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Mutations in PTEN-induced putative kinase 1 (PINK1) or parkin cause autosomal recessive forms of
Parkinson disease (PD), but how these mutations trigger neurodegeneration is poorly understood and the
exact functional relationship between PINK1 and parkin remains unclear. Here, we report that PINK1 regu-
lates the E3 ubiquitin-protein ligase function of parkin through direct phosphorylation. We find that phos-
phorylation of parkin by PINK1 activates parkin E3 ligase function for catalyzing K63-linked
polyubiquitination and enhances parkin-mediated ubiquitin signaling through the IkB kinase/nuclear factor
kB (NF-kB) pathway. Furthermore, the ability of PINK1 to promote parkin phosphorylation and activate
parkin-mediated ubiquitin signaling is impaired by PD-linked pathogenic PINK1 mutations. Our findings sup-
port a direct link between PINK1-mediated phosphorylation and parkin-mediated ubiquitin signaling and
implicate the deregulation of the PINK1/parkin/NF-kB neuroprotective signaling pathway in the pathogenesis
of PD.

INTRODUCTION

Parkinson disease (PD) is the most common neurodegenera-
tive movement disorder, yet the pathogenic mechanisms
underlying the disease remain unclear. Although the majority
of PD cases are idiopathic in nature, a small percentage of PD
is associated with the inheritance of genetic mutations and is
referred to as familial PD (1,2). Approximately 50% of all
recessively transmitted early-onset familial PD cases are
caused by homozygous mutations in parkin (3,4). Homozy-
gous mutations in PTEN-induced putative kinase 1 (PINK1)
are the second most common cause of early-onset recessive
PD (5,6). In addition, heterozygous mutations in parkin or
PINK1 have been implicated as significant risk factors in the
development of late-onset PD (2,6). Despite compelling
genetic evidence linking parkin and PINK1 mutations to PD,
the molecular mechanisms by which the pathogenic mutations
trigger neurodegeneration are poorly understood.

The parkin gene encodes a 465 amino acid cytosolic E3
ubiquitin-protein ligase that is expressed in many tissues and
cell types (3,4). Parkin has been reported to regulate

K48-linked polyubiquitination and proteasomal degradation
of several putative substrate proteins (4,7), although it
remains controversial regarding the validity of these proteins
as physiological parkin substrates (8–10). We and others
have recently shown that parkin can catalyze monoubiquitina-
tion and K63-linked polyubiquitination and function in a
proteasome-independent manner for regulating endocytosis
(11), NF-kB signaling (12) and aggresome formation (13).
The importance of parkin E3 ligase activity to neuronal survi-
val is highlighted by the finding that most PD-linked patho-
genic parkin mutations cause severe impairment of parkin
E3 ligase function (2,4,7). At present, very little is known
about how parkin E3 ligase function is regulated in cells.

The PINK1 gene encodes a 581 amino acid putative mito-
chondrial serine/threonine kinase that is expressed in many
tissues and cell types, including dopaminergic neurons
(5,14,15). We and others have shown that recombinant
PINK1 protein exhibits kinase activity in vitro (16–19) and
that the PINK1 kinase activity is required for its cytoprotective
function (20). Consistent with the presence of a mitochondrial
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targeting sequence at its N-terminus, PINK1 is localized to the
mitochondria, where it is mainly found in the mitochondrial
inner membrane and intermembrane space (14,17,19,21),
although a fraction of PINK1 may exist in the mitochondrial
outer membrane with the kinase domain facing the cytosol
(22). There is also a cytosolic pool of PINK1 (16,23,24), as
expected because PINK1 is encoded by the nuclear genome.
Together, current data suggest that PINK1 could exert cyto-
protective action through phosphorylation of mitochondrial
as well as cytosolic substrate proteins.

The fact that homozygous mutations in parkin or PINK1 cause
autosomal recessive PD indicates that the normal function of
these proteins is required for cell survival, particularly the
survival of dopaminergic neurons. Recent genetic studies in
Drosophila reveal that loss of parkin or PINK1 function leads
to a similar phenotype that includes reduced lifespan, motor
deficits, mitochondrial abnormalities and degeneration of
muscle and dopaminergic neurons (25–30). The Drosophila
PINK1 mutant phenotype can be rescued by overexpression of
parkin, suggesting that PINK1 acts upstream of parkin in a
common pathway (27–30). Recent studies in mammalian cells
further support a functional link between PINK1 and parkin
(31) and suggest that PINK1 is capable of interacting with
parkin (32–34) and phosphorylating parkin (35). However, the
cellular role of PINK1–parkin interaction is unclear and
whether PINK1-mediated parkin phosphorylation regulates the
E3 ligase function of parkin remains to be determined.

In this study, we investigated the interaction of parkin with and
the phosphorylation of parkin by wild-type and PD-linked mutant
PINK1 proteins and their functional consequences. Our results
reveal that PINK1-mediated phosphorylation activates parkin
E3 ligase function for catalyzing K63-linked polyubiquitination
and enhances parkin-mediated ubiquitin signaling through
the NF-kB pathway. Moreover, our findings provide evidence
supporting a link between the deregulation of the PINK1/
parkin/NF-kB neuroprotective pathway and PD pathogenesis.

