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Mutations in PTEN-induced putative kinase 1 (PINK1) are a cause of
autosomal recessive familial Parkinson’s disease (PD). Efforts in de-
ducing the PINK1 signaling pathway have been hindered by contro-
versy around its subcellular and submitochondrial localization and the
authenticity of its reported substrates. We show here that this
mitochondrial protein exhibits a topology in which the kinase domain
faces the cytoplasm and the N-terminal tail is inside the mitochondria.
Although deletion of the transmembrane domain disrupts this topol-
ogy, common PD-linked PINK1 mutations do not. These results are
critical in rectifying the location and orientation of PINK1 in mito-
chondria, and they should help decipher its normal physiological
function and potential pathogenic role in PD.

parkin � Parkinson’s disease � mitochondria � topology

Parkinson’s disease (PD), the second most common neuro-
degenerative disorder, is a sporadic condition that can

occasionally be inherited (1). The rationale for studying the rare
genetic forms of PD is based on the phenotypic similarity
between the familial and sporadic forms of the disease, implying
that the two share important pathogenic mechanisms. Among
the different gene products associated with familial PD (2),
PTEN-induced putative kinase-1 (PINK1) is localized to the
mitochondria (3–10), an organelle strongly linked to PD patho-
genesis. Although recessively inherited PD mutations in PINK1
are found throughout the protein, they are most commonly
found in the only recognized functional domain of PINK1 (3, 11,
12), which is a serine/threonine kinase domain similar to that in
the Ca2�/calmodulin kinase family (13, 14). Overexpression of
wild-type PINK1 can rescue the phenotype caused by PINK1
mutations in Drosophila (15, 16), supporting the notion that the
mutated allele gives rise to a loss-of-function phenotype.

Human PINK1 is a 581-aa polypeptide with a predicted
N-terminal mitochondrial targeting signal (MTS), consistent
with the observation that PINK1 localizes to mitochondria (Fig.
1A) (3–10). Loss-of-function mutations in the gene encoding
parkin (an E3 ubiquitin ligase) cause the most frequent forms of
recessive familial PD (17). In Drosophila, parkin is thought to
operate within the same molecular pathway as PINK1 to mod-
ulate mitochondrial morphology (15, 16, 18), an intriguing
observation given the fact that parkin has been reported to
essentially be cytosolic (19).

Both the subcellular and submitochondrial locations of PINK1
and the authenticity of its reported substrates have been con-
troversial. Although it is agreed that PINK1 is a mitochondrial-
targeted protein, PINK1 has been reported to reside in the inner
mitochondrial membrane (IMM) (6, 7, 9, 20), the mitochondrial
intermembrane space (IMS) (6, 8, 9), the outer mitochondrial
membrane (OMM) (7), and even the cytoplasm (21–24). Fur-
thermore, the tumor necrosis factor type 1 receptor-associated
protein (TRAP1) and the serine protease HtrA2/Omi have been
identified as putative PINK1 substrates (8, 9). Although TRAP1
is localized mainly in the mitochondrial matrix, it has also been
identified in the IMS (9) and at extramitochondrial subcellular
sites (25). HtrA2/Omi is a mammalian serine protease that is

