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Pinkl Forms a Multiprotein Complex with Miro and Milton, Linking Pinkl
Function to Mitochondrial Trafficking®
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ABSTRACT: Recessive mutations in Pink1 lead to a selective degeneration of dopaminergic neurons in the
substantia nigra that is characteristic of Parkinson disease. Pinkl is a kinase that is targeted in part to
mitochondria, and loss of Pink1 function can alter mitochondrial morphology and dynamics, thus supporting
a link between mitochondrial dysfunction and Parkinson disease etiology. Here, we report the unbiased
identification and confirmation of a mitochondrial multiprotein complex that contains Pink1, the atypical
GTPase Miro, and the adaptor protein Milton. Our screen also identified an interaction between Pinkl
and Mitofilin. Based on previously established functions for Miro and Milton in the trafficking of
mitochondria along microtubules, we postulate here a role for Pink1 in mitochondrial trafficking. Using
subcellular fractionation, we show that the overexpression of Miro and Milton, both of which are known
to reside at the outer mitochondrial membrane, increases the mitochondrial Pink1 pool, suggesting a function
of Pinkl at the outer membrane. Further, we document that Pink1 expressed without a mitochondrial
targeting sequence can still be targeted to a mitochondria-enriched subcellular fraction via Miro and Milton.
The latter finding is important for the interpretation of a previously reported protective effect of Pinkl
expressed without a mitochondrial targeting sequence. Finally, we find that Miro and Milton expression
suppresses altered mitochondrial morphology induced by loss of Pink1 function in cell culture. Our findings

suggest that Pinkl functions in the trafficking of mitochondria in cells.

Parkinson disease (PD)' is the second most common
neurodegenerative disorder and results largely from the
progressive loss of dopaminergic neurons in the pars
compacta of the substantia nigra. Mitochondrial dysfunction,
oxidative damage, and abnormal protein accumulation likely
play key roles in the etiology of sporadic PD and also rare
familial forms of PD (7). Originally, mitochondrial dysfunc-
tion was implicated in PD because complex I inhibitors
induce PD-like phenotypes in animals and humans. Later,
demonstration of the involvement in normal mitochondrial
function of the three autosomal recessive PD (ARPD) gene
products, Parkin, DJ-1, and Pinkl, strengthened the link
between PD and mitochondrial biology (2). But exactly how
these three proteins influence mitochondrial function is
unclear.

Pinkl contains an N-terminal mitochondrial targeting
sequence (MTS) and a large serine/threonine kinase domain
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(3). Reduced Pink1 kinase function can presumably precipi-
tate PD in humans (4). The mitochondrial localization of
Pinkl (5, 6), alterations in mitochondrial morphology,
dynamics and function caused by Pinkl deficiency (7—11),
and the discovery of a mitochondrial Pink1 substrate, TRAP1
(12), all point to a central role of Pinkl in normal mito-
chondrial function. However, recent data suggest that Pink1
also acts outside of the mitochondria. In this regard, we and
others have shown that both the full-length precursor (Pink1
66 kDa) and the mature, processed isoform (Pink1 55 kDa)
not only exist in mitochondria but are also detectable in
cytosol and microsomes (5, 6, 13). In addition, a recent study
showed that the kinase domain of mitochondrial Pink1 faces
the cytosol (/4). Moreover, an artificial cytosolic form of
Pinkl, i.e., expressed without its MTS (AMTS-Pinkl),
protects against the PD-causing complex I inhibitor, MPTP,
in vivo and in vitro (13). Thus, it is important to elucidate
whether and how a cytosolic form of Pinkl can affect
mitochondria.

In this study, we sought to identify in an unbiased fashion
mitochondrial proteins that interact with Pinkl. Through a
mass spectrometry screen, we have identified a novel
multiprotein complex that points strongly to an apparent
function of Pinkl1 in mitochondrial trafficking. Further, we
report experiments that establish the relevance of this new
protein complex for the subcellular distribution of Pink1, for
the recently described protective cytosolic form, AMTS-
Pink1, and for alterations in mitochondrial morphology upon
Pink1 silencing.
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EXPERIMENTAL PROCEDURES

Plasmids. Pinkl, Pinkl1-FLAG, and Pinkl-FLAG KD
expression vectors have been described before (6). To
produce an AMTS-Pinkl expression vector, the sequence
corresponding to Pinkl amino acids 112—581 was PCR
amplified and cloned into pcDNA3.1+ (Invitrogen). Primers
were designed with a BamHI site and start codon at the 5
end and an EcoRI site after the stop codon at the 3" end.
AMTS-Pink1-FLAG was cloned by adding a FLAG epitope
tag into the 3" primer before a stop codon. pPRK5Myc Miro-2
and Miro-1 constructs were generous gifts of P. Aspenstrom
(15), and Xpress-tagged Milton-1 (OIP106) (/6) has been
described before. GST-mouse Pink1 was a generous gift of
Huaibin Cai.