RESULTS

PINK1 interacts with parkin and this interaction is not
affected by PINK1 pathogenic mutations or kinase-dead
mutation

To determine whether PINK1 interacts with parkin, we first per-
formed co-immunoprecipitation analysis using lysates from
transfected human SH-SY5Y dopaminergic cells expressing N-
terminal Myc-tagged parkin (Myc-parkin) and/or C-terminally
HA-tagged PINK1 (PINK1-HA). Immunoprecipitation of the
lysates with an anti-HA antibody revealed that Myc-parkin
was co-immunoprecipitated with PINK1-HA (Fig. 1A). Fur-
thermore, in the reciprocal co-immunoprecipitation exper-
iments, anti-Myc antibody was able to co-immunoprecipitate
PINK1-HA with Myc-parkin (Fig. 1D), providing evidence
for an interaction between PINK1 and parkin in transfected
SH-SY5Y cells. We then examined the association of endogen-
ous PINK1 and Parkin in untransfected SH-SY5Y cells and
human brain (Fig. 1B). The anti-PINK1 antibody, but not the
pre-immune serum, co-immunoprecipitated endogenous
PINK1 and parkin from SH-SY5Y cell lysates (Fig. 1B, left
panel) and human brain homogenates (Fig. 1B, right panel),

indicating an specific interaction between endogenous PINK1
and parkin in vivo.

To further define the interaction of PINK1 with parkin, we
generated a PINK1 deletion construct, PINK1DN, which
encodes a PINK1 mutant protein that lacks the N-terminal
111 residues including the mitochondrial targeting sequence
(Fig. 1C) and is incapable of translocating from the cytosol to
the mitochondria (24). Co-immunoprecipitation analysis
revealed that the PINK1DN protein retained the ability to inter-
act with parkin (Fig. 1D), suggesting that the site of parkin–
PINK1 interaction is in the cytosol. Next, we assessed the inter-
action of parkin with PD-linked PINK1 mutants G309D and
L347P and with the synthetic ‘kinase-dead’ PINK1 triple
mutant KDD (19). We found that none of these PINK1
mutations had any significant effect on the ability of PINK1
to interact with parkin (Fig. 1E). This result, together with the
previous finding that PINK1 kinase function is disrupted by
the G309D, L347P and KDD mutations (16,17,19), indicates
that the kinase activity of PINK1 is not required for the inter-
action of PINK1 with parkin.

The RING-finger 1 domain, but not parkin E3 ligase
activity, is required for the interaction of parkin with
PINK1

Parkin contains an ubiquitin-like (UBL) domain at the N
terminus and two RING-finger motifs (R1 and R2) and an
in-between RING-finger (IBR) domain at the C terminus
(Fig. 2A). To define the specific region of parkin responsible
for the interaction with PINK1, we made several parkin
deletion and site-specific mutants and examined their ability
to interact with PINK1 by co-immunoprecipitation analysis
(Fig. 2). We found that the parkin C-terminal region (PKC)
that encompasses the R1, IBR and R2 domains, but not the
parkin N-terminal region (PKN) that contains the UBL
domain and the linker region (Fig. 2A), was able to interact
with PINK1 (Fig. 2B). The ability of parkin to interact with
PINK1 was not affected by the PD-linked parkin truncation
mutation Q311X (X is the stop codon) that deletes the IBR
and R2 domains (Fig. 2C), indicating that the IBR and R2
domains are dispensable for the parkin–PINK1 interaction.
Together, these data suggest that the PINK1-interacting
region is between amino acids 234–311 where the R1
domain is located. In support of this notion, parkin T240R, a
pathogenic mutation at the R1 domain, significantly reduced
the interaction of parkin with PINK1, whereas parkin
T415N, a pathogenic mutation near the R2 domain, had no
effect on the parkin–PINK1 interaction (Fig. 2C). Since pre-
vious studies have shown that parkin Q311X and T415N
mutations completely abolish the E3 ligase activity of parkin
(36,37), the observation that parkin Q311X and T415N
mutants retained the ability to interact with PINK1 (Fig. 2C)
indicates that the E3 ligase activity of parkin is not required
for the interaction of parkin with PINK1.

PINK1 phosphorylates parkin and this phosphorylation
is abrogated by PD-linked mutations

The observed interaction of PINK1 with parkin in cells (Figs 1
and 2) raises the possibility that parkin may be a substrate of
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PINK1 kinase. To examine this possibility, we performed in vitro
phosphorylation assays to investigate the ability of wild-type and
mutant PINK1 to phosphorylate parkin. We found that wild-type

PINK1 was able to phosphorylate parkin in the presence of Ca2þ,
but not in the absence of Ca2þ (Fig. 3A). The Ca2þ-dependent
phosphorylation of parkin required the PINK1 kinase activity,

Figure 2. Interaction of PINK1 with wild-type and mutant parkin. (A) Schematic representation of parkin and its mutants encoded by N-terminal Myc-tagged
expression vectors. UBL, ubiquitin-like domain; R1 and R2, RING-finger 1 and RING-finger 2 motifs; IBR, in-between RING-finger domain. The locations of
parkin pathogenic mutations are indicated on the domain structure. (B) PINK1 binds to the C-terminal region of parkin. Lysates from SH-SY5Y cells transfected
with the indicated constructs were immunoprecipitated with anti-Myc antibody followed by immunoblotting with anti-HA and anti-Myc antibodies. (C) Effects
of parkin pathogenic mutations on the PINK1–parkin interaction. Lysates from SH-SY5Y cells co-transfected with PINK1-HA and the empty Myc vector (CTL)
or indicated wild-type (WT) or mutant parkin constructs were immunoprecipitated with anti-Myc antibody followed by immunoblotting with anti-PINK1 and
anti-Myc antibodies.