localized in the IMS of healthy cells, but during apoptosis it is
released into the cytosol (26). The subcellular and submitochon-
drial locations of PINK1 are critical to identifying its bona fide
substrates and related signaling pathways. For this reason and in
light of the aforementioned inconsistencies, we sought to reex-
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Fig. 1. The kinase domain of mitochondrial PINK1 is accessible from the
cytoplasm. (A) Schematic representation of PINK1 structure. The immunogens
used to produce the antibodies (Abs) PINK1175–250 and N4/15 are indicated by
the red and blue lines, respectively. (B) SH-SY5Y cells expressing PINK1-IRES-
eGFP stably are immunolabeled for a cytosolic protein (�-tubulin), a cyto-
plasm-facing OMM protein (TOM20), and an IMS protein (ENDOG) (red sig-
nals). eGFP is used as a general cell marker (green signals). PINK1 is labeled
using PINK1175-250 antibody. (Scale bar, 5 �m.)
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amine the topology of PINK1 and to address more specifically
where its kinase domain resides within mitochondria. We show
here that PINK1 spans the OMM, with its kinase domain facing
the cytoplasm. This topology relies on a transmembrane (TM)
domain located just after the MTS (Fig. 1 A), with the N-terminal
end of PINK1 contained within the mitochondria. Common
pathogenic PINK1 mutations have no effect on the topology of
the protein. These new details on PINK1 topology may shed light
on the molecular model underlying the genetic interaction of
PINK1 and parkin and suggest that the loss of phosphorylation
of cytosolic substrates or the loss of PINK1 interactions with
cytosolic proteins may underlie PINK1-related neurodegenera-
tion in familial PD.

Results and Discussion
To define the submitochondrial location of the PINK1 kinase
domain that extends from amino acids 156–509 (Fig. 1 A), we
performed immunocytochemistry on human PINK1-transfected
neuroblastoma SH-SY5Y cells treated with either digitonin or
Triton X-100 to respectively permeabilize the plasma membrane
only or all cellular bilayer membranes (27). SH-SY5Y cells
transfected stably with a cDNA plasmid expressing full-length
human PINK1-IRES-eGFP were probed with antibodies raised
against specific subcellular proteins (Fig. 1B) and against an
epitope of the PINK1 kinase domain located between amino
acids 175–250 (Fig. 1 A). In the absence of detergent, none of the
antibodies generated specific immunoreactivity (Fig. 1B). Cells
permeabilized with 0.01% digitonin showed positive immuno-
fluorescence for �-tubulin, a cytoplasmic protein, and for
TOM20, an OMM protein, but not for endonuclease-G (EN-
DOG), an IMS protein (Fig. 1B), or for cytochrome c oxidase
subunit II (COX II), an IMM protein (data not shown). These
results indicate that the digitonin permeabilization allowed the
antibodies to gain access to the cytoplasm but not to the inside
of the mitochondria. Cells permeabilized with 1% Triton X-100
showed positive immunofluorescence for all of the antibodies
(Fig. 1B), indicating that the OMM was disrupted, thereby
allowing the antibodies to gain access to the inside of the
mitochondria. By applying these permeabilization protocols, we
found that the anti-PINK1175–250 antibody generated a positive
immunofluorescence signal in both digitonin- and Triton X-100-
treated cells (Fig. 1B), suggesting that the epitope recognized by
this Ig is accessible when the OMM is intact. Because the validity
of this interpretation depends on the specificity of the anti-
PINK1 antibody, it is critical to mention that PINK1 immuno-
reactivity was abolished by incubation of the PINK1175–250
antibody with excess PINK1 blocking peptide [supporting infor-
mation (SI) Fig. S1]; a similar result was obtained upon incu-
bation of the anti-TOM20 antibody with an excess of recombi-
nant TOM20 (Fig. S1). Human PINK1 has been localized by
immunohistochemistry in both the mitochondria and the cytosol
of transfected cell lines (22, 23). Consistent with this dual
subcellular distribution, we observed a punctate PINK1 immu-
noreactivity in both digitonin- and Triton X-100-treated cells
(Fig. 1B) that colocalized with the mitochondrial f luorescent
probe MitoTracker and that was superimposed on a diffuse
PINK1 immunofluorescence over the cytoplasm (Fig. S1C).
Cells transfected with an empty vector did not show any specific
immunofluorescent signal (data not shown). Thus, our results
support the notion that at least a portion of PINK1 is mitochon-
drial and that, at this location, the PINK1 kinase domain is
exposed to the cytoplasm. Similar results were obtained with
neuronal-like MES23.5 clonal cells (data not shown).