Antibodies. Polyclonal rabbit anti-Pink1 antibody (BC100—
494) was purchased from Novus Biologicals (Littleton, CO)
and used at dilutions of 1:1000 for infrared and 1:10000 for
chemiluminescent immunoblotting. The following antibodies
were used at dilutions recommended by their manufacturers:
monoclonal mouse M2 anti-FLAG and polyclonal rabbit
(A14) anti-Myc from Sigma Aldrich (St. Louis, MO),
monoclonal mouse anti-actin (8226) from Abcam (Cam-
bridge, MA), polyclonal anti-VDAC from Affinity Bioreagents
(Golden, CO), polyclonal rabbit anti-calnexin from Stress-
gene (San Diego, CA), mouse monoclonal anti-Myc (9E10)
from Santa Cruz Biotechnology (Santa Cruz, CA), polyclonal
rabbit anti-Miro-2 (RHOT?2) and anti-Mitofilin IMMT) from
Proteintech Group Inc. (Chicago, IL), and anti-Xpress from
Invitrogen (Carlsbad, CA).

Cell Culture and Pinkl shRNA Silencing. COS7 and
HEK?293-FT cells were cultured in DMEM containing 10%
fetal bovine serum, penicillin (100 units/mL), streptomycin
(100 pg/mL), and L-glutamine. Transient transfections were
performed using Fugene6 (Roche) according to the manu-
facturer’s protocol. In order to knock down endogenous
human PINKI1, we made two separate shRNA constructs
(target sequences 5-GCTGGAGGAGTATCTGATAGG, start-
ing at nucleotide 550 of human PINK1, and 5-GGGAGC-
CATCGCCTATGAAAT, starting at nucleotide 1411) and
a control shRNA (5-CCTAGACGCGATAGTATGGACQ).
These sequences were cloned into pLenti6, packaged, and
used to transduce M17 cells (5). Knock down was confirmed
using qRT-PCR methods described previously (5). Trans-
duced M17 cells were maintained in phenol red-free Opti-
MEM (Invitrogen) with 10% FBS and 5 pg/mL blasticidin
with no additional supplements.

Cell Fractionation and Its Quantitative Analysis, Immu-
noprecipitation, and Immunoblotting. Cell fractionations,
immunoprecipitations, and immunoblotting were done as
described in detail previously (6), with the following minor
modifications. For the double co-ip approach, transfected
cells were lysed in 1% TX-100, PBS, and 1 mM EDTA,
plus protease and phosphatase inhibitors, and anti-FLAG
immunoprecipitates were eluted by incubation for 1 h with
0.3 ug/mL FLAG peptide in 1% TX-100, PBS, and 1 mM
EDTA at room temperature. Quantitative analysis of sub-
cellular fractionation was done as described previously (6).
In short, protein levels of Pinkl 66 kDa, Pinkl 55 kDa, or
AMTS-Pink!l were determined in S100k (cytosolic), P10k
(mitochondrial), and P100k (microsomal) fractions by quan-
titative infrared immunoblotting (Licor). The sum of the three
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fractions represents the total protein. The relative distribution
of the protein of interest among the three fractions was then
calculated as a percentage of total protein. Statistical analysis
was carried out using Prism 4.0 (GraphPad).

Immunoisolation and MS/MS Analysis of Mitochondrial
Pinkl Complexes. Production of mitochondrial fractions and
MS/MS analysis of Pinkl complexes were performed as
described before, with minor modifications (6). Briefly, crude
mitochondrial fractions were isolated by homogenizing
HEK293-FT cells transduced with lentivirus expressing
Pink1-FLAG IRES GFP, followed by differential centrifuga-
tion and washing. Subsequently, Pink1-FLAG complexes
were immunoisolated from solubilized mitochondria using
anti-FLAG agarose beads (Sigma). After intensive washing,
specific Pink1-FLAG complexes were eluted from the beads
using a FLAG peptide and analyzed using MS/MS sequenc-
ing. As a negative control, the same procedure was done
simultaneously with an equal number of cells expressing only
IRES GFP. Only proteins which were covered by six or more
peptides in the Pinkl1-FLAG sample but were completely
absent from the mock control were designated potential Pink1
interacting proteins.

