant in
lieu of SNO-PINK1 in subsequent experiments. In these experi-
ments, we monitor the effects of the PINK1(C568A) mutant
compared to WT PINK1 to elucidate potential effects of SNO-
PINK1 on Parkin translocation and mitophagy.

Interestingly and quite unexpectedly, we also found that
exposure to SNOC decreased the level of full-length PINK1 in
SH-SY5Y cells (Figures 2A, S4A, and S4B). While cleaved
PINK1 appeared to transiently increase after SNOC exposure,
this form was also found subsequently to decrease as well (see
lane 3 of Figure S4A, obtained 90 min after SNOC exposure,
versus last lane of Figure S4B, obtained 180 min after SNOC expo-
sure); the proteasome inhibitor MG132 failed to prevent this
downregulation (Figure S4C). This finding may account, at least
in part, for the decrease in cleaved PINK1 that we observed in
both postmortem human PD patient brain and in human induced
pluripotent stem-cell-derived dopaminergic (hiPSC-DA) neurons
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ion; and the peak at 1056 (@) is the b10 ion with biotin.

(F and G) Ratio of SNO-PINK1 to total PINK1 in a transgenic PD mouse model. Brain lysates from 4-month-old control or human a-synuclein-overexpressing mice
were subjected to biotin-switch assay, followed by immunoblotting with anti-PINK1, anti-a-synuclein, and anti-Parkin antibodies (F). Ratio of SNO-PINK1/Input
(total) PINK1 from mouse brains (G). Data indicate mean + SEM. *p < 0.05; n = 4 experiments.

(H) Schematic drawing showing PINK1 protein. MTS, mitochondria-targeting sequence; TM, transmembrane domain.

generated from PD patient fibroblasts (compared to isogenic, mu-
tation-corrected controls) (Figures S4D-S4G; Table S1) (Ryan
et al., 2013). Notably, non-nitrosylatable mutant PINK1(C568A)
possessed similar stability compared to WT PINK1, consistent
with the notion that the decreased expression of PINK1 after
exposure to SNOC occurred independently of SNO-PINK1 forma-
tion (Figures S4H and S4l).

S-Nitrosylation of PINK1 Decreases Parkin
Translocation to Mitochondria in Neural Cells

Since we found that S-nitrosylation of PINK1 decreases its
kinase activity and that NO exposure decreases total PINK1
levels, we expected that both of these effects would summate

to limit the ability of PINK1 to phosphorylate and recruit Parkin
to damaged mitochondria, thus interfering with mitophagy.
Since non-nitrosylatable PINK1(C568A) mimicked the effect of
SNO-PINK1 in that it exhibited decreased kinase activity, we
used PINK1(C568A) to simulate SNO-PINK1 in the absence of
NO exposure; this approach eliminated the confounding effect
of NO-induced decrease in PINK1 levels. Since exogenous
expression of WT PINK1 is sufficient to recruit Parkin to mito-
chondria in the absence of mitochondrial damage (Figure 3A) (Vi-
ves-Bauza et al., 2010), we examined the ability of exogenous
WT PINK1 versus mutant PINK1(C568A) to effect Parkin translo-
cation. For this experiment, GFP-Parkin was co-transfected with
WT, C568A, or a kinase dead (KD) mutant of PINK1-FLAG in
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Figure 2. S-Nitrosylation of PINK1 Decreases Its Kinase Activity

(A) SH-SY5Y cells were transfected with WT PINK1-FLAG. After 1 day, cells were exposed to 10 uM CCCP in the presence or absence of 200 uM SNOC. Ninety
minutes later, cell lysates were subjected to phos-tag SDS-PAGE to detect auto-phosphorylated PINK1 with anti-FLAG antibody (upper panel). Open arrow
indicates phosphorylated PINK1. Immunoblot of PINK1-FLAG and GAPDH using standard SDS-PAGE (lower panels).

(B) SH-SY5Y cells were transfected with WT PINK1-FLAG and GFP-Parkin. After 1 day, cells were exposed to 10 uM CCCP in the presence or absence of 200 uM
SNOC. Ninety minutes later, cell lysates were subjected to phos-tag SDS-PAGE and immunoblotting with anti-Parkin or anti-FLAG antibody. Open arrow
indicates phosphorylated Parkin.