Given the above results, we then tested the strength of the
PINK1 association with mitochondria compared with a series of
mitochondrial proteins (Fig. 2A). Consistent with previous stud-
ies (6), we found that human PINK1 can only be partially
solubilized or not at all by extensive detergent or sodium

carbonate treatments of purified mitochondria from SH-SY5Y
cells stably overexpressing the full-length human PINK1, respec-
tively (Fig. 2B). These results suggest that PINK1 is a resident
mitochondrial protein, physically integrated within mitochon-
drial membrane(s).

To define the topology of the PINK1 kinase domain, we
performed protease protection assays. Mitochondria isolated
from SH-SY5Y cells expressing full-length human PINK1 were
incubated with increasing concentrations of protease K (PK) in
the presence or absence of Triton X-100. To verify the intactness
of the isolated mitochondria, we analyzed the accessibility of PK
to selected proteins of the OMM, the IMS, and the matrix (Fig.
2A). We found that at concentrations of 0.2–1.0 �g/ml PK, the
mitochondrial peripheral protein BCL-2 and the cytoplasm-
exposed C terminus of the OMM receptor TOM20 were de-
graded (Fig. 2C). In contrast, an IMS protein, ENDOG, and a
mitochondrial matrix protein heat shock protein-60 (HSP60)
were protease-resistant under these conditions (Fig. 2C). These
data indicate that the isolated mitochondrial matrix remained
impermeant to PK, at least at concentrations up to 1 �g/ml.
Under these conditions, PINK1 immunoreactivity was lost in a
PK-concentration-dependent manner, a pattern paralleled by
that for BCL-2 (Fig. 2C), monoamine oxidase-B, another OMM
protein (data not shown), and the C terminus of TOM20 (Fig.
2C), all of which face the cytosol. Note that we have confirmed
the specificity of the key antibodies with an excess of their
respective blocking peptides or protein recombinants (Fig. S2).
The PK results were confirmed by using a mouse monoclonal
antibody also raised against the PINK1 kinase domain (Neu-
roMab Clone N4/15) (Fig. S3B) (the validation of the specificity
of N4/15 is shown in Fig. S3C), and with hemagglutinin (HA)-
tagged human PINK1 detected with an anti-HA antibody

Fig. 2. PINK1 is a mitochondrial membrane integral protein whose kinase
domain localizes at OMM. (A) Schematic representation of the submitochon-
drial compartment protein markers used in this study. (B) Mitochondria
isolated from SH-SY5Y cells expressing PINK1 stably are subjected to carbon-
ate extraction. Then, pellets (particulate fraction, P) and supernatants (soluble
fraction, S) are analyzed by Western blotting using antibodies raised against
PINK1 (PINK1175–250), HSP60, ENDOG, peripheral membrane proteins (Cyto c),
and membrane integral proteins (TOM20 and COX II). (C) Mitochondria iso-
lated from SH-SY5Y cells expressing wild-type PINK1 stably are incubated with
or without PK before analysis by immunoblotting using antibodies against
PINK1 (PINK1175–250), BCL-2, TOM20, TIM23, ENDOG, and HSP60.
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(Fig. S3D). Similar results were also obtained in other neuronal-
like cell lines, such as human neuroblastoma M17 (Fig. S3E) and
mouse MES23.5 (Fig. S3B) cells, and with trypsin, another
nonspecific protease (data not shown). In the presence of 1%
Triton X-100, all of the studied proteins, including PINK1, were
equally sensitive to PK proteolysis (Fig. S3F). Thus, the recog-
nized epitope of the kinase domain in both main PINK1 species
(�63 and �52 kDa) seem to be accessible to general proteases,
such as PK and trypsin, in intact mitochondria.

TIM23, an essential component of the mitochondrial protein
import machinery located in the IMM, has been used as a marker
to establish the localization of PINK1 inside the mitochondria
(6). Yet, Fig. 2C shows a proteolytic profile of TIM23 similar to
that of the OMM protein TOM20 and to the peripheral protein
BCL-2. Although the C-terminal half of TIM23 (approximate
residues 100–222) is indeed integrated into the IMM, residues
50–100 are exposed to the IMS and the N-terminal domain
(residues 1–50) is exposed on the surface of the OMM (28).
Thus, even though TIM23 is considered to be an IMM protein,
this protein may display an OMM proteolytic profile with some
region-specific antibodies, because of its N-terminal end pro-
jecting to the cytoplasm. This possibility explains why we found
that the TIM23 and TOM20 proteolytic profiles were similar,
because we used an antibody raised against TIM23 residues
5–126 (BD Transduction Laboratories), a result that is consistent
with a previous study in mammalian cells (29).