Confocal Microscopy. Cells were seeded in LabTekII-
borosilicate chambered coverglass (Nunc) and were tran-
siently transfected with 0.5 ug of mitochondrial matrix-
localized YFP in serum-free, phenol red-free OptiMEM. Live
cells were imaged using a 100x Plan-Apochromat 1.4/Oil
DIC objective lens (Carl Zeiss) with an excitation wavelength
set to 514 nm.

RESULTS

Isolation and MS/MS Analysis of Pinkl Complexes De-
rived from Isolated Mitochondria Reveal New Potential
Pinkl Binding Partners. The mechanism by which loss of
Pinkl1 function in flies and HeLa cells causes alterations in
mitochondrial morphology is unknown (7, 8, 10). In order
to obtain new information about Pinkl function in mito-
chondria per se, we immunoisolated Pinkl complexes from
a mitochondria-enriched fraction of HEK293-FT cells trans-
duced with lentivirus expressing human Pinkl with a
C-terminal FLAG epitope. These complexes were then
analyzed by MS/MS sequencing. As a negative control, a
mock isolation was performed through an identical procedure
on mitochondria derived from HEK293-FT cells transduced
with mock lentivirus. The MS/MS data revealed, aside from
Pink1, two other predicted mitochondrial proteins that were
both covered by more than five tryptic peptides but com-
pletely absent in the mock eluate (Figure 1A). These proteins
are the atypical GTPase, Miro-2, that is implicated in
mitochondrial homeostasis and trafficking (15, 17, 18), and
Mitofilin, which controls crista morphology (/9). To confirm
that endogenous Miro-2 and Mitofilin interact with Pinkl,
we transiently expressed Pink1-FLAG or mock DNA into
HEK293-FT cells and probed FLAG immunoprecipitates
(ip’s) from these lysates for endogenous Miro-2 and Mito-
filin. As shown in Figure 1B, endogenous Miro-2 and
Mitofilin were only found in the ip when Pink1-FLAG was
coexpressed, confirming our MS/MS data. It is important to
emphasize that there are no known antibodies which can
detectably immunoprecipitate endogenous Pinkl, as its
cellular levels are very low in cell culture. In the following
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FIGURE 1: Identification of Miro-2 and Mitofilin as mitochondrial
Pinkl1 binding proteins. (A) MS/MS sequencing results of Pink1-
FLAG pulldown from mitochondria. Relative peak area comparison
between Pink1-FLAG (PF) and negative control (—) reveals Miro-2
and Mitofilin as specific Pinkl binding partners. (B) Confirmation
of the novel Pinkl binding partners. Pink1-FLAG or mock vector
was transiently expressed in HEK293-FT cells. Cells extracts were
probed for Miro-2, Mitofilin, and Pink1 (Input) and then subjected
to immunoprecipitation (IP) with an anti-FLAG antibody. Western
blotting for endogenous Miro-2 and Mitofilin confirmed the
detection by MS/MS sequencing.

work, we focus on the newly revealed Pink1/Miro-2 interac-
tion and its functional relevance.

