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Mutations in PINK1 and PARK2/Parkin are a main risk factor for familial Parkinson disease. While the physiological
mechanism of their activation is unclear, these proteins have been shown in tissue culture cells to serve as a key trigger
for autophagy of depolarized mitochondria. Here we show that ablation of the mitochondrial rhomboid protease PARL
leads to retrograde translocation of an intermembrane space-bridging PINK1 import intermediate. Subsequently, it is
rerouted to the outer membrane in order to recruit PARK2, which phenocopies mitophagy induction by uncoupling
agents. Consistent with a role of this retrograde translocation mechanism in neurodegenerative disease, we show that
pathogenic PINK1 mutants which are not cleaved by PARL affect PINK1 kinase activity and the ability to induce PARK2-
mediated mitophagy. Altogether we suggest that PARL is an important intrinsic player in mitochondrial quality control,
a system substantially impaired in Parkinson disease as indicated by reduced removal of damaged mitochondria in
affected patients.

Introduction

Parkinson disease (PD) is one of the most frequent neurode-
generative disorders. While the cause of sporadic, age-onset PD
is unclear, several risk factors underlying inherited, juvenile-onset
parkinsonism are known.1 Recent insights into the function and
dysfunction of the 2 most commonly mutated genes in autoso-
mal-recessive PD, namely PINK1 (PTEN induced kinase 1) and
PARK2 (parkin RBR E3 ubiquitin protein ligase),2,3 have dem-
onstrated their central role in mitochondrial quality control.4

Taken together with compelling evidence that mitochondrial
dysfunction is central in the etiology of PD,5 this indicates that
insufficient removal of damaged mitochondria and subsequent
accumulation of toxic stimuli serve as one of the triggers of neu-
rodegeneration in PD.6,7 Although studies in knockout mice
indicate that PINK1 has additional functions and compensatory
mechanisms for PINK1 deficiency may exist,8-11 in cultured cells
treated with agents uncoupling the mitochondrial membrane

potential PINK1 has been shown to recruit the cytosolic E3 ubiq-
uitin protein ligase PARK2 to mitochondria.12 Thereby, PINK1-
catalyzed phosphorylation of PARK2 and ubiquitin is thought to
mediate the E3 ubiquitin protein ligase activity and ubiquitina-
tion of outer mitochondrial membrane proteins.13-18 The effects
of mitochondrial PARK2 activation range from proteasomal deg-
radation of certain outer membrane proteins19 to lysosomal
destruction of entire damaged mitochondria by macroautophagy,
a process known as mitophagy.12,20-22

PINK1 is a highly conserved, ubiquitously expressed serine/
threonine kinase3,23 with an N-terminal matrix targeting
sequence followed by a transmembrane (TM) domain that serves
as signal anchor.24,25 In a mechanism that has not been fully
resolved yet, its 66-kDa PINK1 precursor (PINK1–66) shows
dual targeting to the inner and outer mitochondrial mem-
brane.12,26,27 Recently, we and others have shown that PINK1–
66 targeted to the inner mitochondrial membrane by the canoni-
cal import pathway is processed within its N-terminal signal
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anchor by the rhomboid intramembrane protease PARL (preseni-
lin associated, rhomboid-like), leading to release of a 55-kDa C-
terminal fragment (PINK1–55) either into the intermembrane
space (IMS) or the cytoplasm.28-31 Since fully imported proteins
cannot pass the outer membrane of healthy mitochondria unas-
sisted, we have concluded that PARL cleaves a PINK1–66 import
intermediate that has been released from the translocase of inner
mitochondrial membrane (TIMM) into the lipid bilayer, but has
only partially passed the translocase of outer mitochondrial mem-
brane (TOMM) with its C terminus.29 Processed PINK1–55,
which lacks any bona fide targeting signal, can slide back through
TOMM into the cytoplasm, where it is targeted for proteasomal
degradation via the N-end rule pathway.32-34 However, upon dis-
ruption of the mitochondrial membrane potential by the iono-
phore carbonyl cyanide m-chlorophenyl hydrazone (CCCP),
PINK1–66 cannot be integrated into the inner membrane and
consequently it does not become a substrate for PARL.28-31 In
this situation, stabilization and prolonged interaction with the
TOMM complex is observed, leading to PINK1–66 integration
into the outer membrane by an ill-defined pathway.35-37 Further-
more it has been shown that also the accumulation of misfolded
proteins in the mitochondrial matrix can cause PINK1–66 accu-
mulation and PARK2 activation.38 Since the molecular mecha-
nism of PINK1–66 targeting to the outer mitochondrial
membrane is unclear and alternative roles of PARL in the control
of PINK1 have been suggested,12,31,39,40 the relevance of the
PINK1-PARK2 pathway in mitochondrial quality control and its
relationship to PARL are currently still under debate.

Here we show that loss of PARL activity leads to accumula-
tion of PINK1–66, mitochondrial PARK2 recruitment and sub-
sequently to mitophagy, mimicking the situation in depolarized
organelles. We find that PINK1–66 anchored in the inner mem-
brane is not sufficient for activation of the mitophagy pathway;
its IMS-spanning import intermediate has to be rerouted to the
outer membrane in order to become active. Moreover, we dem-
onstrate that this retrograde translocation depends on specific
PINK1 TM domain features, indicating that mutations within
this region interfere with removal of damaged mitochondria by
autophagy. Impairment of this recently recognized quality con-
trol pathway and subsequent accumulation of dysfunctional
mitochondria may be critical determinants during the develop-
ment of neurodegenerative diseases.