It is worth noting that the cytoplasmic-facing orientation of
the PINK1 kinase domain was not altered by common patho-
genic mutations such as A217D, T313M (Fig. S3G), or L347P
(data not shown), suggesting that the pathological effects of
these mutated proteins are probably not related to a disrupted
localization of PINK1 functional domain. The kinase function
was also not necessary to establish PINK1 kinase domain
topology, because expression in transfected SH-SY5Y cells of a
‘‘dead kinase’’ PINK1 mutant (K219M) had no effect on
PINK1’s orientation (data not shown).

We next explored whether the proposed PINK1 topology
obtained by overexpression faithfully reflects that of the endog-
enous protein. PINK1-specific mRNA is detected in almost all
tissues, with highest levels in heart, skeletal muscle, and testis
(14, 30, 31). We also found detectable levels of PINK1 mRNA
in both SH-SY5Y cells and mouse brain (Fig. 3A). Despite the
detectable levels of PINK1 mRNA, we were unable to detect
endogenous PINK1 protein in a variety of cell lines, including
SH-SY5Y and primary ventral midbrain cultures and adult
mouse and human brain tissues, despite trying 15 different
anti-PINK1 antibodies (Table S1 and Fig. 3B, left lane). The only
possible exception to these negative results was the protein
extracts from HeLa cells. Indeed, the latter revealed faint
immunoreactive bands on Western blots consistent with those
corresponding to PINK1 species (Fig. 3C Right, first and second
lanes). Similar observations were made by Exner and collabo-
rators (10). These results suggested that available PINK1 anti-
bodies are insufficiently sensitive for detecting low levels of
endogenous PINK1.

The accumulation of selected mitochondrial proteins posttran-
scriptionally has been reported in cells treated with proteasome
inhibitors (32). To increase the content of endogenous PINK1, we
transfected SH-SY5Y cells stably to express a reporter consisting of
a short ubiquitination signal sequence fused to the C terminus of
GFP (GFPu) (33) (R. Kopito, Stanford University, Stanford, CA)
and exposed these cells for 24 h to 2 �M proteasome inhibitor
Z-Leu-Leu-Leu-al (MG132). Under these experimental condi-
tions, which caused �10% cell death, and in agreement with the
work of Margineantu and collaborators (32), we detected an
increased signal for the cytochrome c oxidase subunit I (COX I) in
Western blot analysis using protein extracts of purified mitochon-
dria from SH-SY5Y cells (Fig. 3B). This strategy also enabled us to

detect two main immunoreactive bands which coincided with the
molecular mass of full-length and cleaved PINK1 (6, 21) (Fig. 3B).
To confirm the identity of these bands, we used two different
PINK1 siRNA constructs to knock down PINK1 mRNA (see Fig.
S4 for siRNA validation). We were able to knock down PINK1
mRNA by �60% in SH-5YSY cells and by �80% in HeLa cells
(Fig. S4 A and B), which was accompanied by a striking reduction
in signal intensity on the Western blot of the PINK1 species (Fig.
3C). In contrast to the situation observed in PINK1 overexpression,
here the �52-kDa species appear as the dominant form of PINK1
(Fig. 3C). After proteasome inhibition, a similar observation was
reported by Takatori et al. (23), which led these authors to suggest
that the �52-kDa PINK1 fragment may be more prone to protea-
somal degradation. We found that the �52-kDa and �63-kDa
endogenous species exhibited a proteolytic profile with PK similar
to that found for the human overexpressed protein (Fig. 3D). These
data thus support the fact that endogenous PINK1 is an OMM
protein with its kinase domain facing the cytosol.