Pinkl Forms a Protein Complex with Miro and Milton.
The atypical GTPase, Miro, and the adapter protein, Milton,
are known to be part of a protein complex that is attached at
the mitochondrial outer membrane facing the cytosol. This
complex links the heavy chain of conventional kinesin to
mitochondria for anterograde axonal transport of mitochon-
dria along microtubules in Drosophila (20, 21). Our newly
identified Pinkl/Miro interaction raised the question of
whether Pinkl is part of the Miro/Milton complex and thus
potentially involved in the regulation of mitochondrial
trafficking. To address this question, we first sought to
demonstrate the Pink1/Miro interaction in a heterologous
expression system. We transiently cotransfected Pink1-FLAG
and Myc-Miro-2 into COS7 cells and then probed FLAG
ip’s for Myc-Miro-2. Whereas no Myc-Miro-2 was detected
in FLAG 1ip’s in the absence of Pinkl-FLAG expression
(Figure 2A, lane 1), Miro-2 was detected in FLAG ip’s upon
Pink1-FLAG coexpression (Figure 2A, lane 2). A kinase-
dead (KD) mutant version of Pinkl had similar Miro-2
binding (Figure 2A, lane 3). The reverse co-ip, i.e., Myc-
Miro ip’s probed for Pinkl, revealed a specific interaction
between Miro-2 and both Pinkl isoforms (66 and 55 kDa)
(Figure 2B). Pink1 also coimmunoprecipitated with Miro-1,
which shares 54% identity and 68% similarity with Miro-2
(data not shown). As pointed out above, available Pinkl
antibodies have been shown not to be sensitive enough to
detect all endogenous protein interactions of Pink1 (/4), and
we carried out extensive attempts to detect endogenous Pink1
by ip, co-ip, and/or Western blotting and confirmed this
problem. To determine whether exogenous Pinkl is part of
the Miro-2/Milton complex, we used a double co-ip protocol.
COS7 cells coexpressing combinations of Xpress-Milton-1
with Pink1-FLAG and/or Myc-Miro-2 were subjected to an
anti-FLAG (Pink1) ip followed by elution with a FLAG
peptide (i.e., nondenaturing). The eluate was then subjected
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FIGURE 2: Pink1 forms a protein complex with Miro-2 and Milton-
1. (A) Pinkl-FLAG, Pinkl kinase-dead (KD) FLAG, or mock
vector was transiently cotransfected with Myc-Miro-2 into COS7
cells. Cell extracts were probed for transfected proteins (Input) and
then subjected to IP with an anti-FLAG antibody (M2). Immuno-
precipitates were then probed for Myc-Miro-2 and Pink1-FLAG.
(B) Myc-Miro-2 or mock vector was cotransfected with Pink1 into
COS7 cells. Cell extracts (Input) were analyzed for expression of
transfected proteins using Western blotting and then subjected to
IP with an anti-Myc antibody (A14). Immunoprecipitates were
probed for Pink1-FLAG and Myc-Miro-2. (C) Sequential co-IPs
reveal a Pink1/Miro-2/Milton-1 multiprotein complex. Xpress-
Milton-1 was transiently coexpressed with Miro-2 and/or Pink1-
FLAG in COS7 cells. Cell extracts were subjected to an anti-FLAG
IP. Immunoprecipitates were then eluted using a FLAG peptide
and subjected to an anti-Myc IP. Cell extracts (Input) and both of
the immunoprecipitates were probed for Pink1-FLAG, Myc-Miro-
2, and Xpress-Milton-1, revealing a multiprotein comprised of
Pink1, Miro-2, and Milton-1 (middle lane). Names of the antibodies
applied are shown in parentheses; * indicates a cross-reactive band.

to a second ip with an anti-Myc resin (for Miro-2). As shown
in Figure 2C, Xpress-Milton was only present in the second
co-ip when Pink1-FLAG and Myc-Miro-2 were coexpressed,
whereas the presence of Xpress-Milton-1 in the first co-ip
depended only on Pinkl-FLAG expression. Interestingly,
Xpress-Milton-1 co-ip’d more efficiently with Pink1-FLAG
when Myc-Miro-2 was coexpressed (Figure 2C, compare
lanes 2 and 3). Moreover, Miro-2 coexpression increased
the Pink1l 66 kDa/55 kDa ratio (6) by decreasing the Pinkl
55 kDa level (Figure 2B,C, top panels). Taken together, these
findings demonstrate a protein complex that contains exog-
enous Pink1-FLAG, Myc-Miro-2, and Xpress-Milton-1.
Overexpression of either Miro-2 or Milton-1 Markedly
Increases the Percentage of Pinkl in the Mitochondrial Pool.
The Milton/Miro protein complex is known to localize to
mitochondria despite the lack of an obvious mitochondrial
targeting sequence on either protein (/5, 27). Miro is
anchored facing the cytosol in the outer mitochondrial
membrane by its extreme C-terminal transmembrane domain
and thereby couples the Miro/Milton complex to the mito-
chondrion (22). Having shown above that Pink1 is part of
the Miro/Milton protein complex, we asked next whether
increasing either Milton or Miro protein levels enhances the
mitochondrial localization of Pinkl. To this end, we used
subcellular fractionation by differential centrifugation to
ascertain the distribution of transiently expressed Pinkl
among cytosolic (S100k), mitochondria-rich (P10k), and
microsome-rich (P100k) fractions in COS7 cells transiently



2048 Biochemistry, Vol. 48, No. 9, 2009
A e
=)
Pink1 66 kDa Jo —— e — 64 kDa
Pink1 55 kDa St SRR S
-180 kDa
Xpress-Milton-1
-115 kDa
Myc-Miro-2 -82kDa
- 49 kDa
ACHn m— —
- -37kD
VDAC e —— @
) ' -115 kDa
Calnexin e — - -
-82kDa
C & -
> N & O
& 2 ¢S

Pink1 66 KDa | det

—
Pink1 55 kDa Wi - [ 64 KDa

. -180 kDa
Xpress-Milton-1 g —
-115 kDa
Myc-Miro-2 - 82 kDa
~ -49kDa
Actin ~——— it

-~ - -37 kDa

VDAC .: -—
. -115 kDa

Calnexin . - -
— - 82kDa
E I Mock
[ Myc-Miro-2

Pink1 55 kDa [%]
S >
1 1

N
o
1

0-

N N
S N Q
%\ Q Q\

[~ Xpress-Milton-1

Weihofen et al.