Results

Impaired PINK1–66 processing leads to mitochondrial
PARK2 recruitment

Recent evidence indicates that PARL knockdown in
HEK293T cells leads to accumulation of ectopically expressed
PINK1 at the mitochondrial surface.29 However, it remained
unclear whether this triggers PARK2 activation and whether it
corresponds to a physiological response. To investigate this
further, we used a cell line stably expressing a doxycycline-
inducible PARL-specific shRNA29 and studied endogenous
PINK1. We tested whether PARL knockdown and subsequent

PINK1 accumulation affect PARK2 recruitment. Western
blotting of an enriched mitochondrial fraction revealed that
PARL knockdown leads to accumulation of some PINK1
within 3 d, and robust levels were observed after 7 d, whereas
no effect was observed in control cells lacking the shRNA
(Fig. 1A and Fig. S1A). Next, we used the PARL knockdown
cells and transfected HA-tagged PARK2 at different times
after induction of the shRNA (as outlined in Fig. 1B). West-
ern blot analysis of isolated mitochondria revealed a shift of
cytosolic HA-PARK2 into the mitochondrial fraction already
after 3 d of PARL ablation (Fig. 1C). Although less pro-
nounced than observed upon CCCP treatment, this result
mimics activation of the PINK1-PARK2 pathway even in
absence of chemical stressors. Doxycycline treatment of
HEK293 T-REx cells lacking the PARL knockdown construct,
however, did not show any mitochondrial HA-PARK2 recruit-
ment unless CCCP was added, demonstrating that the effect
caused by the knockdown is specific (Fig. 1C). A consistent
effect of PARL knockdown was observed for endogenous
PARK2 (Fig. S1B), highlighting the physiological relevance.
The effect on endogenous as well as ectopically expressed
PARK2 became more pronounced upon prolonged induction
of the shRNA (for 7 d and longer) (Fig. 1C and Fig. S1B).
Interestingly, under PARL knockdown conditions the steady-
state level of ectopically expressed HA-PARK2 increased
(Fig. 1C). Since we observed identical HA-PARK2 levels
upon acute CCCP treatment irrespective of how long PARL
has initially been knocked down (Fig. S1C), this indicates
that under the overexpression conditions PARK2 is stabilized
by its PINK1-mediated recruitment to mitochondria. Consis-
tent with mitochondrial recruitment, upon PARL knockdown
bright spots of GFP-tagged PARK2 that colocalized with
mito-mCherry were observed by fluorescence microscopy in
approximately 15% of the cells (Fig. 1D and Fig. S1D). Non-
induced cells, however, showed a homogenous diffuse cyto-
solic GFP-PARK2 distribution in all cells and GFP-PARK2
was only recruited upon CCCP treatment (Fig. 1D and
Fig. S1D). Interestingly, acute treatment with CCCP caused
formation of much more and brighter GFP-PARK2 structures,
indicating that the entire mitochondrial network was affected.
The more-subtle GFP-PARK2-relocalization observed upon
PARL knockdown, however, indicates that the PINK1 path-
way is activated only in a fraction of the mitochondrial net-
work. Consistent with PINK1 activation, knockdown of
PARL leads to autocatalyzed PINK1 phosphorylation at threo-
nine 257 (pThr257) (Fig. 1E), which previously has been
reported to correlate with its activity.14 PARL knockdown,
however, did not affect the mitochondrial membrane potential
as determined by detection of the fluorescent dye JC-1, which
stains healthy mitochondria orange, whereas CCCP treatment
shifted the color to green (Fig. 1F). Taken together, these
results strongly suggest that reducing the PARL gene dose
leads to PINK1 activation and subsequent PARK2 recruitment
without affecting the mitochondrial membrane potential. We
note, however, that PARL also may cleave additional
unknown substrates that may influence PARK2 activity.
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Blocking PARL-catalyzed PINK1
processing induces mitophagy