Fig. 3. Topology of endogenous PINK1 using PINK1175–250 antibody. (A)
mRNA levels of endogenous PINK1, parkin, and �-synuclein in SH-SY5Y cells
and in PINK1 wild-type (WT) and knockout (KO) mouse brain. Total RNA
extracted from each sample is quantified by real-time PCR (n � 3). Values
represent means � SD. PINK1 mRNA in KO mouse brain is below the limit of
detection. (B) Using the antibody PINK1175–250, there is no detectable signal for
endogenous PINK1 in SH-SY5Y cells (vehicle control, left lane), whereas en-
dogenous PINK1 is detected in the presence of the proteasome inhibitor
MG132 (right lane). Western blot analysis of mitochondrial fractions shows an
increased level of COX I with MG132 treatment. Accumulation of GFPu, as
shown by the increased GFP fluorescence intensity, indicates the successful
inhibition of the proteasome pathway by MG132. (C) siRNA knockdown of
PINK1. (Left) HeLa cells are cotransfected with either PINK1-HA/scramble
control siRNA or PINK1-HA/PINK1 siRNA. Overexpressed full-length PINK1 and
truncated �52-kDa PINK1 are diminished specifically by the PINK1 siRNA.
(Right) Endogenous PINK1 is barely detected in whole HeLa cell lysates in the
absence of MG-132, but it is clearly detected in the presence of MG-132.
Endogenous PINK1 signals are markedly reduced by the PINK1 siRNA knock-
down. (D) After MG132 treatment of SH-SY5Y cells, mitochondria are isolated
and processed for PK protection assay as in Fig. 2.
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Most proteins destined for import into the mitochondria bear
targeting information, typically at their N termini (34). The
prediction programs iPSORT (http://biocaml.org/ipsort/
iPSORT/), MitoProt II (ftp://ftp.ens.fr/pub/molbio/), and
TargetP (http://www.cbs.dtu.dk/sevices/TargetP) predict a MTS
within the N-terminal end of human PINK1 contained in amino
acids 1–30, 1–34, or 1–76, respectively. Consistent with this
notion, it has been shown that the first 93 amino acids (6) and
the first 34 amino acids (20) suffice to target GFP to the
mitochondria. To determine whether this region of PINK1 is
required for its importation into mitochondria, we constructed
cDNA plasmids expressing PINK1 truncated at its first 34, 91, or
150 amino acids (Fig. 4A). We found that, relative to their
respective total cellular expression, �40 � 3% of full-length
PINK1 and �56 � 1% of PINK1 lacking the first 34 amino acids
(PINK1�1–34) were mitochondrial and displayed similar topolo-
gies (Fig. 4 B and C). With further N-terminal truncation, �26 �
4% of PINK1�1–91 and only �6 � 4% of PINK1�1–150 were
mitochondrial (Fig. 4B). The differential subcellular localization
of the products encoded by the PINK1 deletion constructs was
confirmed with immunocytochemistry (Fig. S5). In keeping with
these results, Haque et al. (22) and Takatori et al. (23) have also
found that, upon deletion of amino acids 1–111 or 1–108,
respectively, PINK1 could no longer be imported into the
mitochondria. Collectively, these findings indicate that the N-
terminal end of PINK1 contains the MTS and that its compo-
sition is complex and not limited to the first 34 amino acids (20).

Typically, the MTS is cleaved after import into the mitochon-
dria by specific proteases (34), converting the full-length pre-
cursor polypeptide into the mature protein. In keeping with this
concept, published studies on PINK1 have designated the �63-
kDa form as the precursor and the �52-kDa form as mature
PINK1 (6, 21). This interpretation has been corroborated by at
least one study in which, by using an in vitro mitochondrial import
assay, it was shown that the appearance of the �52-kDa fragment
required a mitochondrial transmembrane potential (6), as typ-
ically seen with this type of protein maturation process (34).
However, using protein extracts from transfected SH-SY5Y cells
expressing the three N-terminal-truncated PINK1 species, the
Western blot analysis pattern argues against the cleavage site
being either at amino acid 34 or amino acid 77 as predicted, but
rather between amino acids 91–101 (Fig. S6). This raises the
interesting possibility that PINK1 mitochondrial processing is
mediated by an atypical mitochondrial mechanism. Thus, it is
likely that PINK1 cleavage does not reflect a canonical matu-
ration process as initially thought.