B - S
>y & &
& ¢
Pink1 66 kDa e — —— 4 Da
Pink1 55kDa =~ =
. -180 kDa
Xpress-Milton-1
—— -115 kDa
Myc-Miro-2 i) —— @ s 52 kD
-49 kDa
ACtin w— —
- 37 kDa
VDAC e —
-115kDa
Calnexin —
i - 82 kDa
D 80 o [ Mock
701 3 Myc-Miro-2
60 i [ Xpress-Milton-1
S
8 50
X
©o 407 Hokk
©
X 307
£
o 201
10711,
o i
& &
Q N QS
N Q ]

FIGURE 3: Overexpression of Miro-2 or Milton-1 increases the percentage of Pinkl in the mitochondrial pool. Subcellular fractionation
using differential centrifugation of COS7 cells that transiently coexpress (A) mock, (B) Myc-Miro-2, or (C) Xpress-Milton-1 vectors together
with Pinkl. Fractions were probed for Pinkl, Myc-Miro-2, Xpress-Milton-1, and compartment marker proteins by Western blotting. (D)
Quantitative analysis of relative subcellular distributions among cytosolic (S100k), mitochondria-rich (P10k), and microsome-rich (P100k)
fractions of Pinkl 66 kDa (D) and Pinkl 55 kDa (E) after mock, Myc-Miro-2, or Xpress-Milton-1 expression (n = 3, means == SEM).
Significant changes vs mock are indicated (¥, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA with Newman—Keuls multiple

comparison test).

expressing Miro-2 or Milton-1 (Figure 3A—C). The subcel-
lular fractionation was verified by immunoblotting for marker
proteins such as actin (cytosol), VDAC (mitochondria), and
calnexin (endoplasmatic reticulum). Immunoblotting for
Miro-2 (Figure 3B) and Milton-1 (Figure 3C) confirmed their
predominantly mitochondrial (P10k) localization. Pinkl
coexpression did not alter their subcellular distribution (data
not shown). We then calculated the percentage distribution
of the Pinkl 66 kDa and 55 kDa isoforms by applying
quantitative infrared immunoblotting, as described previously
(6). First, we compared the distribution among the three
subcellular fractions of Pinkl 66 kDa in mock (Figure 3A),
Miro-2 (Figure 3B), or Milton-1 (Figure 3C) transfected cells
(results quantified in Figure 3D). The mitochondria-enriched
(P10K) pool of Pinkl 66 kDa dramatically increased from
29.1 %+ 3.4% (mock) to 74.2 &+ 2.1% of the total pool after
Miro-2 coexpression or to 57.7 £ 4.0% after Milton-1
coexpression (means = SEM, n = 3). Conversely, Miro-2
and Milton-1 expression led to a significant decrease of Pinkl
66 kDa in the cytosolic pool (11.7 £ 2% (mock) to 2.9 £+
0.9% with Miro-2 and to 5.1 + 0.3% with Milton-1, means
+ SEM, n = 3) and also a decrease in the microsome-rich

fraction (64.3 £+ 4.3% (mock) to 23.1 £+ 1% for Mito-2 and
to 33.6 = 2.1% for Milton-1, means = SEM, n = 3).
Similarly, Pink1 55 kDa levels (quantified in Figure 3E) in
the mitochondria-rich fraction increased from 38.4 4 2.8%
(mock) to 82.8 + 9% with Miro-2 and 81.7 £ 1.8% with
Milton-1 (means = SEM, n = 3), whereas they decreased
in the cytosolic pool (20.6 = 2.2% (mock) to 6.5 + 4.7%
with Miro-2 and 6.9 + 0.9% with Milton-1 coexpression;
means == SEM, n = 3) and likewise in the microsome-rich
fraction (38.99 + 4.2% (mock) to 13.4 + 7.1% with Miro-2
and 11.2 + 1.2% with Milton-1 coexpression; means =+
SEM, n = 3). These findings reveal that Miro-2 or Milton-1
expression can robustly recruit Pinkl to the mitochondria-
rich fraction.