Since PINK1 and PARK2 have
been shown to trigger several differ-
ent stress response pathways and the
molecular mechanism of PINK1
activation is unclear,30,31,39 we
thought to validate the effect of
PARL knockdown on mitophagy
induction. Therefore, we tested
whether siRNA-mediated PARL
knockdown in HEK293 T-REx cells
stably expressing the GFP-tagged
autophagy marker MAP1LC3B/
LC3B (microtubule-associated pro-
tein 1 light chain 3) leads to forma-
tion of the activated lipidated GFP-
LC3B-II, which exhibits a faster
electrophoretic mobility on SDS-
PAGE compared to cytosolic, unli-
pidated GFP-LC3B-I.41 Knock-
down of PARL by using 2
independent targeting sequences
results in LC3B activation, whereas
in cells transfected with a control
siRNA significant GFP-LC3B-II lev-
els were only detected upon CCCP
treatment (Fig. 2A). Consistent
with this, we observed GFP-LC3B
positive bright structures in cells
transfected with PARL-specific siR-
NAs (Fig. 2B). To discriminate
between mitophagy and general
macroautophagy we cotransfected
mCherry-PARK2. Fluorescence
microscopy showed that GFP-LC3B
and mCherry-PARK2 colocalized in
PARL-ablated cells, however, less
pronounced than chemical uncou-
pling (Fig. S2A). This result indi-
cates that PARL knockdown triggers
recruitment of certain PARK2-deco-
rated mitochondria to phagophores.
Although compared to CCCP treat-
ment, upon PARL knockdown fewer
mitochondria per cell were recruited
with approximately 75% of the
PARL-ablated cells showing more than 3 GFP-LC3B and
mCherry-PARK2 double positive structures, the effect was nearly
as penetrant as observed upon uncoupling of the membrane
potential (Fig. 2C). Taken together with the intermediate effect
on GFP-PARK2 recruitment (Fig. 1D and Fig. S1D), this result
indicates that in our inducible knockdown system, local recruit-
ment of the autophagy machinery is observed. Since ectopic
expression of GFP-LC3B alone may trigger formation of auto-
phagosomes, recruitment of mCherry-PARK2 was also followed

in noninduced cells. In these cells PARK2 stayed exclusively cyto-
solic (Fig. S2B), confirming that the effect observed upon induc-
tion was specifically caused by PARL knockdown.

PARL generates soluble PINK1–55 that cannot associate
with the outer mitochondrial membrane

We previously showed the increase of the outer membrane
pool of PINK1 upon PARL knockdown by applying biochem-
ical protease protection assays of isolated mitochondria.29 To

Figure 1. For figure legend, see page 1487.
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further investigate this effect in cells we performed quantitative
fluorescence protease protection (FPP) assays42 with inducible
PARL HEK293 T-REx-shRNA cells (Fig. 3A). We imaged
cells coexpressing PINK1-GFP and the type I membrane pro-
tein CD3D-mCherry (with C-terminal mCherry tag), before
and after selective permeabilization of the plasma membrane
with digitonin. This approach allows for the quantification of
the bound portion versus the unbound, freely diffusible cyto-
solic portion of a molecule. As it had been observed before in
a similar setup, prior permeabilization, both a cytosolic as well
as a mitochondrial pool of PINK1-GFP was detectable.29

Upon digitonin treatment, cytosolic PINK1-GFP vanished
from the cells by diffusion, while membrane-bound mitochon-
drial PINK1-GFP remained inside the cells (Fig. 3B and Fig.
S3A). The bound portion of PINK1-GFP was further investi-
gated by exogenous protease application. Only exposed pro-
teins are accessible by the protease and can thus be digested.
Proteins protected by surrounding membranes remain intact.
Mitochondrial PINK1-GFP showed partial protection from
exogenously added trypsin, whereas the reference protein
CD3D-mCherry was nearly completely degraded by the prote-
ase (Fig. 3B and Fig. S3B). Taken together with our previous
analyses of submitochondrial PINK1 localization,29 this cor-
roborated our results that PINK1–66 undergoes dual targeting
to the inner and outer mitochondrial membranes. In cells
expressing PARL-specific shRNA for 3 d, we observed an
increase of the mitochondrial PINK1-GFP signal from 29%
to 47% (P < 0.05) (Fig. S3A). Upon trypsin application, the
amount of protected PINK1-GFP signal was comparable to
that observed in noninduced cells (Fig. 3C and Fig. S3B).
This indicates that due to suppression of PARL-triggered turn-
over, PINK1–66-GFP accumulated at the inner mitochondrial
membrane. However, since a fraction of PINK1-GFP was
accessible to trypsin, we conclude that a certain fraction of the
stabilized PINK1–66 becomes associated with the outer mem-
brane. Upon prolonged PARL knockdown, mitochondrial
accumulation and outer membrane association increased by
17% (P < 0.05) and 10% (P D 0.01), respectively (Fig. 3D
and Fig. S3A). In contrast, import of the inner mitochondrial
protein LETM1 (leucine zipper-EF-hand-containing

transmembrane protein 1) was not affected by PARL knock-
down (result not shown). This specific effect on PINK1
implies that prolonged PARL knockdown leads to an increase
of the outer membrane-attached pool of PINK1–66. Although
less pronounced as observed upon chemical uncoupling in
CCCP-treated cells (Fig. 3E and Fig. S3B), increase of the
surface accessible pool suggests that in both cases PINK1–66
adopts the topology of a bona fide outer membrane protein.
Consistent results were obtained by a classical protease protec-
tion assay with isolated mitochondria (Fig. S3C). Taken
together, these results show that (upon loss of PARL activity)
unprocessed PINK1–66 reaches the outer mitochondrial mem-
brane even when an intact inner membrane potential allows its
protein import through TIMM. Processed PINK1–55, how-
ever, cannot associate with the outer membrane and, conse-
quently, gets dislocated from the mitochondria to become a
substrate for proteasomal degradation.