Figure 1. Interaction of parkin with wild-type and mutant PINK1. (A) Co-immunoprecipitation of parkin with PINK1. Lysates from SH-SY5Y cells expressing
Myc-tagged parkin and/or C-terminal HA-tagged PINK1 (Input) were immunoprecipitated with anti-HA antibody followed by immunoblotting with anti-Myc
and anti-HA antibodies. PINK1f, PINK1 full-length form; PINK1p, a processed form of PINK1. (B) Endogenous PINK1 interacts with parkin in SH-SY5Y cells
and human brain. SH-SY5Y cell lysates (left panel) or human brain homogenates (right panel) were subjected to immunoprecipitation with anti-PINK1 antibody
or pre-immune serum followed by immunoblotting with anti-PINK1 and anti-parkin antibodies. (C) Schematic representation of PINK1 and its mutants encoded
by C-terminal HA-tagged expression vectors. MT, mitochondrial targeting sequence. The locations of PINK1 point mutations are indicated on the domain struc-
ture. (D) N-terminal deletion has no effect on the interaction of PINK1 with parkin. Lysates from SH-SY5Y cells transfected with indicated constructs were
immunoprecipitated with anti-Myc antibody followed by immunoblotting with anti-Myc and anti-HA antibodies. The asterisk indicates a band that probably
represents a post-translationally modified form of PINK1. (E) Effects of PINK1 pathogenic mutations and kinase-dead mutation on the PINK1–parkin inter-
action. Lysates from SH-SY5Y cells co-transfected with Myc-tagged parkin and the empty HA vector (CTL) or indicated wild-type (WT) or mutant PINK1
constructs were immunoprecipitated with anti-HA antibody followed by immunoblotting with anti-Myc and anti-HA antibodies.
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as the phosphorylation was abolished by the kinase-dead PINK1
KDD mutation (Fig. 3A). Furthermore, the in vitro phosphory-
lation of parkin by PINK1 was abrogated by PD-linked PINK1
pathogenic mutations G309D and L347P (Fig. 3A), consistent
with the previous reports that these pathogenic mutations
disrupted PINK1 kinase function (16,17,19).

Next, we investigated the effects of overexpressing wild-
type or mutant PINK1 on the in vivo phosphorylation of
parkin in SH-SY5Y cells. We found that, in the vector-
transfected control cells, while there was little phosphorylation
of parkin under the basal condition, parkin was phosphorylated
in response to treatment with rotenone (Fig. 3B and C). Over-
expression of wild-type PINK1 significantly increased both
basal and rotenone-induced phosphorylation of parkin
(Fig. 3B and C). The ability of PINK1 to promote in vivo
parkin phosphorylation was abolished by PD-linked PINK1
G309D and L347P mutations and the kinase-dead PINK1
KDD mutation (Fig. 3B and C). These data, together with
the result that these mutations did not alter the interaction of
PINK1 with parkin (Fig. 1), suggest that the PINK1 G309D,
L347P and KDD mutants have a dominant-negative effect
on parkin phosphorylation in vivo by competing with endogen-
ous PINK1 for binding its substrate parkin.

To provide further evidence supporting the role of PINK1 in
regulating parkin phosphorylation, we examined the effect of
small interfering RNA (siRNA)-mediated PINK1 depletion
on parkin phosphorylation in SH-SY5Y cells. As shown in
Fig. 4A, PINK1 siRNA specifically inhibited the expression
of endogenous PINK1 in SH-SY5Y cells. We found that
rotenone-induced phosphorylation of parkin was significantly
reduced in PINK1-depleted cells compared with the vehicle
or non-targeting (NT)-siRNA transfected control cells
(Fig. 4B and C), further confirming that parkin is indeed a
cellular substrate of PINK1 kinase.

PINK1-mediated phosphorylation enhances the E3 ligase
activity of parkin for catalyzing K63-linked
polyubiquitination in cooperation with the
UbcH13/Uev1a E2 enzyme

We and others have previously shown that parkin is a dual-
function E3 ligase that can catalyze K48-linked polyubiquitina-
tion in cooperation with the E2 enzyme UbcH7 and K63-linked
polyubiquitination with the heterodimeric E2 enzyme UbcH13/
Uev1a (4,7,12,13). The molecular mechanism that regulates the
ability of parkin to recruit distinct E2 enzymes for catalyzing
different types of ubiquitination remains unknown. To determine
whether PINK1 has a role in regulating the E2 recruitment by
parkin, we investigated the effects of co-expressing wild-type
or mutant PINK1 on the interaction of parkin with UbcH7 and
UbcH13 in SH-SY5Y cells. We found that co-expression of wild-
type PINK1 significantly enhanced the interaction of parkin with
UbcH13 but not UbcH7 (Fig. 5A). The ability of PINK1 to
promote the UbcH13 binding by parkin was abolished by the
kinase-dead PINK1 KDD mutation (Fig. 5A), suggesting that
the PINK1 kinase activity is required for facilitating the
UbcH13 recruitment by parkin.

Given that UbcH13 is the catalytic subunit of the UbcH13/
Uev1a E2 enzyme and the UbcH13–parkin interaction has
been shown to recruit the UbcH13/Uev1a heterodimer to parkin