Pinkl Lacking Its MTS Localizes to the Outer Mitochon-
drial Membrane. Overexpression of Pink1 lacking its mito-
chondrial targeting sequence (AMTS-Pinkl) has been re-
ported to protect against MPTP toxicity in cultured cells and
in vivo (13). However, reports regarding the subcellular
localization of AMTS-Pink1 are conflicting (13, 23). Intu-
itively, it is plausible that lack of its MTS abolishes the
mitochondrial localization of Pink1 and that this N-terminally
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FIGURE 4: Miro-2 and Milton-1 recruit AMTS-Pink1 to mitochon-
dria. (A) AMTS-Pinkl interacts with Miro-2. Transient cotrans-
fections of Myc-Miro-2 into COS7 cells with mock, Pink1-FLAG,
or AMTS-Pink1-FLAG (Pink1 aa 112—581) vectors. Cell extracts
were probed (Input) for Pink1l and Myc-Miro-2 and then subjected
to co-ip with an anti-FLAG antibody (M2). Western blotting of
precipitates probed for Myc-Miro-2 and Pink1 demonstrated specific
binding of both Pink1-FLAG and AMTS-Pinkl-FLAG to Myc-
Miro-2. (B) Quantitative analysis of the relative subcellular
distributions across cytosolic (S100k), mitochondria-rich (P10k),
and microsome-rich (P100k) fractions of AMTS-Pink1 transfectants
after mock, Myc-Miro-2, or Xpress-Milton-1 coexpression (n = 3,
means = SEM). Significant changes are indicated (*, p < 0.05;
*#* p < 0.01; *** p < 0.001; one-way ANOVA with Newman—
Keuls multiple comparison test). A representative infrared AMTS-
Pink1 immunoblot of the S100k, P10k, and P100k fractions upon
mock, Myc-Miro-2, or Xpress-Milton-1 transfection is shown below
the graph.

truncated Pink1 form then resides in the cytosol, as suggested
by data from Haque et al. (/3). On the other hand, a confocal
microscopy study clearly showed that a AMTS-Pinkl was
at least partially localized to mitochondria, suggesting that
mitochondrial localization can occur independently of the
MTS targeting mechanism (23). In light of our new findings
(above), we hypothesized that this apparently persistent
mitochondrial localization of AMTS-Pinkl could be due at
least in part to the formation of a Miro/Milton/AMTS-Pink1
complex at the outer mitochondrial membrane. Here, we
report experiments supporting this hypothesis.

First, we asked whether AMTS-Pinkl1 is still capable of
binding to Miro-2. We generated A1—111 mutant Pink1 that
migrates very close to the size of mature, processed Pinkl
55 kDa on SDS—PAGE (Figure 4A and data not shown)
and is thus reasonable to use; it is the same length as a
AMTS-Pink1 construct reported previously (/3). We tran-
siently cotransfected Myc-Miro-2 with Pink1-FLAG or else
with AMTS-Pink1-FLAG into COS7 cells and probed FLAG
immunoprecipitates for Myc-Miro-2. Both the wt and N-
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terminally truncated Pinkl specifically co-ip’d with Myc-
Miro-2 (Figure 4A), showing that AMTS-Pink1 can be part
of the Miro/Milton protein complex. Next, we wanted to
address the controversial subcellular localization of AMTS-
Pink1, using our established subcellular fractionation protocol
(6). Supporting the confocal microscopy data of Plun-Favreau
et al. (23), we found that there was a readily detectable
amount of AMTS-Pink1 in the mitochondria-rich (P10k) and
microsome-rich (P100k) subcellular fractions (Figure 4B,
open bars). As expected, the cytosolic pool of AMTS-Pink1
is higher and the mitochondrial pool is lower than is the case
with the wt Pink1 66 kDa and 55 kDa species (compare open
bars in Figure 4B and Figure 3D,E). On the basis of our
data and hypothesis stated above, we predicted that the
percentage of mitochondrial localization of AMTS-Pink1
would increase upon Miro-2 or Milton-1 expression. Indeed,
as shown in Figure 4B, we found that both Miro-2 and
Milton-1 expression dramatically increased the relative levels
of AMTS-Pink1 in the mitochondria-rich pool (19.3 & 3.4%
(mock) to 70.8 & 1% for Miro-2 coexpression and to 42.2
+ 5.9% for Milton-1 coexpression), while they significantly
decreased the cytosolic AMTS-Pinkl pool (39.3 £ 1.6%
(mock) to 10.1 & 2.4% for Miro-2 and to 28.5 + 4.1% for
Milton-1) and the microsome-rich AMTS-Pink1 pool (41.2
+ 4.7% (mock) to 18.9 £+ 2.7% for Miro-2 and to 29.3 +
2.6% for Milton-1). These findings suggest that Pinkl
expressed without its MTS can nevertheless be partially
localized to mitochondria, and this localization is markedly
enhanced by expressing Miro or Milton.