PINK1–66 spanning both membranes slides back to the
mitochondrial surface to induce PARK2 recruitment

Since PARL-catalyzed cleavage of PINK1–66 in the inner
mitochondrial membrane leads to the release of PINK1–55 into
the cytosol, we previously reasoned that PARL cleaves an import
intermediate of PINK1 that has only partially passed the
TOMM complex.29 To test whether this form exists and whether
it is sufficient to recruit PARK2, we fused the C-terminal kinase
domain (CTD) of PINK1 to the N-terminal TM domain
(NTD) of the inner membrane protein LETM1, which is not
cleaved by PARL (Fig. S4A). To determine topology of this chi-
mera, we tagged LETM1NTD-PINK1CTD C-terminally with
mCherry and compared it with a LETM1 signal anchor-GFP
fusion (LETM1NTD-GFP) by performing quantitative FPP
assays (Fig. 4A and Fig. S4B). Consistent with the delayed pas-
sage of PINK1CTD through the TOMM complex25 and its 2-
membrane-spanning form facing the cytosol with its C terminus,
LETM1NTD-PINK1CTD-mCherry was partially accessible to
trypsin, whereas LETM1NTD-GFP was fully protected (Fig. 4A
and Fig. S4B). Similarly, the LETM1-PINK1 chimera was par-
tially surface accessible in isolated mitochondria (Fig. S4C). In
order to establish modest uniform expression of this chimera and

Figure 1 (See previous page). PARL ablation leads to mitochondrial PARK2 recruitment. (A) Endogenous PINK1–66 (white triangle) accumulated upon
PARL knockdown. In order to detect robust PINK1 levels, mitochondrial membrane proteins were enriched by subcellular fractionation and sodium car-
bonate extraction. Mitochondrial reference proteins such as VDAC (voltage-dependent anion channel) and AIFM (apoptosis-inducing factor, mitochon-
drion-associated) were not affected by PARL knockdown. As control, PINK1–66 accumulation was induced by CCCP for 3 h. (B) Experimental outline to
analyze the influence of PARL ablation on mitochondrial PARK2 recruitment. PARL knockdown in HEK293 T-REx-shRNA cells was induced by doxycycline
as indicated. Cells were transfected with HA-PARK2 36 h before harvesting. As control, cells were treated with CCCP for 3 h. (C) PARK2 accumulated in
total cell extracts and was recruited to mitochondria upon doxycycline (dox)-induced PARL knockdown (left panel). This effect was specific, since PARK2
did not accumulate in non-shRNA-expressing parental HEK293 T-REx cells treated with doxycycline for the indicated time (right panel). As control, PARK2
recruitment was induced by CCCP. IRES-GFP and the cellular markers AIFM and ACTA/actin were used as transfection and loading control, respectively.
(D) Upon PARL knockdown for 14 d (C shRNA), GFP-PARK2 colocalized with the mitochondrial marker mito-mCherry similarly, but less pronounced as
observed in cells treated with CCCP for 3 h. Scale bars: 10 mm. (E) PINK1 was activated upon PARL knockdown leading to its autophosphorylation at thre-
onine 257 (pThr257), as assessed by immunoprecipitation (IP) and western blot (WB) analysis of ectopically expressed PINK1-FLAG from the detergent
solubilized mitochondrial membrane fraction. Asterisks, cross-reacting immunoglobulin heavy chain. (F) FACS-based JC-1 assay shows that doxycycline-
induced PARL knockdown for 3 and 14 d (d) did not influence the mitochondrial membrane potential in HEK293 T-REx-shRNA cells. Healthy cells showed
red and green stained mitochondria, whereas cells with dissipated membrane potential caused by CCCP were predominantly green. FSC, forward scatter;
SSC, side scatter.
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to allow comparison with PINK1 wild type (WT), we generated
inducible stable cells lines using the Flp-In T-REx system and
tested them for mitochondrial PARK2 recruitment by cellular
fractionation. Importantly, like for endogenous PINK1, under
these mild overexpression conditions also for PINK1 WT no 55-
kDa form was detected unless the proteasome was inhibited by
MG132 (Fig. 4B). For both constructs investigated, PINK1 WT
and the LETM1NTD-PINK1CTD chimera, no recruitment of
PARK2 was observed unless import was blocked by CCCP
(Fig. 4C and D). Similarly, by using stable cell lines expressing
GFP-tagged PINK1 we did not detect any recruitment of
mCherry-PARK2 unless CCCP was added (Fig. S4D). However,
consistent with previous results of outer membrane targeted
PINK1, its kinase domain fused to the outer membrane protein
TOMM20 constantly recruited PARK2 (Fig. 4C).12 In cells
coexpressing the TOMM20-PINK1CTD-GFP chimera with
mCherry-PARK2, no cytosolic PARK2 was ascertained and the
mitochondrial network was clustered to a few unphysiological
large aggregates (Fig. 4D). Taken together, our results show that
PINK1 anchored to the inner membrane cannot recruit PARK2.
Instead, PINK1 has to be fully targeted to the outer mitochon-
drial membrane in order to productively interact with PARK2.12