(C) Phosphorylated Parkin normalized to total PINK1 from immunoblots. Data indicate mean + SEM. **p < 0.01, by ANOVA; n = 3 experiments.

(legend continued on next page)
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ure S5A). Data indicate mean + SEM. *p < 0.01;
***p < 0.001, by ANOVA; n.s., not significant; n =3
experiments.
(C) SH-SY5Y cells were transfected with GFP-
Parkin and WT PINK1-FLAG. After 6 hr, cells were
exposed to 100 uM GSNO or reduced glutathione
(GSH) control and then incubated an additional
24 hr. Cells with complete translocation of GFP-
Parkin to the mitochondrial membrane were
scored (Figure S5D). Data indicate mean + SEM.
**p < 0.01 by ANOVA; n = 3 experiments.
(D) SH-SY5Y cells were transfected with mt-Keima
and WT PINK1-GFP or mutant PINK1(C568A)-
GFP. After 1 day, cells were exposed to 20 uM
CCCP for 16 hr. Cells were then imaged with
458 nm (measuring mitochondria with neutral pH)
and 561 nm (measuring mitochondria with acidic
pH) laser excitation for mt-Keima (emission at
610 nm) and at 488 nm for GFP (emission at
530 nm). mt-Keima can be used to differentially
label mitochondria localized in the cytoplasmic
(458 nm) and lysosomal (561 nm) compartments.
Thus, a high ratio of mt-Keima-derived flores-
cence (561 nm/458 nm), originating from low-pH
compartments, i.e., mitochondria within lyso-
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(E) Quantification of mitophagy index, derived as the proportion of high-ratio signal area (561 nm/458 nm) to total mitochondrial area (561 nm plus 458 nm) from
three random fields in each experiment. Data indicate mean + SEM. **p < 0.001 by ANOVA; n = 3 experiments.

See also Figure S5.

SH-SY5Y cells. Expression of WT PINK1-FLAG significantly
increased translocation of GFP-Parkin to mitochondria within
6 hr of transfection (Figures 3B and S5A). In contrast, transfec-
tion with PINK1(C568A)-FLAG displayed significantly delayed
translocation of GFP-Parkin to the mitochondrial membrane (at
both 6 and 24 hr). Additionally, as controls, transfection with
GFP-Parkin alone or KD PINK1-FLAG did not increase transloca-
tion of GFP-Parkin to mitochondria.

To exclude the effects of endogenous PINK1 on these re-
sults, we repeated these experiments by co-transfecting GFP-
Parkin and WT PINK1 or PINK1(C568A) into PINK1 null cells
generated using CRISPR/Cas9 technology (Nezich et al.,

2015). In PINK1 null HeLa cells, overexpressed GFP-Parkin
was not translocated to the mitochondrial membrane, even after
exposure to CCCP, whereas co-transfection with WT PINK1-
FLAG increased GFP-Parkin mitochondrial translocation. In
contrast, co-transfection with GFP-Parkin and PINK1(C568A)
resulted in significantly less GFP-Parkin translocation to mito-
chondria in both the presence and absence of CCCP (Figures
S5B and S5C).

Moreover, since S-nitrosylation of PINK1 suppresses its
kinase activity, we hypothesized that exposure to NO would
decrease Parkin translocation to the mitochondrial membrane.
To test this premise, we incubated SH-SY5Y cells expressing

(D) SH-SY5Y cells were transfected with GFP-Parkin plus WT PINK1-FLAG or mutant PINK1(C568A)-FLAG. The amount of transfected plasmid DNA was
adjusted to produce equal expression of WT and mutant PINK1. After 1 day, cells were lysed and subjected to phos-tag SDS-PAGE and standard immunoblotting
with anti-Parkin or anti-FLAG antibody. Open arrow indicates phosphorylated Parkin.

(E) Phosphorylation of Parkin normalized to total PINK1 from immunoblots. Data indicate mean + SEM. *p < 0.05; n = 3 experiments.

(F) SH-SYS5Y cells were transfected with WT PINK1-FLAG or mutant PINK1(C568A)-FLAG. After 1 day, cells were exposed to 10 uM CCCP for 3 hr. Cell lysates
were subjected to immunoblotting with anti-ubiquitin, p-ubiquitin, FLAG, or GAPDH antibodies.