Miro and Milton-1 Expression Rescues the Altered Mito-
chondrial Morphology Induced by Pinkl Loss of Function.
RNAi-mediated silencing of Pinkl results in altered mito-
chondrial morphology in HeLa cells, and this alteration can
be rescued by Parkin overexpression (8). We used confocal
microscopy to probe for a potential effect of Miro and Milton
expression on the altered mitochondrial morphology induced
by loss of Pinkl function. First, we imaged mitochondrial
morphology in M17 neuroblastoma cells stably expressing
either scrambled control or Pinkl shRNA. Mitochondrial
morphology was visualized by transient expression of mito-
YFP and fluorescence microscopy. Efficient Pinkl silencing
by shRNA was confirmed using RT-PCR (Supporting
Information Figure S1), again because no available antibodies
can detect endogenous Pink-1 protein in M17 cell lines. For
quantitative analysis of morphologically altered mitochondria,
we distinguished between cells with elongated, aggregated,
or fragmented mitochondria, as exemplified in Figure SA.
We found that Pinkl silencing significantly altered mito-
chondrial morphology: M17 cells with elongated mitochon-
drial morphology decreased from 67.5 £ 2.1% to 32.5 £
1.6%, while cells with a fragmented mitochondrial morphol-
ogy increased from 32.5 £ 2.1% to 67.5 & 1.6% upon Pink1
shRNA-mediated silencing (Figure 5C). Expression of mouse
Pink1 (which cannot be targeted by our Pink-1 shRNA)
completely rescued this altered mitochondrial morphology,
as expected (Supporting Information Figure S2a,b). This
rescue experiment shows that the observed morphology
alterations are not due to nonspecific ShRNA effects. Next,
we asked if Miro-2 or Milton-1 expression had an effect on
these alterations. Expression of each protein was confirmed
by Western blotting (Figure 5B). In the presence of Miro-2
or Milton-1, there were no longer any significant differences
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FIGURE 5: Both Miro-2 and Milton-1 overexpression suppress
alterations of mitochondrial morphology induced by Pink1 silencing
in M17 cells. (A) Examples of mitochondrial morphology from
control shRNA lines showing mito-YFP labeled cells with elon-
gated, aggregated, or fragmented mitochondria (scale bar, 2 um).
(B) Transient transfections of Myc-Miro-2 or Xpress-Milton-1 into
M17 cells stably expressing either scrambled control or Pinkl
shRNA. Cell extracts were then probed for transfected proteins by
Western blot analysis. (C) Quantitative analysis of mitochondrial
morphology after Pinkl silencing without vs with Miro-2 or
Milton-1 overexpression (n = 4, means == SEM, 30 cells counted
per experiment). Significant changes (vs the control shRNA
condition) are indicated (*, p < 0.05; **, p < 0.01; *** p < 0.001;
one-way ANOVA with Newman—Keuls multiple comparison test).
Absence of the first two bars (Control shRNA and Pink1 shRNA)
in the aggregated category indicates that essentially no aggregated
mitochondria were observed in these cells.

in mitochondrial morphology between cells expressing
control or Pinkl shRNA (Figure 5C). That is, coexpression
of Miro-2 or Milton-1 returned the morphological alterations
of mitochondria induced by Pinkl silencing to normal.
Notably, the Miro-2 or Milton-1 coexpressing cells display
a small proportion of aggregated mitochondria, in addition
to elongated and fragmented ones (Figure 5A,C). Similar
results were obtained with Miro-1 expression (data not
shown). These results show a functional interaction between
Pink1, Miro, and Milton-1 with regard to the maintenance
of proper mitochondrial morphology.

DISCUSSION

PD is one of several neurodegenerative diseases linked to
mitochondrial dysfunction. The functions of specific mito-
chondrial proteins implicated in these diverse diseases include
modifiers of respiratory chain complexes, metabolic enzymes,
chaperones, and regulators of mitochondrial dynamics (24).
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Here, we provide evidence that Pink1, which is genetically
linked to PD, may participate in mitochondrial trafficking.

Milton and Miro are part of an essential protein complex
that is known to link kinesin-1 to mitochondria for antero-
grade transport of mitochondria (18, 20, 25). Milton (i.e.,
Milton-1 (OIP106) and Milton-2 (GRIF-1) in humans (26))
serves as the adapter molecule that connects microtubules
via kinesin to the mitochondrial-anchored Miro protein (20).
Miro (i.e., Miro-1 and Miro-2 in humans) is an atypical
GTPase that contains tandem GTP-binding domains sepa-
rated by a linker region with putative calcium-binding EF-
hand domains (/5). Genetic studies in yeast show that all
domains of Gemlp (i.e., yeast Miro) are required for proper
mitochondrial morphology (22). Calcium stops mitochondrial
movement, and it has been speculated that Miro’s calcium-
binding EF-hand domains could be important for this effect
(20).