Inner membrane-trapped PINK1 blocks CCCP-triggered
PARK2 recruitment

Next, we tested whether the catalytic serine-to-alanine mutant
of human PARL (S277A) traps and stabilizes ectopically
expressed PINK1, as had been observed previously for other
rhomboid proteases.43,44 This dominant-negative effect was par-
ticularly pronounced using C-terminal tagged PARLS277A, as
shown by immunoprecipitation (Fig. 5A). Interestingly, also
coexpression of C-terminally tagged PARL WT copurified traces
of PINK1–66 and caused a slight decrease of PINK1–55 genera-
tion (Fig. 5A and Fig. S5A). Since tagging of PARL did not
affect mitochondrial targeting and insertion into the inner mem-
brane (Fig. 5A and B), this result suggests that blocking PARL at
its C terminus interferes with its activity, as it has been observed
previously for other rhomboid family proteins.45-48 Although the
exact role of the PARL C terminus in the rhomboid reaction
cycle remains to be addressed, we used the GFP-tagged substrate-
trapping SA-mutant as a tool to investigate how prolonged stabi-
lization of PINK1–66 WT at the inner membrane affects
PARK2 recruitment. In order to ensure uniform expression and
to minimize toxicity of this construct, we generated an inducible
mouse PARLS275A-GFP expressing T-REx cell line. Induction of
PARLS275A-GFP stabilized endogenous PINK1, but we did not
observe any significant mitochondrial PARK2 recruitment as
assessed by cellular fractionation (Fig. 5C) and fluorescence
microscopy (Fig. 5D). These results indicate that the submito-
chondrial PINK1 localization, and not simply its quantity, deter-
mines whether PARK2 is recruited.

Since we previously had observed that ectopic expression
of PARL can boost PINK1 processing,29 we asked whether a puta-
tive mitochondrial pool of unprocessed PINK1–66 influences
PARK2 recruitment or whether only newly synthesized PINK1–66
inserted into the TOMM complex is bioactive. We used the

PARLS275A-GFP substrate trap to stabilize endogenous PINK1–66
at the inner membrane and asked whether this would interfere with
CCCP-induced PARK2 recruitment, which is predicted to affect

Figure 2. Blocking PARL-catalyzed PINK1 processing induces PARK2-
mediated mitophagy. (A) PARL knockdown by 2 independent siRNAs (1
and 2) for 10 d in HEK293 T-REx cells expressing the autophagosomal
marker GFP-LC3B induced conversion of soluble, cytoplasmic GFP-LC3B-I
to lipidated, membrane-bound, activated GFP-LC3B-II. In cells trans-
fected with the nontargeting siRNA (nt) autophagy was only induced
upon treatment with CCCP. The cellular markers AIFM and ACTA/actin
were used as loading control. (B) siRNA-mediated PARL knockdown in
stable GFP-LC3B expressing cells triggered formation of autophago-
somes, whereas GFP-LC3B stayed cytosolic in control cells. Scale bars:
10 mm. (C) PARL knockdown by 2 independent siRNAs (1 and 2) trig-
gered mCherry-PARK2 translocation and autophagosome formation
whereas cells transfected with a nontargeting siRNA (nt) responded only
in presence of CCCP. See Figure S2A for representative picture. Cells
showing more than 3 GFF-LC3B and mCherry-PARK2 positive structures
were defined as autophagy-positive. Per sample 100 cells were analyzed
(means §SEM, nD4 ). Significant changes of PARL ablation in absence of
CCCP vs. nt control are indicated (**P<0.01; Student t test).
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Figure 3. For figure legend, see page 1490.
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Figure 3 (See previous page). PINK1–66 shows dual targeting to the inner and outer mitochondrial membrane. (A) Outline of the FPP assay analyzing
localization and topology of ectopically expressed PINK1-GFP. (B–E) PINK1-GFP was coexpressed with the endoplasmic reticulum (ER)-resident type I
membrane protein CD3D-mCherry in HEK293 T-REx cells expressing a PARL-specific shRNA as indicated. Upon expression for 30 h, cells were permeabi-
lized with digitonin to release cytosolic content and subsequently treated with the protease trypsin. PARL knockdown for 3 d (C) and more pronounced
for 14 d (D) stabilized PINK1–66 leading to a subpopulation that was susceptible for exogenously added trypsin, as it had been observed upon CCCP
treatment (E). Scale bars: 10 mm. See Figure S3 for quantification.

Figure 4. PINK1 stably anchored to the inner membrane cannot recruit PARK2. (A) The C terminus comprising the PINK1 kinase domain delays mitochon-
drial import as shown by quantitative FPP assay of HEK293T cells coexpressing LETM1NTD-GFP and LETM1NTD-PINK1CTD-mCherry (>60 cells were ana-
lyzed, n D 3, means §SEM ). See Figure 3A for experimental outline and Figure S4B for representative picture. (B) PARL-catalyzed cleavage of
ectopically expressed PINK1–66 in HEK293 T-REx cells led to proteasomal degradation of PINK1–55 as shown by sensitivity to MG132 (2 mM) compared
to vehicle control. (C) PINK1 anchored in the inner membrane (LETM1NTD-PINK1CTD) interacted with PARK2 only in CCCP-treated cells, whereas the outer
membrane targeted TOMM20-PINK1CTD chimera recruited PARK2 independently of uncoupling of the mitochondrial membrane potential. Cells were
fractionized and recruitment of ectopically expressed HA-PARK2 from the soluble nonmitochondrial fraction (c) to mitochondria (m) was analyzed. The
cellular markers AIFM and ACTA/actin were used as fractionation control. White triangle indicates unprocessed pre form of LETM1-PINK1 observed upon
block of mitochondrial import (D) Whereas expression of LETM1NTD-PINK1CTD-GFP did not lead to recruitment of mCherry-PARK2 to mitochondria, coex-
pression of TOMM20-PINK1CTD-GFP was sufficient to stabilize PARK2 on the mitochondrial surface even in absence of dissipation of the membrane
potential by CCCP. Scale bars: 10 mm.
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Figure 5. Catalytic PARL mutant traps PINK1–66, thereby blocking the CCCP-triggered PARK2 recruitment. (A) GFP-tagged catalytic human PARLS277A