(G) Phosphorylation of ubiquitin normalized to total ubiquitin from immunoblots. Data indicate mean + SEM. ***p < 0.001; n = 3 experiments.
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GFP-Parkin and WT PINK1-FLAG with the physiological NO
donor, S-nitrosoglutathione (GSNO, a longer lasting donor
than SNOC) and, indeed, found that GSNO decreased GFP-
Parkin translocation compared to control (Figures 3C and Fig-
ure S5D). Taken together, these findings support the notion
that S-nitrosylation of PINK1 may impair Parkin translocation
to the mitochondrial membrane.

S-Nitrosylation of PINK1 Decreases Mitophagy

Next, since Parkin translocation to mitochondria is important
for mitophagy, we wanted to assess the effect of SNO-PINK1
on the process of mitophagy in SH-SY5Y cells. To monitor
mitophagy, we utilized mt-Keima (mitochondria-targeted
Keima), a ratiometric, pH-sensitive fluorescent protein that is
resistant to lysosomal proteases. Moreover, the mt-Keima
probe is targeted to the mitochondrial matrix. As Keima is
excited by 561-nm light under acidic conditions and by
458-nm wavelength at neutral pH, a high ratio of fluorescence
(561 nm/458 nm; red in Figure 3D) represents the presence of
mitochondria in acidic lysosomes, e.g., mitochondria that are
undergoing mitophagy. In contrast, a low ratio of fluorescence
reflects normal mitochondria in the cytoplasm (Figure 3D). As a
measure of mitochondrial delivery to the lysosome in PINK1-
transfected cells, we then determined the “mitophagy index,”
the ratio of the area of red signal (indicating engulfment of
mitochondria within lysosomes) to total mitochondrial area
following previously described protocols (Bingol et al., 2014;
Katayama et al., 2011). Because mt-Keima provides robust
assessment of mitophagy flux (Bingol et al., 2014; Katayama
et al., 2011; Lazarou et al., 2015; Sun et al., 2015), this fluores-
cence-based strategy was used for this experiment (LC3 was
also used in subsequent experiments described later). Here,
in the mt-Keima assay, CCCP exposure significantly increased
the mitophagy index in WT PINK1-GFP-overexpressing
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in the mitophagy index (Figures 3D
and 3E). Collectively, given that mutant
PINK1(C568A) mimics the effect of
SNO-PINK1, these results are consistent with the concept
that S-nitrosylation of PINK1 impairs PINK1/Parkin-mediated
mitophagy.

Endogenous NO Suppresses Mitochondrial-Toxin-
Induced Parkin Translocation to Mitochondria and
Decreases Mitophagy in hiPSC-Derived Dopaminergic
Neurons

Next, to more definitely determine the mechanistic role of
endogenous NO on SNO-PINK1 formation in PD in a human
context, we studied hiPSC-DA neurons. These human A9-type
DA neurons were prepared as we have previously described
(Ryan et al., 2013) and were found to be more comparable in
terms of PINK1 expression to in vivo systems. For instance, in
contrast to neural cell lines like SH-SY5Y, and more reminiscent
of the PINK1 expression pattern in human and mouse brain, we
found that hiPSC-DA neurons contained a considerable amount
of endogenous, cleaved PINK1 (Figure 4A). This fact allowed
us to investigate the role of SNO-PINK1 in mitophagy using
endogenous human PINK1.

For this purpose, we exposed hiPSC-DA neurons to various
mitochondrial insults known to trigger mitophagy and, at a higher
concentration, to induce parkinsonian-type neuronal damage,
including rotenone (a pesticide that inhibits complex | of
the electron transport chain), CCCP and trifluoromethoxy car-
bonylcyanide phenylhydrazone (FCCP) (uncoupling agents),
and valinomycin (a neutral ionophore that is selective for potas-
sium ions and often used experimentally to induce mitophagy)
(Okatsu et al., 2012; Vives-Bauza et al., 2010). Consistent with
prior observations (Grenier et al., 2013), valinomycin led to stabi-
lization of the levels of full-length PINK1 (Figure 4B). Moreover,
we found that valinomycin increased ubiquitin phosphorylation
in hiPSC-DA neurons (Figures 4C and 4D). Valinomycin is
known to depolarize mitochondria, thus increasing the influx of
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Figure 5. Mitochondrial Insult Induces Mitophagy in hiPSC-DA Neurons

(A) hiPSC-DA neurons were exposed for 9 hr to 1 uM valinomycin in the presence or absence of 1 mM L-NAME. To monitor NO, cells were incubated with 2.5 uM
4-amino-5-methylamino-2’,7’-difluorofluoresceien (DAF-FM) for 30 min. Data indicate mean + SEM from five random fields in each experiment. ***p < 0.001 by
ANOVA; n = 3 experiments.