Taken together, these various published findings indicate
that a function of the Miro/Milton complex in mitochondrial
trafficking is well established. Thus, our identification of
Pink1 as a member of this multiprotein complex makes it
very likely that Pinkl is involved in the function of the
complex, namely, mitochondrial trafficking. To strengthen
this finding, it is now critically important for the field to
develop better Pinkl antibodies (/4) that will allow the
detection and characterization of endogenous Pinkl protein
complexes.

Pinkl expressed without its mitochondrial targeting
sequence protects neurons against the dopaminergic neu-
rotoxin MPTP (/3). These data strongly suggest that Pink1
can play a role relevant to PD mechanisms outside of
mitochondria. Confocal immunofluorescence studies have
suggested that AMTS-Pinkl partially overlaps with a
mitochondrial marker stain (23), although this result has
been controversial (/3). Our study now provides data that
help to resolve this debate. First, we show by subcellular
fractionation using differential centrifugation that about
20% of AMTS-Pinkl expressed in COS7 cells is found
in the mitochondria-rich subcellular fraction. Our data are
in agreement with the very recently published study
showing that around 26% of exogenous Pinkl A1—91 in
SH-SYS5Y cells is mitochondrial (/4). The failure of Haque
et al. (/3) to detect AMTS-Pinkl in the mitochondrial
fraction using differential centrifugation could be ex-
plained by their use of NIH 3T3 cells. As they report,
even wt Pink1 is only detectable at very low levels in the
mitochondrial fraction of NIH 3T3 cells. Zhou et al. (/4)
recently provided evidence that the kinase domain of
mitochondrial Pink1 faces the cytosol. Their experiments
suggest that Pinkl is anchored at the mitochondria by a
transmembrane domain. Small amounts of full-length
Pink1 have been reported in cytosolic fractions of over-
expressing cells, suggesting that the full-length protein is
not solely membrane-anchored (5, 6, 13). Our new findings
offer an alternative mechanism: that Pinkl 66 and 55 kDa
and AMTS all bind to the Miro-2/Milton-1 complex,
which is well-known to reside at the outer mitochondrial
membrane facing the cytosol. Indeed, we show that
increasing either Miro or Milton retains more Pinkl in
the mitochondria-rich fraction. Thus, we propose that
Pinkl can also act in an MTS-independent fashion at the
mitochondrion and can be retained on the surface of the
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mitochondrion by the Miro/Milton complex. Future ex-
periments will determine whether Pink1 being part of the
Miro/Milton complex is sufficient for its localization at
the outer mitochondrial membrane and also whether the
AMTS-Pink1/Miro/Milton complex is involved in the
reported protective property of AMTS-Pinkl against
toxicity by the mitochondrial toxin, MPTP.

Our mitochondrial morphology imaging data show
increased mitochondrial fragmentation after Pink1 silenc-
ing that is fully suppressed by Miro overexpression. These
data provide a functional link for mitochondria between
Miro and Pinkl. Although this rescue experiment appar-
ently places the GTPase Miro downstream of Pinkl,
overexpression of Miro leads to an increased Pinkl 66/
55 kDa ratio, suggesting also potential upstream effects
of Miro on Pinkl. A similar phenomenon regarding Pink1
has been observed previously for Parkin (6). The striking
increase in mitochondrial fragmentation when Pinkl1 is
silenced points to a defect in mitochondrial fusion. But
one important concept in mitochondrial dynamics is that
mitochondrial trafficking and fusion are not completely
independent of one another (27). Because proper mito-
chondrial fusion requires mitochondrial trafficking, it is
possible that the observed fragmentation phenotype is
mostly due to an impaired function of the Pink1/Miro/
Milton protein complex. Future experiments will be
necessary to confirm this hypothesis.

Alterations in the morphology of mitochondrial cristae
have been found in Pink1 loss-of-function models (7, §8).
In this regard, our identification of Mitofilin (also referred
to as HMG or inner membrane mitochondrial protein) as
a novel Pinkl binding protein may have special impor-
tance. Indeed, Mitofilin is known to be a critical organizer
of mitochondrial cristae morphology and is indispensable
for normal mitochondrial function (/9). The identification
of Pinkl interacting proteins that are localized at different
sites within mitochondria suggests multiple functional
roles for Pinkl. In order to better understand Pinkl in
the context of pathogenic mechanisms of PD, it will
therefore be important to analyze in more detail the Pink1/
Miro/Milton protein complex in the context of the Pink1/
Mitofilin interaction.
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