In addition to a MTS, some mitochondrially targeted proteins
contain in their N-terminal region a hydrophobic sequence called
a stop-transfer signal to help anchor the imported polypeptide to
the mitochondrial membrane (34). We thus analyzed the sequence
of the N-terminal segment of PINK1 that follows the MTS and
precedes the kinase domain (Fig. 1A) by using TopPred (ftp://
ftp.ens.fr/pub/miobio), TMpred (http://www.ch.embnet.org/
software/TMPRED_form.html), and DAS (http://www.sbc.su.se/
�miklos/DAS/) transmembrane prediction programs. This analysis
revealed a highly probable TM domain (�2 on the Kyte-Doolittle
scale) of 16 residues located at amino acids 94–110. Using the
PINK1175–250 antibody, deletion of this sequence (PINK1�91–117) did
not prevent the import of the protein to the mitochondrion but
conferred a PK proteolytic profile similar to that of the matrix
protein HSP60 (Fig. 4C). Interestingly, on 10% SDS/PAGE,
PINK1�91–117 resolved as a doublet and not as a single species like
wild-type PINK1, indicating that once mislocated in the matrix,
some of PINK1�91–117 is cleaved by mitochondrial matrix proteases
or is subjected to a posttranslational modification that alters its
physical properties. Although additional work is required to clarify
this finding, our results indicate that the hydrophobic segment of
PINK1 at amino acids 94–110 is crucial to anchor PINK1 to the

mitochondrial membrane and to ensure that the kinase domain
faces the cytoplasm.

In light of the above data, we next tested our hypothesis that
PINK1 is inserted into the OMM by preparing submitochondrial
fractions (i.e., mitoplasts) using digitonin to peel the OMM (35).
After ultracentrifugation, the soluble fractions were enriched with
OMM proteins, such as TOM20, and were free of IMM proteins,
such as COX II, whereas the particulate fractions showed the

Fig. 4. The TM domain anchors PINK1 to the OMM by using PINK1175–250

antibody. (A) Schematic representation of PINK1 constructs with various
deletions. (B) SH-SY5Y cells transfected stably with empty vector (V), PINK1 (P),
PINK1�1–34, PINK1�1–91, and PINK1�1–150 are harvested to prepare cytosol and
mitochondrial fractions. All preparations are analyzed by Western blotting.
The percentages of various PINK1 constructs, including all degraded forms,
which localize to mitochondria, are quantified by using Scion Image software
and expressed as mean � SD (n � 3). Note that for PINK1�1–91, a large fraction
of its cytosolic portion was degraded and for PINK1�1–150 films are exposed for
a shorter time to avoid saturation (thus the nonspecific band is not seen).
Arrows, full-length constructs. Asterisks, nonspecific bands. (C) Mitochondria
are isolated from SH-SY5Y cells expressing PINK1�1–34 or PINK1�TM stably
followed by PK treatment as in Fig. 2. (D) Mitochondria are purified from
SH-SY5Y cells expressing PINK1, PINK1�1–77, or PINK1�TM stably followed by
permeabilization of the OMM with digitonin. After centrifugation, IMM
(pellet, P) is separated from the OMM (supernatant, S). The purity of the
fractions is assessed by probing the prepared fractions with antibodies to
VDAC, TOM20, and COX II.
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reverse (Fig. 4D). Probing the submitochondrial fractions from cells
expressing wild-type PINK1 with the PINK1175–250 antibody re-
vealed PINK1 immunoreactivity in both submitochondrial fractions
(Fig. 4D). However, in submitochondrial fractions from cells ex-
pressing a deletion of the TM (PINK1�TM), PINK1 was recovered
entirely in the IMM-containing fractions, whereas in cells express-
ing a truncation of the first 77 amino acids (PINK1�1–77), PINK1
was recovered mainly in the OMM-containing fractions. These
results suggest that PINK1 spans the OMM, but they do not allow
for precise definition of the intramitochondrial topology of the
PINK1 N terminus. This latter aspect will have to be elucidated by
future studies.