(B) hiPSC-DA neurons were exposed for 9 hr to 250 nM valinomycin in the presence or absence of 1 mM L-NAME and immunostained for Parkin and Tom20. Scale
bar, 20 pm.

(C) Parkin translocation to the mitochondrial membrane assessed by co-localization with Tom20. Data indicate mean + SEM from three random fields in each
experiment. **p < 0.01; **p < 0.001 by ANOVA; n = 3 experiments.

(D) hiPSC-DA neurons were exposed for 9 hr to 250 nM valinomycin in the presence or absence of 1 mM L-NAME and then immunostained for LC3 and Tom20.
Scale bar, 10 pm.

(legend continued on next page)
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L-arginine, the NOS substrate leading to NO formation (Grossini
et al., 2009; Lowry et al., 1998; Signorello et al., 2003). Accord-
ingly, we found that valinomycin exposure, like rotenone,
induced production of endogenous NO in hiPSC-DA neurons
(Figure 5A). Furthermore, incubation of hiPSC-DA neurons with
valinomycin caused Parkin and LC3 translocation to mitochon-
dria (Figures 5B-5E). To test whether NO affects valinomycin-
induced mitophagy, hiPSC-DA neurons were incubated with
valinomycin plus the NOS inhibitor N*-nitro-L-arginine methyl
ester (L-NAME). Strikingly, we found that inhibition of NO produc-
tion led to the enhanced stability of full-length PINK1, transloca-
tion of Parkin and LC3 to mitochondria, and an increase in the
mitophagy index assessed with mt-Keima (Figures 5B-5H).
These results indicate that high levels of endogenous NO
suppress valinomycin-induced mitophagy.

Mitochondrial-Toxin-Induced SNO-PINK1 Formation
Suppresses Mitophagy and Increases Cell Death in
hiPSC-Derived Neurons

Having shown that NO negatively regulates valinomycin-
induced mitophagy, we next asked whether pathophysiogically
relevant levels of SNO-PINK1 play a role in this pathway. Using
the biotin-switch assay, we found that exposure of hiPSC-DA
neurons to valinomycin resulted in the formation of endoge-
nous SNO-PINK1 (Figures 6A and 6B). Importantly, when we
compared the ratio of endogenous SNO-PINK1 (determined
by biotin-switch assay) to total PINK1 (from immunoblots) in
hiPSC-DA and in brains of the a-syn transgenic PD mouse
model, we found that the degree of SNO-PINK1 formation
was comparable (Figures 1F and 6B). These results indicate
that pathophysiologically relevant amounts of SNO-PINK1
are present in our hiPSC-DA model after exposure to
valinomycin.

Next, to determine whether these levels of SNO-PINK1
suppress mitophagy and increase neuronal cell death in a
disease-specific context, we used hiPSC-DA neurons, since
they produce similar levels of SNO-PINK1 as found in vivo
during the pathogenesis of PD. For this experiment, we trans-
fected hiPSC-DA neurons with WT PINK1-GFP or mutant
PINK1(C568A)-GFP, which mimics the inhibition of kinase
activity by SNO-PINK1, in conjunction with mt-Keima in order
to assess mitophagy. The resulting increase in the mitophagy
index revealed that exogenous expression of WT PINK1-GFP
enhanced valinomycin-induced mitophagy but that mutant
PINK1(C568A)-GFP failed to do so (Figures 6C and 6D). These
results are consistent with the notion that S-nitrosylation of
PINK1 abrogates its ability to mediate valinomycin-induced
mitophagy. In general, through the removal of damaged mito-
chondria, mitophagy is thought to protect neurons. In contrast,

in PD, defective mitophagy appears to contribute to neuronal
cell death. Since we now report that S-nitrosylation of PINK1
inhibits the PINK1/Parkin-dependent mitophagy pathway,
our findings suggest that formation of SNO-PINK1 could
mediate this disruption in mitophagy, resulting in neuronal
cell death and, thus, modeling disease pathogenesis in PD.
Consistent with this premise, we found that inhibition of NO
production by L-NAME decreased the neuronal cell death
that occurred in response to valinomycin exposure, and,
conversely, expression of mutant PINK1(C658A) increased
cell death (Figures 6E, 6F, and S6).