Figure 3. Phosphorylation of parkin by wild-type and mutant PINK1. (A) In vitro
phosphorylation assays were performed by incubation of purified Myc-tagged
parkin and FLAG-tagged wild-type (WT) or mutant PINK1 proteins as indicated
in the absence or presence of 0.1 mM ATP and 0.5 mM CaCl2. Phosphorylation of
parkin was detected by immunoblotting with anti-phosphoserine antibody (top
panel), and the amounts of PINK1 and parkin proteins used in the phosphorylation
assays were shown by immunoblotting with anti-Myc (middle panel) and anti-
FLAG antibodies (bottom panel). (B) SH-SY5Y cells expressing Myc-tagged
parkin and wild-type or mutant PINK1 or the vector-transfected control (CTL)
were treated with 20 nM rotenone for 8 h as indicated. In vivo parkin phosphoryl-
ation was determined by immunoprecipitated with anti-Myc antibody followed
by immunoblotting using anti-phosphoserine and anti-parkin antibodies. (C) Nor-
malized levels of in vivo parkin phosphorylation by PINK1. Data represent
mean+SEM from three independent experiments. aSignificantly different
from the corresponding vector-treated controls (P , 0.05). bSignificantly differ-
ent from the corresponding wild-type PINK1-transfected controls (P , 0.05).
AU, arbitrary units.
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(13,38), the result of Fig. 5A prompted us to test whether PINK1-
mediated phosphorylation regulates the E3 ligase activity of
parkin for catalyzing K63-linked polyubiquitination. To address
this question, we perform in vitro ubiquitination assays using
the IkB kinase (IKK) subunit IKKg, a known substrate for parkin-
mediated K63-linked polyubiquitination (12). Consistent with the
previous reports (12,13), we found that parkin was able to facili-
tate in vitro polyubiquitination of IKKg in cooperation with the
UbcH13/Uev1a E2 enzyme (Fig. 5B). Phosphorylation of
parkin by PINK1 significantly increased the E3 ligase activity
of parkin for catalyzing IKKg polyubiquitination (Fig. 5B), sup-
porting a direct role for PINK1-mediated phosphorylation in acti-
vating parkin E3 ligase function for catalyzing K63-linked
polyubiquitination of IKKg.

PINK1 is a major kinase for regulating the E3 ligase
function of parkin in mediating K63-linked
polyubiquitination of IKKg in dopaminergic cells

To characterize the cellular role of PINK1 in regulating parkin
E3 ligase activity for catalyzing K63-linked polyubiquitination,
we performed in vivo ubiquitination assays to assess the effects
of wild-type and mutant PINK1 on parkin-mediated ubiquitina-
tion of IKKg in SH-SY5Y cells. In agreement with the previous
report (12), we found that IKKg was polyubiquitinated by parkin
in SH-SY5Y cells (Fig. 6A). The parkin-mediated IKKg polyu-
biquitination was significantly increased by co-expression of
wild-type PINK1 (Fig. 6A). This facilitatory effect was virtually
abolished by the kinase-dead PINK1 KDD mutation and
PD-linked PINK1 pathogenic mutations G309D and L347P
(Fig. 6B), indicating that the PINK1 kinase activity is required
for the ability of PINK1 to promote parkin-mediated IKKg
polyubiquitination in dopaminergic cells.

We then determined the linkage of parkin-mediated IKKg
polyubiquitination by using ubiquitin mutants Ub-K48 and
Ub-K63, which contain arginine substitutions of all of its lysine
residues except the one at position 48 or 63 and thus only allow
the formation of K48-and K63-linked polyubiquitin chains,
respectively (13). As shown in Fig. 6C, parkin promoted polyubi-
quitination of IKKg in cells expressing wild-type ubiquitin
(Ub-WT) or Ub-K63, but not in cells expressing Ub-K48,
suggesting that parkin-mediated IKKg polyubiquitination
occurs via the K63-linkage. To further confirm this linkage, we
used another set of ubiquitin mutants, Ub-K29R, Ub-K48R,
Ub-K63R, which contain a single lysine-to-arginine mutation at
position 29, 48 and 63, respectively. The Ub-K29R, Ub-K48R
and Ub-K63R mutants are expected to solely disrupt the assembly
of K29-, K48- and K63-linked polyubiquitin chains, respectively.
As a control, we also included a polymerization-defective mutant
of ubiquitin (Ub-K0), in which all lysine residues of ubiquitin
were changed to arginines, and therefore is unable to form poly-
ubiquitin chains. We found that parkin-mediated IKKg polyubi-
quitination was greatly reduced by replacement of Ub-WT with
Ub-K63R and Ub-K0, but not by the replacement with
Ub-K29R and Ub-K48R (Fig. 6D). The in vivo ubiquitination
data (Fig. 6) agree well with the in vitro ubiquitination result
(Fig. 5B) and provide further support for the notion that PINK1-
mediated phosphorylation enhances the E3 ligase function for
catalyzing K63-linked polyubiquitination of IKKg.

To determine the role of endogenous PINK1 in regulating the
E3 ligase function of parkin for catalyzing K63-linked polyubi-
quitination, we examined the effect of siRNA-mediated PINK1
depletion on parkin-mediated K63-linked polyubiquitination of
IKKg in SH-SY5Y cells. We found that the polyubiquitination
of IKKg by parkin was significantly reduced in PINK1-depleted
cells compared with the vehicle or NT-siRNA transfected
control cells (Fig. 7), indicating that PINK1 plays an essential
role in regulating parkin E3 ligase activity for catalyzing
K63-linked polyubiquitination of IKKg in vivo.