mutant (SA) traps ectopically expressed PINK1–66. Mitochondrial membranes were solubilized with Triton X-100 and GFP-tagged PARL constructs were
immunoprecipitated (IP) and analyzed by western blotting (WB) using the indicated antibodies. (B) Tagging of mouse PARLS275A at its C terminus with
GFP did not affect its targeting to mitochondria. Scale bars: 10 mm. (C) Trapping of endogenous PINK1–66 by inducibly expressed mouse PARLS275A-GFP
in the inner membrane did not lead to mitochondria-associated HA-PARK2 irrespective of dissipation of the membrane potential, whereas treatment of
noninduced cells with CCCP resulted in HA-PARK2 recruitment from the cytosol (c) to the mitochondrial fraction (m). For detection of endogenous
PINK1–66 (white triangle), mitochondrial membrane proteins were enriched in the pellet fraction (p) of a sodium carbonate extraction. s, extracted super-
natant. (D) Dominant-negative mouse PARLS275A-GFP mutant prevented recruitment of mCherry-PARK2 to mitochondria even when the mitochondrial
membrane potential was disrupted by CCCP. Scale bars: 10 mm. (E) Quantification of experiments shown in (d) and Figure S5B. Quantification of cells
with mitochondria-located mCherry-PARK2 compared to cytosolic PARK2 in dependence of mouse PARLS275A-GFP expression and CCCP is shown. Stable
expression of PARLS275A-GFP was induced with doxycycline. Per sample 100 cells were analyzed (means §SEM, n D 4 ). Significant change between
CCCP treatment in presence and absence of PARLSA-GFP is indicated (***P<0.001; Student t test).
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newly synthesized proteins. The rationale was that a preexisting
pool of PINK1–66 fully imported into the IMS is predicted to have
no influence on CCCP-mediated PARK2 recruitment at the outer
membrane, whereas a putative 2-membrane-spanning form may
interfere. Interestingly, in presence of PARLS275A-GFP, treatment
of cells for 3 h with CCCP did not cause any recruitment of ectopi-
cally expressed PARK2 into the mitochondrial fraction (Fig. 5C).
Consistent with this dominant-negative effect, coexpression of
PARLS275A-GFP withmCherry-PARK2 did not show any colocali-
zation irrespective of treatment with CCCP (Fig. 5D and Fig. 5E).
This block of PARK2 translocation was specifically caused by trap-
ping of endogenous PARL substrates, since CCCP treatment of the
stable cells without PARLS275A-GFP induction showed mitochon-
drial PARK2 recruitment (Fig. 5C, E and Fig. S5B). Taken
together, these results indicate that the fate of PINK1–66 at the
inner and outer mitochondrial membrane is functionally coupled
and PINK1–66 trapped by PARLS275A-GFP blocks newly synthe-
sized PINK1–66 to recruit PARK2 probably by sequestering a lim-
iting factor in mitochondrial PINK1–66 import. Although the
exact molecular mechanism of how PARL is linked to PINK1s
outer membrane targeting and how it affects mitochondrial
PARK2 recruitment remains to be determined, this result shows
that PARL can play a central role in mitochondrial quality control.

Retrograde translocation depends on specific PINK1 TM
features

Our model that PARL tunes activation of the PINK1-PARK2
pathway predicts that mutations interfering with PINK1 turnover
may affect the rate of mitophagy, with a predicted impact on
mitochondrial disorders. Consistent with this hypothesis, we
recently showed that 2 PD-associated heterozygous variants in the
PINK1 TM domain, namely R98W and I111S, or mutation of a
conserved glycine residue block PARL-catalyzed processing
(Fig. 6A).29 In order to address the relevance of this effect, we
generated inducible stable cell lines expressing these mutants and
analyzed their ability to recruit PARK2. As it had been observed
upon transient transfection,29 all 3 PINK1 TM domain mutants
were processed in mitochondria by so far uncharacterized PARL-
independent proteases (Fig. 6B). Despite that alternative process-
ing, PINK1R98W efficiently triggered translocation of ectopically
expressed PARK2 into the mitochondrial fraction even in absence
of CCCP (Fig. 6B and Fig. S6A). Since coexpression of the
PARLS277A substrate-trapping mutant reverted this constitutive
PARK2 recruitment, we conclude that the R98W mutation does
neither affect insertion into the inner membrane nor its transient
interaction with PARL. Interestingly, the second PD-associated
TM mutant, PINK1I111S, did not show any constitutive activa-
tion and triggered mitochondrial PARK2-recruitment only in the
presence of CCCP similar as it has been observed for theWT con-
struct (Fig. 6B and Fig. S6A). This indicates that the I111S
mutant can be targeted to the outer membrane when it got stuck
in the TOMM complex mediated by decreased mitochondrial
membrane potential, but as soon it reaches the inner membrane it
becomes a membrane protein that cannot slide back to the mito-
chondrial surface. In contrast, blocking PARL-catalyzed cleavage
by mutating the invariant glycine-109 to leucine29 triggers