As noted earlier, the localization of PINK1 is controversial (6–9,
20–24). Although the exact methodologies used by different groups
(e.g., localization by using electron microscopy vs. immunoblotting,
use of different methods of subcellular fractionation, use of differ-
ent constructs and epitope tags, expression using transient vs. stable
transfections, use of different region-specific antibodies, use of
different protease-protection protocols) make it difficult to resolve
the discrepancies among the reported localizations of PINK1, our
results, which support a model in which PINK1 spans the OMM
with the N-terminal end inside the mitochondria and the C-
terminal kinase domain facing the cytosol, may help reconcile these
views. The questionable specificity of the large number of available
PINK1 antibodies may also have contributed to the confusion.
Therefore, the data reported in Table S1 may represent a unique
resource for researchers in the field to select a suitable immuno-
reagent for their work.

A topological model in which the C-terminal segment spans the
OMM and projects to the cytoplasm, while the N-terminal tail is
inside mitochondria, has also been documented for Mmm1 (36), a
yeast protein required for normal mitochondrial morphology and
mtDNA stability (37, 38). Despite the fact that no significant
structural homology exists between Mmm1 and PINK1, there is a
growing body of evidence that, like Mmm1, PINK1 influences
mitochondrial morphology (10, 15, 16, 18). In this context, our data
on PINK1 topology offer an important new piece of information
supporting the idea that the role of PINK1, and in particular of its
OMM-localized kinase domain, may involve phosphorylation of
molecules involved in mitochondrial dynamics that project to or are
in the cytoplasm. This PINK1 topology may also be relevant to the
reported genetic interaction between PINK1 and the essentially
cytosolic E3 ubiquitin ligase parkin (15, 16), which according to our
model could now interact with the part of PINK1 that extends
outside of the mitochondria.

Materials and Methods
Molecular Cloning. For stable PINK1-overexpressing cells, full-length PINK1
cDNA (OriGene) was subcloned into the mammalian expression vector pIRES2-
EGFP. A HA epitope (YPYDVPDYA) was inserted at the C terminus of PINK1 by
PCR. PINK1 mutants (A217D, T313M, L347P, and K219M) were generated by
using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene). PINK1
deletions [PINK1�1–34; PINK1�1–49; PINK1�1–63; PINK1�1–77; PINK1�1–91; PINK1�1–

117; PINK1�1–150; PINK1�TM (91–117-aa deletion)] were generated by PCR. For
transient transfection, eGFP cDNA was removed from the constructs to only
express PINK1. All constructs were confirmed by sequencing.

Cell Culture and Stable PINK1-Overexpressing Cells. Human neuroblastoma
SH-SY5Y (D. Yamashiro, Columbia University, New York), M17 (L. Petrucelli,
Mayo Clinic, Jacksonville, FL), and HeLa and COS7 cells (American Type Culture
Collection) were maintained in DMEM/Ham’s F-12 medium (Invitrogen) with
10% FBS and 1% (vol/vol) penicillin-streptomycin. MES23.5 cells (M. LaVoie,

Harvard University, Cambridge, MA) were maintained in DMEM/F12 medium
containing 1% N-2 supplement and 2% FBS. For stable overexpression, PINK1-
IRES-eGFP plasmids were transfected into cells by using FuGENE HD (Roche
Applied Science). eGFP-positive cells were selected by the FACSVantage cell
sorter (BD Biosciences, Franklin Lakes, NJ), and flow cytometric analysis was
performed on a FACScan cytometer (BD Biosciences, Franklin Lakes, NJ).