PINK1 functions upstream of parkin in NF-kB activation
and cytoprotection against rotenone-induced apoptosis

The K63-linked polyubiquitination of IKKg is a critical step in
the cytoprotective signaling pathway that activates NF-kB, a

Figure 4. Depletion of endogenous PINK1 reduces parkin phosphorylation in
dopaminergic cells. SH-SY5Y cells were transfected with Myc-tagged parkin
and vehicle (CTL), non-targeting (NT) siRNA or PINK1 siRNA and treated
with 20 nM rotenone for 8 h as indicated. (A) The levels of PINK1, parkin
and actin in the cell lysates were analyzed by immunoblotting with anti-
PINK1, anti-Myc and anti-actin antibodies. (B) In vivo parkin phosphorylation
was determined by immunoprecipitated with anti-Myc antibody followed by
immunoblotting using anti-phosphoserine and anti-parkin antibodies. (C) Nor-
malized levels of in vivo parkin phosphorylation by PINK1. Data represent
mean+SEM from three independent experiments. �Significantly different
from the corresponding rotenone-treated controls (P , 0.05). AU, arbitrary
units.
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ubiquitously expressed transcription factor which mediates
transcription of a number of pro-survival genes (39–41).
Our finding that PINK1-mediated phosphorylation enhances
the E3 ligase activity of parkin for catalyzing K63-linked
polyubiquitination of IKKg (Figs 5–7) raises the possibility
that PINK1 may function together with parkin in the activation
of the NF-kB signaling pathway. To test this possibility, we
assessed the role of PINK1 and parkin in the activation of
the NF-kB by using a well-established NF-kB-responsive luci-
ferase reporter assay (12). We found that expression of
exogenous parkin or PINK1 in SH-SY5Y cells not only stimu-
lated NF-kB-dependent transcription under the basal condition
(Fig. 8), but also enhanced NF-kB activation in response to
treatment with TNFa (Fig. 8A), PMA/ionomycin (Fig. 8B)
or rotenone (Fig. 8C). The NF-kB activation was further
increased in SH-SY5Y cells co-expressing exogenous parkin
and PINK1 compared with the cells expressing exogenous
parkin or PINK1 alone (Fig. 8). The effect of PINK1 to
increase parkin-stimulated NF-kB activation was abrogated
by the kinase-dead PINK1 KDD mutation and PD-linked
PINK1 pathogenic mutations G309D and L347P (Fig. 8C),
suggesting that the ability of PINK1 to enhance the
NF-kB-activating potential of parkin is dependent on PINK1
kinase activity.

To provide evidence for the involvement of endogenous
PINK1 in regulating the NF-kB signaling pathway, we exam-
ined the effect of siRNA-mediated PINK1 depletion on NF-kB
activation in SH-SY5Y cells. We found that depletion of
endogenous PINK1 resulted in a significant decrease in the
NF-kB activation in response to treatment with TNFa
(Fig. 9A), PMA/ionomycin (Fig. 9B) or rotenone (Fig. 9C),

supporting an essential role for PINK1 in regulating the
NF-kB signaling pathway. The phenotype of impaired
NF-kB activation in PINK1-depleted cells was rescued by
expression of exogenous parkin (Fig. 9A–C), suggesting that
PINK1 acts upstream of parkin in activation of the NF-kB sig-
naling pathway.

Given the critical role of the NF-kB signaling pathway in
promoting cell survival (39,40), we next investigated the func-
tional relationship between parkin and PINK1 in cytoprotec-
tion against rotenone-induced apoptosis. Analyses of cell
viability and cytochrome c release revealed that siRNA-
mediated depletion of endogenous PINK1 significantly
enhanced the susceptibility of SH-SY5Y cells to
rotenone-induced cytochrome c release (Fig. 9D and E) and
cell death (Fig. 9F). The pro-apoptotic phenotype of PINK1
depletion could be rescued by wild-type parkin (Fig. 9),
suggesting that parkin acts downstream of PINK1 in cytopro-
tection against rotenone-induced apoptosis. The ability of
parkin to rescue PINK1 depletion phenotype was abolished
by PD-linked parkin T240R, Q311X and T415N mutations
(Fig. 9F), providing further support for a loss-of-function
pathogenic mechanism for these mutations.

DISCUSSION

Despite compelling genetic evidence indicating that PINK1
functions upstream of parkin in a common pathway (27–
30), whether and how PINK1 regulates parkin function
remain unclear. The present study reveals that PINK1 regu-
lates the E3 ligase function of parkin for catalyzing

Figure 5. Phosphorylation of parkin by PINK1 enhances the ability of parkin to bind UbcH13 and catalyze K63-linked polyubiquitination. (A) Lysates from
SH-SY5Y cells expressing Myc-tagged parkin, HA-tagged UbcH7 or UbcH13 and wild-type or mutant PINK1 constructs were immunoprecipitated with
anti-Myc antibody followed by immunoblotting with anti-HA, anti-phosphoserine and anti-parkin antibodies. (B) In vitro ubiquitination assays were performed
by incubation of purified FLAG-tagged IKKg, non-phosphorylated parkin or PINK1-phosphorylated parkin in the presence of E1, E2 (UbcH13/Uev1a) and ubi-
quitin as indicated. Ubiquitination of IKKg was detected by immunoprecipitation with anti-FLAG antibody followed by immunoblotting using anti-ubiquitin
antibody. The amounts of IKKg, non-phosphorylated parkin and PINK1-phosphorylated parkin used in the ubiquitination assays (Input) were shown by immu-
noblotting with anti-FLAG, anti-parkin and anti-phosphoserine antibodies. Ubn-IKKg, polyubiquitinated IKKg.
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K63-linked polyubiquitination through direct phosphorylation.
Our data indicate that PINK1-mediated phosphorylation acti-
vates parkin-mediated ubiquitin signaling through the IKK/
NF-kB pathway and support a link between the impairment
of the PINK1/parkin/NF-kB signaling pathway and neurode-
generation in PD.

Our finding that PINK1 interacts with parkin in SH-SY5Y
dopaminergic cells and human brain is consistent with
recent reports (32–35). However, in contrast to the previous
studies (32,33), our biochemical analysis shows that the inter-
action of PINK1 with parkin is not dependent on the kinase

activity of PINK1, as neither PINK1 kinase-dead mutation
KDD nor the PD-linked PINK1 pathogenic mutations
(G309D and L347P) that are known to disrupt PINK1 kinase
function (16,17,19) had any apparent effect on the ability of
PINK1 to interact with parkin. Furthermore, our deletion and
mutagenesis studies reveal that the PINK1–parkin interaction
requires the RING-finger 1 domain of parkin, but not the E3
ligase activity of parkin.