DISCUSSION

Prior work has shown that agents that produce mitochondrial
insult—such as valinomycin, rotenone, and CCCP—produce
dysfunctional mitochondria, thus activating the PINK1/Parkin
pathway to enhance mitophagy. In contrast, high levels or
more prolonged mitochondrial insults are known to induce
PD-like neuronal damage and can, thus, serve as a useful tool
for modeling defects in mitophagy that are relevant to PD. If
mitophagy fails to remove sufficient numbers of damaged
mitochondria, these mitochondrial toxins can then trigger
neuronal cell death and onset of disease (Martinez-Vicente
et al.,, 2010). Here, we demonstrate that the mitochondrial
depolarizing agent valinomycin facilitates production of high
levels of endogenous NO, resulting in the formation of SNO-
PINK1. S-Nitrosylation of PINK1 inhibits its kinase activity,
thus repressing PINK1/Parkin-dependent mitophagy and
increasing neuronal cell death (Figure 7). Moreover, we show,
in a human context using hiPSC-DA neurons, that endogenous
PINK1 participates in mitochondrial-toxin-induced mitophagy
and that, in opposition to this pathway, SNO-PINK1 functions
as a negative regulator of mitophagy. Our work, thus, provides
a molecular link between “nitrosative stress” and “mitophagic
defects” observed in PD.

To put these unique findings into a broader context, under
physiological conditions, NO levels are maintained at low levels
and mediate important signaling pathways for normal neuronal
function, such as basal synaptic activity and mitochondrial
bioenergetics. For instance, low levels of NO enhance Parkin
translocation to mitochondria to increase mitophagy in a PINK1-
independent manner (Han et al., 2015). In contrast, high levels
of NO cause further mitochondrial impairment, thus contributing
to the pathogenesis of neurodegenerative diseases (Nicotera
et al., 1997). Along these lines, in the present study, we found a
significant increase in SNO-PINK1 formation in vivo early in the
pathogenesis of PD in the a-syn mouse model (Figure 1E). In
contrast, we could not find detectable levels of SNO-PINK in

(E) LC8 translocation to the mitochondrial membrane assessed by co-localization with Tom20. Data indicate mean + SEM from three random fields in each

experiment. **p < 0.01; **p < 0.001 by ANOVA; n = 3 experiments.

(F) hiPSC-DA neurons were exposed for 9 hr to 1 uM valinomycin in the presence or absence of 1 mM L-NAME; lysates were then immunoblotted for PINK1 and

GAPDH.

(G) hiPSC-DA neurons were electroporated with mt-Keima. Transfected cells were exposed to 250 nM valinomycin for 16 hr in the presence or absence of
L-NAME and imaged following excitation at 458 nm and 561 nm. After obtaining an initial set of images (top three rows), 50 mM NH,Cl was added to neutralize the
pH in the lysosomal lumen before acquiring a second set of images (bottom row); this reversed the high-ratio (561 nm/458 nm) to low-ratio signal (Bingol et al.,

2014). Scale bar, 10 pm.

(H) Quantification of mitophagy index in three random fields in each experiment. Data indicate mean + SEM. *p < 0.05; ***p < 0.001, by ANOVA; n = 3 experiments.
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postmortem human PD brain (data not shown). Taken together,
these results are consistent with the notion that SNO-PINK1 con-
tributes to early stages of disease pathogenesis. Moreover, we
establish that hiPSC-DA neurons exposed to excessive mito-
chondrial stress (e.g., in the form of valinomycin) mimic the
a-syn PD mouse model with regard to increased SNO-PINK1
levels, thus inhibiting mitophagy and enhancing neuronal cell
death (Figures 5 and 6A). We conclude that pathophysiologically
relevant levels of SNO-PINK1 in hiPSC-DA neurons disrupt mi-
tophagy and contribute to PD-related neurodegeneration.
Furthermore, in our hiPSC-DA-cell-based model, we demonstrate
that the PINK1(C568A) mutant, which mimics S-nitrosylation, also
disrupts PINK1/Parkin-dependent mitophagy (Figure 6). Taken
together, these findings support the premise that formation of
SNO-PINKT1 represents a key mediator of defective mitophagy
in PD.