Immunocytochemistry. Cells were grown on glass coverslips, transiently trans-
fected with various constructs by using either FuGENE HD or Lipofectamine
2000 (Invitrogen), and processed as previous described (39). Primary antibod-
ies were: rabbit anti-PINK1 antibody (PINK1175–250) (Novus), mouse anti-myc
antibody (Abcam), rabbit anti-ENDOG antibody (ProSci), and mouse anti-
TOM20 (BD Biosciences, Franklin Lakes, NJ). Secondary antibodies were Igs of
the appropriate species conjugated to either Alexa Fluor 594 or Alexa Fluor
488 (Invitrogen). For mitochondrial labeling, cells were incubated with Mito-
Tracker Red CMXRos or MitoTracker Deep Red 633 (Invitrogen). For the liquid
absorption tests, PINK1 control peptide was purchased from Novus and the
recombinant TOM20 protein from Abnova.

Western Blot Analysis. Western blot analysis was performed as described in ref.
40 by using the primary antibodies raised against PINK1175–250 (Novus), PINK1
N4/15 (NeuroMab), HA (Santa Cruz Biotechnology), Myc (Abcam), TOM20 (BD
Biosciences, Franklin Lakes, NJ), and �-actin (Sigma Aldrich). Band quantification
was performed by using Scion Image software, and all immunoblot data were
fromthree independentexperiments. InadditiontotheECLmethod, theOdyssey
Infrared Imaging system was used for fluorescence immunoblotting with IRDye
dye-labeled secondary antibodies (LI-COR). For liquid absorption tests, PINK1
blocking peptide and recombinant TOM20 protein were obtained from the
sources indicated above, in Immunocytochemistry. The ENDOG blocking peptide
was from Prosci and the HSP60 blocking peptide from Santa Cruz Biotechnology.

Mitochondrial Fractionation and Carbonate Extraction. These procedures were
performed as described in ref. 40. The purity of each fraction was determined
by using anti-HSP60 and anti-HSP70 antibodies. Cytoplasmic fractions were
concentrated by using centricon YM-10 devices (Millipore) according to the
manufacturer’s instructions.

PK Treatment. For PK digestion, fresh isolated mitochondria were resuspended
in isotonic mitochondrial buffer [250 mM sucrose, 10 mM Hepes, 10 mM KCl,
2 mM MgCl2, 1 mM EDTA (pH 7.4)] and incubated with various concentrations
of PK for 20 min on ice. Digestion was terminated with 5 mM phenylmethyl-
sulfonyl fluoride. Mitochondrial proteins were separated by SDS/PAGE and
proteins were detected by Western blot analysis.

RNA Extraction and Real-Time PCR Analysis. Total RNA from HeLa cells, SH-SY5Y
cells, SH-SY5Y cells stably expressing GFPu (GFPu SH-SY5Y), and mice and
human tissues were prepared by using TRIzol (Invitrogen) according to the
manufacturer’s instructions and then reversely transcribed to cDNA with the
SuperScript First-strand Synthesis System (Invitrogen). The resulting cDNAs
were quantified by real-time PCR with TaqMan Gene Expression Assays as per
the manufacturer’s instructions (Applied Biosystems) by using an ABI Prism
7000 Sequence Detection system.

siRNA Down-Regulation of PINK1. Silencer validated siRNA (ID: 1199, Ambion)
and Hs�PINK1�4 HP validated siRNA (Qiagen) were selected for PINK1 knock-
down. Two scramble siRNAs [Silencer negative control 1 siRNA (Ambion) and
negative control siRNA (Cat 1022076, Qiagen)] with no known mammalian
homology were used as negative controls. SH-SY5Y and HeLa cells were
transfected with siRNAs (final concentration 100 nM) by using Lipofectamine
2000 (Invitrogen). After 24 h, sister cultures were used for real-time PCR
analysis, and other sister cultures were treated with MG132 for another 24 h
and then harvested for Western blot analysis.
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