Recent studies from our group and others have shown that
PINK1 is localized in both the mitochondria and the cytosol
(14,16,17,19,21–24), suggesting that PINK1 could exert cyto-

Figure 6. Wild-type but not mutant PINK1 promotes parkin-mediated K63-linked polyubiquitination of IKKg. (A and B) PINK1 promotes parkin-mediated
IKKg polyubiquitination in a kinase-dependent manner. SH-SY5Y cells were transfected with FLAG-tagged IKKg, Myc-tagged parkin and C-terminally
HA-tagged wild-type or mutant PINK1 as indicated. In vivo ubiquitination of IKKg was determined by immunoprecipitation with anti-FLAG antibody followed
by immunoblotting using anti-ubiquitin antibody. The expression of IKKg, parkin and PINK1 in the cell lysates were confirmed by immunoblotting with anti-
FLAG, anti-HA and anti-parkin antibodies. Ubn-IKKg, polyubiquitinated IKKg. IgG HC, immunoglobulin heavy chain. (C and D) Parkin-mediated IKKg poly-
ubiquitination occurs via the K63 linkage. Lysates from SH-SY5Y cells transfected with the indicated constructs were subjected to immunoprecipitations with
anti-FLAG antibody followed by immunoblotting with anti-FLAG and anti-HA antibodies.
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protective action through phosphorylation of mitochondrial as
well as cytosolic substrates. Our previous work has identified
molecular chaperone protein TNF receptor-associated protein
1 as a mitochondrial PINK1 substrate (19). The present
study shows that parkin is a cytosolic substrate for PINK1
kinase, as PINK1 not only binds parkin, but also phosphory-
lates parkin both in vitro and in vivo. The observed reduction
in parkin phosphorylation by siRNA-mediated depletion of
endogenous PINK1 in SH-SY5Y cells further supports that
PINK1 is a major kinase for phosphorylating parkin in the
dopaminergic cells.

Our findings indicate that there is direct connection between
PINK1-mediated phosphorylation and parkin-mediated ubiqui-
tination. Protein ubiquitination is a dynamic post-translational
modification that serves diverse cellular roles (42,43).
Whereas K48-linked polyubiquitination acts as the canonical
signal for targeting the substrate to the proteasome for degra-
dation, K63-linked polyubiquitination function in an
proteasome-independent manner for regulating multiple cellu-
lar processes, including signal transduction and endocytic traf-
ficking (42–44). Recent evidence indicates that parkin has dual
E3 ligase activities for catalyzing K48-linked polyubiquitina-
tion and K63-linked polyubiquitination (4,7,12,13), but
how these two distinct E3 ligase activities are regulated is not

understood. Our result that phosphorylation of parkin by
PINK1 increases the ability of parkin to bind UbcH13
(the catalytic subunit of the UbcH13/Uev1a E2 enzyme for med-
iating K63-linked polyubiquitination) but not UbcH7 (the E2
enzyme for mediating K48-linked polyubiquitination) provides
a mechanism for preferentially enhancing the E3 ligase activity
of parkin for catalyzing K63-linked polyubiquitination. In
support of this notion, our result of in vitro ubiquitination analy-
sis reveals that PINK1-mediated phosphorylation up-regulates
parkin E3 ligase activity for catalyzing K63-linked polyubiquiti-
nation in cooperation with the UbcH13/Uev1a E2 enzyme.

Ample evidence indicates that parkin has the capacity to
protect cells against cell death induced by a wide variety of
stress, including oxidative stress, proteasome inhibition, mito-
chondrial dysfunction and proteotoxic stress caused by over-
expression of mutant a-synuclein or tau (7,45). Although the
molecular mechanism underlying the cytoprotective action
of parkin remains incompletely understood, a recent study
has shown that the cytoprotective action of parkin is linked
to its E3 ligase activity for catalyzing K63-linked polyubiqui-
tination of IKKg and thereby activating the cytoprotective
NF-kB stress response pathway (12). Our in vivo ubiquitina-
tion analysis reveals that parkin-mediated K63-linked polyubi-
quitination of IKKg in SH-SY5Y cells is reduced by
siRNA-mediated depletion of endogenous PINK1 and is sig-
nificantly enhanced by co-expression of wild-type PINK1
but not the kinase-dead mutant PINK1. These results, together
with the in vitro ubiquitination data, provide strong evidence
supporting that PINK1 is a major kinase for activating the
E3 ligase function of parkin for catalyzing K63-linked polyu-
biquitination of IKKg in the dopaminergic cells. Our works
further shows that, correlating with reduced parkin-mediated
K63-linked polyubiquitination of IKKg, PINK1 depletion
impairs NF-kB activation and sensitizes the dopaminergic
cells to rotenone-induced apoptosis. The impaired NF-kB acti-
vation and pro-apoptotic phenotype of PINK1 depletion can be
rescued by parkin overexpression. Collectively, these findings
point to a specific pathway in which PINK1 exerts its cytopro-
tective function by phosphorylating downstream effector
parkin to enhance K63-linked polyubiquitination of IKKg
and subsequent NF-kB activation and cell survival.