Also, we and others have previously demonstrated that
Parkin is S-nitrosylated in the postmortem brain of sporadic
cases of human PD and in transgenic mouse models of PD,
but this nitrosylation event occurs relatively late in the progres-
sion of the disease (Chung et al., 2004; Yao et al., 2004)
(Figures 1F and 1G); SNO-Parkin leads to dysregulation of its
ubiquitin E3 ligase activity and compromises its neuroprotec-

Ratio (561/458nm)

baseline

Figure 6. S-Nitrosylation of PINK1 De-
creases Mitophagy in hiPSC-DA Neurons
Exposed to Valinomycin

(A) hiPSC-DA neurons were exposed to 250 nM
valinomycin for 3 hr. Cell lysates were then sub-
jected to biotin-switch assay to detect endoge-
nous SNO-PINK1. Control was performed in the
absence of ascorbate. SNO-PINK1 and Input-
PINK1 were detected by immunoblotting with anti-
PINK1 antibody.

(B) Ratio of SNO-PINK1/Input-PINK1 from
hiPSC-DA neurons. Data indicate mean + SEM.
**p < 0.01; n = 3 experiments.

(C) hiPSC-DA neurons were electroporated
with mt-Keima and WT PINK1-GFP or mutant
PINK1(C568A)-GFP. Subsequently, transfected
cells were exposed to 250 nM valinomycin for
16 hr and imaged for mt-Keima and GFP. Scale
bar, 20 um.

(D) Mitophagy index determined from three
random fields in each experiment. Data are
mean + SEM. **p < 0.001 by ANOVA; n = 3
experiments.

(E and F) hiPSC-DA neurons were exposed for
9 hr to 250 nM valinomycin in the presence or
absence of 1 mM L-NAME. Cells were then fixed

15% 1 with 4% PFA and assayed for apoptotic neurons
by TUNEL —total number of cells was assessed by
10% Hoechst nuclear staining (E) —and by the presence
o
of condensed nuclei stained with Hoechst dye (F).
Data indicate mean + SEM from three random
5% - fields in each experiment. **p < 0.01; ***p < 0.001
by ANOVA,; n.s., not significant; n = 3 experiments.
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tive function. In addition, another group recently reported
that NO transiently promotes mitophagy via S-nitrosylation of
Parkin, possibly representing a neuroprotective effect of NO.
However, after this transient event, excessive oxidative/nitrosa-
tive stress leads to a decrease in the removal of damaged mito-
chondria (Ozawa et al., 2013). Along these lines, in the present
study, we show that SNO-PINK1 forms under pathophysiolog-
ical conditions of high nitrosative stress, occurs early in the
disease process in vivo, and inhibits mitophagy. These findings
led us to conclude that SNO-PINK1 formation may be, at least
in part, responsible for dysfunctional mitophagy during PD
pathogenesis.

Mutations in the PINK1 gene are known to result in loss of
its kinase activity, leading to the development of a rare
inherited form of PD. Analogous to these effects of genetic
mutations, S-nitrosylation of PINK1 impairs its kinase activity
and causes mitophagic deficits, suggesting that SNO-PINK1
may contribute to the development of sporadic PD attributed
to environmental- and age-related nitrosative stress. Thus,
the discovery reported here—namely, that S-nitrosylation
of PINK1 occurs early in the pathogenesis of PD and
inhibits mitophagy—may suggest innovative therapeutic
strategies for PD and other neurodegenerative diseases
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Dissipation of mitochondrial membrane potential
stabilizes PINK1 on the mitochondrial membrane.
The accumulated PINK1 phosphorylates Parkin
and other substrates, facilitating lysosome-
dependent degradation of damaged mitochon-
dria (mitophagy). Low levels of NO can enhance
mitophagy, possibly via SNO-Parkin-mediated
pathways. In contrast, under conditions causing
nitrosative stress, excessively produced NO can
S-nitrosylate PINKT1, inhibit its kinase activity, and
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The biotin-switch method for detecting S-nitrosy-
lated proteins was used as described previously

associated with aberrant mitophagy due to excessive nitrosa-
tive stress.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection

SH-SY5Y neural cells were maintained in DMEM (Sigma) supplemented
with 10% fetal bovine serum (FBS; HyClone), 2 mM L-glutamine (GIBCO-Invi-
trogen), 50 IU/mL penicillin (Omega Scientific), and 50 pg/mL streptomycin
(Omega Scientific) in a 5% CO, incubator at 37°C. HEK-nNOS cells (represent-
ing a stably expressing nNOS cell line, a gift from Drs. David Bredt and
Solomon Snyder) were maintained in DMEM with FBS, 2 mM L-glutamine,
50 IU/mL penicillin, 50 png/mL streptomycin, and 100 png/mL geneticin. Trans-
fections were performed in 6-well plates using 1 mg/mL polyethyleneimine
solution (Sigma) with DMEM; after 3 hr, mixtures were replaced with fresh
culture medium. After 2 days, cells were analyzed by immunoblotting. Trans-
fection of PINK1 null HeLa cells (Nezich et al., 2015) was performed using
FuGENE HD Transfection Reagent (Promega) mixed with plasmids at an 8:2
ratio in Opti-MEM according to the manufacturer’s protocol. Empirically, we
found that, to obtain equivalent expression of WT PINK1 and mutant
PINK1(C568A) in these experiments, we had to transfect 20% more cDNA
encoding the mutant.

PD Mouse Model and Human Brain Tissue

Transgenic mice overexpressing human wild-type a-synuclein under the Thy1
promoter were used (Rockenstein et al., 2002). To detect SNO-PINK1 forma-
tion, brains were collected from 4-month-old control (C57BI/6) or a-synuclein
transgenic mice (male; n = 4) and homogenized in HENTS buffer (100 mM
HEPES [pH 7.4], 1 mM EDTA, 0.1 mM neocuproine, 1% Triton X-100,
and 0.1% SDS). Brain lysates were subjected to the biotin-switch assay. All
animal experiments were approved by the Sanford Burnham Prebys Institu-
tional Animal Care and Use Committee, where the brains were collected.
Patient brain tissues were obtained postmortem from subjects whose age,
postmortem interval, and gender have been described in Table S1. Human
brain samples were analyzed with institutional permission under the State of
California and NIH guidelines. Informed consent was obtained according to
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(Haun et al., 2013; Uehara et al., 2006; Yao et al.,

2004). In brief, cells were lysed with HENTS buffer.

Cell lysates (500 pg to 1 mg) were mixed with
blocking buffer (2.5% SDS, 10 mM methyl methane thiosulfonate [MMTS] in
HEN buffer [100 mM HEPES [pH 7.4], 1 mM EDTA, and 0.1 mM neocuproine])
and incubated for 20 min at 50°C, with frequent vortexing to block free thiol
groups. After removing excess MMTS by acetone precipitation, S-nitrosothiols
were reduced to thiols with 20 mM ascorbate. Newly formed thiols were
then linked with the sulfhydryl-specific biotinylating reagent N-[6-biotinamido]-
hexyl]-I'-(2’ pyridyldithio) propionamide (Biotin-HPDP). Unreacted Biotin-HPDP
was removed by acetone precipitation, and the pellet was resuspended with
HENS buffer (100 mM HEPES [pH 7.4], 1 mM EDTA, 0.1 mM neocuproine,
1% SDS), neutralized, and centrifuged to clear undissolved debris. Five percent
of the supernatant was used as the input for the loading control. Biotinylated
proteins were pulled down with streptavidin-agarose beads and analyzed by
immunoblotting for SNO-PINK1. In some experiments, exogenous NO donors
were used to supply NO for S-nitrosothiol formation. The rapidly decaying NO
donor SNOC was used for short-term additions of NO. SNOC was synthesized
as described previously (Lei et al., 1992). The more stable NO donor GSNO was
used for more prolonged NO addition and was prepared as previously
described (Gaston et al., 1993).

Quantification and Statistical Analysis

All data represent at least three independent experiments, presented as
mean + SEM. Unless otherwise stated, statistical significance between two
samples were analyzed by a Student’s t test (Excel) and, for multiple samples,
by ANOVA with a Tukey’s post hoc test (GraphPad Prism). Our data met the
assumptions of these tests.
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