PARK2 recruitment in absence of uncoupler (Fig. 6B). Consis-
tent with alternative fates of the PINK1 mutants tested, upon
coexpression with GFP-LC3B, PINK1R98W or PINK1G109L-
expressing cells showed more than 3 autophagosomes in approxi-
mately 50% of the cells, whereas PINK1I111S only showed a mod-
est mitophagy activation in the range of the IMS-targeted
LETM1NTD-PINK1CTD chimera or the PINK1 WT construct
(Fig. 6C and D and Fig. S6B). This striking difference between
cleavage-deficient PINK1 alleles suggests that the I111S mutation
specifically prevents retrograde translocation of unprocessed
PINK1–66 to the outer membrane. In accordance with an altered
functionality of PINK1I111S, using the Thr257 phospho-specific
PINK1 antibody,14 no CCCP-induced activation was observed,
whereas PINK1R98W and PINK1G109L reacted to uncoupling like
the WT protein (Fig. 6E). Likewise, also TOMM20-PINK1CTD

and LETM1NTD-PINK1CTD were only marginally detected by
the phospho-specific PINK1 antibody (Fig. 6E). Of note, PINK1
autophosphorylation has previously been shown not to be strictly
required for PARK2 activation,14 and consistent with a previous
study outer membrane-targeted TOMM20-PINK1CTD chimera
efficiently triggered LC3B-dependent mitophagy (Fig. 6D and
Fig. S6B).12 Altogether, our analysis of PINK1 TM domain
mutants confirms that PARL-catalyzed processing plays a central
role in the control of mitophagy. Moreover, our results on the
PD-associated heterozygous I111S mutant suggest that specific
TM features are responsible for the previously unrecognized
PINK1 retrograde translocation mechanism. The exact molecular
mechanism of how the PINK1 signal anchor is rerouted from the
inner mitochondrial membrane to the outer membrane, however,
is an important question that remains to be addressed in future.

Discussion

Here we show that knockdown of PARL stabilizes PINK1–
66, leading to mitochondrial recruitment of the E3 ubiquitin-
protein ligase PARK2 and activation of mitophagy. Since it has
been suggested previously that PARL activity has the opposite
effect in triggering mitophagy,31 and alternative mitochondrial
proteases have been implicated in PINK1–66 processing,39 this
provides an important validation of the pivotal impact of PARL
on the PINK1 abundance.28,29 Here, we confirm that upon
import into healthy mitochondria, the main fraction of PINK1–
66 is cleaved by PARL. Consistent with previous
reports,12,28,29,34 this intramembrane cut triggers rapid turnover
of the cleavage fragment PINK1–55 by the proteasome, thereby
suppressing PARK2 translocation. However, we now show that
when PARL activity becomes rate limiting, PINK1–66 initially
integrated into the inner membrane stays mobile and can reach
the outer membrane. As it has been observed for CCCP-induced
autophagy, this leads to recruitment of cytosolic PARK2 to mito-
chondria and mitophagy. Importantly, we observe PINK1 and
PARK2-triggered activation of canonical LC3B-dependent
autophagy irrespective of mitochondrial uncoupling or any other
drastic treatment. Since reduced protease activity is a hallmark of
dysregulated and aging cells, this provides additional strong
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evidence for a physiological relevance of PINK1-PARK2 as a
checkpoint in mitochondrial quality control. Consistent with
this, reduced mitochondrial mass has been reported upon muscle
knockdown of PARL in mice49 and expression of a cleavage-defi-
cient PINK1 mutant in tissue culture cells.30

Although signal sequences commonly target proteins only to
one distinct cellular destination, dual targeting expands

functionality of certain proteins. Like-
wise, PINK1–66 is subject to compet-
ing targeting events to the inner and
outer mitochondrial mem-
brane.12,26,27,50 The N-terminal 77
amino acids of PINK1 are essential and
sufficient for targeting to the inner
membrane via the canonical TOMM-
TIMM machinery (Fig. 7A)26 with the
PINK1 TM domain acting as stop
transfer signal.24 On the other hand,
interaction of the PINK1 C terminus
with the cytosolic chaperone HSP90

counteracts full import of the kinase domain into the IMS.25

Despite that cytosolic retention, it is still a matter of debate how
PINK1–66 associates with the outer membrane.35–37 Here we
show that PINK1–66 inserted into the inner membrane, where it
interacts with PARL, still bridges the IMS by exposing parts of its
C-terminal domain toward the cytosol. As a consequence of this
unusual 2-membrane-spanning topology, upon PARL-catalyzed