Our work indicates that the PINK1/parkin/NF-kB cytopro-
tective signaling pathway is disrupted by PD-linked PINK1
pathogenic mutations G309D and L347P. We find that
PINK1 G309D and L347P mutations abolish the kinase
activity of PINK1 to phosphorylate its physiological substrate
parkin and impair the ability of PINK1 to promote parkin-
mediated K63-linked polyubiquitination of IKKg and NF-kB
activation. We and others have previously shown that
PINK1 G309D and L347P mutations inhibit the cytoprotective
action of PINK1 against cell death induced by oxidative stress
and mitochondrial toxins (5,19,20). In addition, Henn et al.
(12) have shown that parkin-mediated K63-linked polyubiqui-
tination of IKKg and NF-kB activation are reduced by
PD-linked parkin pathogenic mutations R42P and G430D
that have impaired cytoprotective capacity. Together, these
results suggest that deregulation of the PINK1/parkin/NF-kB
cytoprotective pathway, which could be caused by PINK1 or
parkin mutations, is a common pathogenic mechanism
leading to neurodegeneration in early-onset familial PD.

Figure 7. Depletion of endogenous PINK1 reduces K63-linked polyubiquiti-
nation of IKKg by parkin. SH-SY5Y cells were transfected with FLAG-tagged
IKKg, Myc-tagged parkin and vehicle (CTL), NT-siRNA or PINK1 siRNA as
indicated. In vivo ubiquitination of IKKg was detected by immunoprecipita-
tion with anti-FLAG antibody followed by immunoblotting using anti-
ubiquitin antibody. The levels of PINK1, IKKg and parkin in the cell
lysates were determined by immunoblotting with anti-PINK1, anti-FLAG
and anti-Myc antibodies. All experiments were replicated three times with
similar results. Ubn-IKKg, polyubiquitinated IKKg.
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MATERIALS AND METHODS

Expression constructs

Conventional molecular biological techniques were used to
generate the following expression constructs: C-terminal
HA- or FLAG-tagged human wild-type PINK1, pathogenic
PINK1 G309D and L347P mutants, PINK1 catalytically inac-
tive KDD triple mutant (K219A/D362A/D384A) and
PINK1DN (residues 112–581); N-terminal Myc-tagged
parkin T240R, T415N and Q311X mutants, and parkin del-
etion mutants PKN (residues 1–238) and PKC (residues
234–465). Myc-tagged wild-type parkin, FLAG-tagged
IKKg and NF-kB-Luc were provided by T. Suzuki (Tokyo
Metropolitan Institute of Medical Science, Tokyo, Japan),
K. Winklhofer (Adolf-Butenandt Institute, Munich,
Germany) and Z. Chen (Southwestern Medical Center,
Dallas, TX, USA), respectively. HA-tagged Ub-WT,
Ub-K48, Ub-K63 and Ub-K0 were provided by T. Dawson
(Johns Hopkins University, Baltimore, MD, USA); and
Ub-K29R, Ub-K48R and Ub-K63R were provided by
M. Wooten (Auburn University, Auburn, AL, USA). The
pGL4.73-hRluc/SV40 plasmid was obtained from Promega.
All expression constructs were sequenced to ensure that the
fusion was in the correct reading frame and there were no
unwanted changes in the codons.

Antibodies

The rabbit polyclonal anti-PINK1 antibody was generated and
described in our previous study (19). Other antibodies used in
this study include the following: anti-HA (12CA5), anti-Myc
(9E10.3, Neomarkers), anti-parkin (Cell Signaling), anti-
phosphoserine (anti-pS) and anti-phosphothreonine (anti-pT)
(Chemicon), anti-actin (Chemicon), anti-cytochrome c (Santa
Cruz), anti-FLAG (M2, Sigma), anti-ubiquitin FL76 (Santa
Cruz Biotechnology, Inc.) and anti-ubiquitin P4G7
(Covance). All secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories, Inc.

Cell transfection and co-immunoprecipitation

Human SH-SY5Y cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
medium and 100 U/ml penicillin and streptomycin. Cells
were transfected with the indicated plasmids using Lipofecta-
mine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Cells lysates were prepared from
transfected cells and immunoprecipitations performed as
described previously (46) using the indicated antibodies. Immu-
nocomplexes were resolved by SDS–PAGE and analyzed by
immunoblotting analysis with the appropriate antibodies and

Figure 8. Wild-type but not mutant PINK1 enhances parkin-stimulated NF-kB activation. SH-SY5Y cells transfected with NF-kB-Luc reporter plasmid, EGFP
or wild-type parkin, and indicated wild-type or mutant PINK1 were treated with 25 ng/ml TNFa (A), 10 ng/ml PMA and 160 ng/ml ionomycin (B) or 20 nM

rotenone (C) for 3 h and harvested after additional 8 h. NF-kB activation was determined by NF-kB reporter assay and is expressed as the fold of NF-kB acti-
vation relative to the vehicle-treated EGFP control. Data represent mean+SEM from three independent experiments. aSignificantly different from the corre-
sponding EGFP controls (P , 0.05). bSignificantly different from the corresponding parkin-transfected cells (P , 0.05).
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horseradish peroxidase-conjugated secondary antibodies.
Results were visualized using enhanced chemiluminescence.

siRNAs transfection

For depletion of PINK1 in SH-SY5Y cells, PINK1 siRNA
(Dharmacon) was generated against the following human
PINK1 mRNA sequences, 50-GAAAUCCGACAACAUCC
UUUU-30. A control siRNA (NT-siRNA) with no known
mammalian homology (siCONTROL Non-Targeting siRNA

#1, Dharmacon) was used as a negative control. SH-SY5Y
cells were transfected with the indicated siRNAs using the
Lipofectamine 2000 (Invitrogen) as described previously
(47). Experiments were performed 48 h after siRNA treatment.

In vitro and in vivo phosphorylation assays

In vitro kinase assays were performed as we described pre-
viously (19) by incubation of affinity-purified FLAG-tagged
wild-type or mutant PINK1 with Myc-tagged parkin for

Figure 9. PINK1 depletion impairs NF-kB activation and cell survival and this phenotype can be rescued by wild-type but not mutant parkin. (A–C) SH-SY5Y
cells transfected with NF-kB-Luc reporter plasmid, indicated siRNAs and Myc-tagged parkin were treated with 25 ng/ml TNFa (A), 10 ng/ml PMA and 160 ng/
ml ionomycin (B) or 20 nM rotenone (C) for 3 h and harvested after additional 8 h. NF-kB activation was determined by NF-kB reporter assay and is expressed as
the fold of NF-kB activation relative to the vehicle-treated NT-siRNA transfected control. Data represent mean+SEM from three independent experiments.
aSignificantly different from the drug-treated NT-siRNA transfected control (P , 0.05). bSignificantly different from the drug-treated PINK1 siRNA-transfected
cells in the absence of parkin overexpression (P , 0.05). (D–F) SH-SY5Y cells transfected with vehicle (CTL), NT-siRNA or PINK1 siRNA and indicated
wild-type or mutant parkin construct were treated with 40 nM rotenone for 24 h. (D) The levels of cytochrome c (Cyt. c) and actin in the cytosolic fractions
were determined by immunoblotting with anti-cytochrome c and anti-actin antibodies. (E) The level of cytochrome c released to the cytosol is normalized
to the level of actin in each cell sample. Data represent mean+SEM from three independent experiments. aSignificantly different from the corresponding
rotenone-treated cells in the absence of parkin overexpression (P , 0.05). bSignificantly different from the rotenone-treated control (CTL) cells (P , 0.05).
AU, arbitrary units. (F) The extent of cell survival was assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Data represent mean+SEM from three independent experiments. aSignificantly different from the same vehicle or siRNA-transfected cells in the absence
of parkin overexpression (P , 0.05). bSignificantly different from the CTL cells in the absence of parkin overexpression (P , 0.05). cSignificantly different
from the PINK1 siRNA-transfected cells with overexpression of wild-type parkin (P , 0.05).
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60 min at 308C in 100 ml of reaction buffer containing 50 mM

Tris–HCl (pH 7.5), 8 mM MgCl2, 2 mM MnCl2 and 0.1 mM

ATP in the absence or presence of 0.5 mM CaCl2. The reaction
mixtures were resolved by SDS–PAGE, and phosphorylation
of parkin was determined by immunoblotting with anti-
phosphoserine and anti-phosphothreonine antibodies. For
detection of in vivo phosphorylation of parkin, Myc-tagged
parkin protein was immunoprecipitated from cell lysates by
using anti-Myc antibody followed by immunoblotting with
anti-phosphoserine and anti-phosphothreonine antibodies.
The relative level of in vivo parkin phosphorylation was deter-
mined by quantification of the intensity of the phosphorylated
parkin band followed by normalization to the total level of
parkin.

In vitro and in vivo ubiquitination assays

In vitro ubiquitination assays were performed as we described
previously (13,48) by incubation of affinity-purified FLAG-
tagged IKKg and non-phosphorylated parkin or PINK1-
phosphorylated parkin at 378C for 2 h in 60 ml of reaction
buffer (50 mM Tris–HCl, pH 7.5, 2.5 mM MgCl2, 2 mM DTT
and 2 mM ATP) containing 200 ng of E1 (Boston Biochem),
400 ng of E2 ubiquitin-conjugating enzyme (UbcH13/Uev1a)
(Boston Biochem), 10 mg ubiquitin (Boston Biochem). Ubi-
quitination of FLAG-IKKg was detected by immunoprecipita-
tion with anti-FLAG antibody followed by immunoblotting
using anti-ubiquitin antibody. In vivo ubiquitination assays
were performed as we described previously (48–50).
Briefly, lysates from SH-SY5Y cells co-transfected with
FLAG-tagged IKKg, HA-tagged wild-type or mutant ubiqui-
tin, and other indicated constructs were immunoprecipitated
under denaturing conditions with anti-FLAG antibody. Ubi-
quitination of FLAG-IKKg was detected by immunoblotting
using anti-HA or anti-ubiquitin antibodies as indicated.

NF-kB reporter assays

SH-SY5Y cells were cotransfected with the NF-kB-Luc repor-
ter plasmid encoding firefly luciferase under the control of an
NF-kB-responsive promoter, pGL4.73-hRluc/SV40 internal
control Renilla luciferase plasmid and other indicated con-
structs. At 24 or 48 h post-transfection, cells were treated
with 25 ng/ml TNFa, 10 ng/ml PMA and 160 ng/ml ionomy-
cin or 20 nM rotenone at 378C for 3 h and harvested after
additional 8 h. NF-kB luciferase activity in cell lysates was
measured as described (51) using the Dual Luciferase Reporter
Assay system (Promega) and normalized to the internal
control Renilla luciferase activity.

Cell viability and cytochrome c release assays

Cell viability was assessed using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide assay as described (19).
The biochemical cytochrome c release assay was performed as
we described previously (19). Briefly, cells were homogenized
and then fractionated into the mitochondria and cytosol fractions.
The release of cytochrome c to the cytosol was determined by
immunoblotting with anti-cytochrome c antibody.

Statistical analysis

All experiments were performed in triplicate and repeated at
least three times. Data were subjected to statistical analysis
by ANOVA and a P-value of less than 0.05 was considered
statistically significant.
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