Figure 6. PD-associated PINK1 TM domain
mutants show altered activity. (A) TM
domain (TMD) sequences of PINK1 WT,
PINK1R98W, PINK1I111S, and PINK1G109L are
shown. Mutated residues are highlighted in
red. (B) PARL cleavage deficient mutants
PINK1R98W and PINK1G109L trigger mito-
chondrial PARK2 recruitment without dissi-
pation of the membrane potential, whereas
PINK1 WT and PINK1I111S require uncou-
pling of the membrane potential (CCCCP).
HA-PARK2 was transfected in inducible sta-
ble cell lines expressing the indicated
PINK1 constructs. As control, cells were
cotransfected with human PARLS277A-GFP
or treated with CCCP in order to trap the
PINK1 precursor in the inner or outer mem-
brane, respectively. m, mitochondrial frac-
tion; c, cytosol. (C) Expression of PINK1R98W

led to formation of autophagosomes,
whereas expression of PINK1 WT and PIN-
K1I111S did not. Autophagy induction was
determined in the GFP-LC3B expressing
stable cell line transiently expressing
mCherry-tagged PINK1 constructs as indi-
cated. As control, cells expressing PINK1 WT
were treated with CCCP for 3 h. Scale bars:
10 mm. (D) Quantification of experiments
shown in (C) and Figure S6B reveals num-
ber of cells with more than 3 autophago-
somes formed. As control, CCCP was
applied for cells harboring PINK1 WT. Per
sample 100 cells were analyzed (means
§SEM, n D 3 ). Significant changes versus
PINK1 WT are indicated (*P < 0.05; **P <

0.01; ***P < 0.001; Student t test); ns, non-
significant. (E) PINK1 TM domain mutations
impair PINK1 autophosphorylation at
Thr257 as assessed by immunoprecipitation
(IP) and western blot (WB) analysis.
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removal of the signal anchor
PINK1–55 slides back into the
cytosol where it gets degraded by
the proteasome (Fig. 7A).28,29 In
this study we extend this model by
demonstrating that upon knock-
down of PARL also the unprocessed
PINK1–66 is able to retrotranslo-
cate (Fig. 7B). Since the unpro-
cessed PINK1–66 precursor still has
its TM domain, this leads to
anchorage into the outer membrane
and activation of PARK2-depen-
dent mitophagy. Similarly, retro-
grade translocation has been
observed for import intermediates
of soluble IMS proteins,51,52 but to
our knowledge PINK1–66 is the
first protein with a signal anchor
sequence that gets extracted from
the inner membrane. This previ-
ously unrecognized PINK1 activat-
ing mechanism in mitochondria
with intact mitochondrial mem-
brane potential mimics the CCCP-
induced effect in depolarized organ-
elles (Fig. 7C).12 The mechanism
of how the PINK1 signal anchor is
integrated into the lipid bilayer of
the outer membrane is not known
yet. Cell-free mitochondrial import
assays and BN-PAGE suggest that
PINK1–66 does not accumulate in
the protein-conducting channel
formed by TOMM40, but creates a
stable complex with the substrate
receptor TOMM20.35 However,
more recent studies propose
TOMM7036 and TOMM737 to
govern this noncanonical outer
membrane insertion route. Despite that controversy, a putative
role of a substrate receptor in the outer membrane insertion path-
way is consistent with our observation that PINK1–66 trapped
by the PARLS275A mutant at the inner membrane blocks CCCP-
mediated PARK2 translocation by newly synthesized PINK1
(Fig. 5C).

Why would cells constantly import PINK1–66 to the inner
membrane in order to trigger its degradation? Although it has ini-
tially been suggested that this futile PINK1–66 import senses the
integrity of the inner membrane potential,12 treatment of cells
with uncouplers such as CCCP is a rather harsh condition and
the physiological relevance of this mechanism in mitochondrial
quality control remains to be shown. Instead of sensing efficiency
of protein import, we hypothesize that the PARL-PINK1-
PARK2 relay allows integration of information from the matrix
and the inner membrane. This may explain how accumulation of

unfolded proteins in the matrix is capable of triggering PINK1
activation independent of changes in the mitochondrial mem-
brane potential.38 Another potential advantage of sequential tar-
geting to the inner and outer membrane may be to prevent
premature phosphorylation of PINK1 substrates. The molecular
mechanism of how the PINK1 kinase activity is regulated is not
known. Upon translation of its precursor at cytosolic ribosomes,
however, PINK1 does not show any significant activity.14,53

Likewise, our data suggest that direct outer membrane targeting
of PINK1, without preceding ‘diving’ into the TOMM channel
and retrograde translocation, leads to a reduced kinase activity as
assessed by the lack of autophosphorylation (Fig. 7D). This is
consistent with previous reports demonstrating that despite
strong accumulation at the mitochondrial surface, ectopically
expressed PINK1 has less activity than low levels of endogenous
PINK1 in chemically uncoupled mitochondria.20,53 Although

Figure 7. Model for the PARL-PINK1-PARK2 relay in mitochondrial quality control. (A) Due to prolonged
interaction with the cytosolic chaperone HSP90, PINK1–66 forms an import intermediate spanning the IMS
and the TOMM complex. PARL-catalyzed cleavage of the PINK1 TM domain in the inner mitochondrial
membrane generates soluble PINK1–55, which due to lack of its membrane anchor slides back into the
cytosol, where it becomes rapidly degraded by the proteasome. (B) Unprocessed PINK1–66, observed
upon PARL ablation, stays competent for sliding back to the outer membrane where it is subsequently
integrated into the lipid bilayer by an unknown mechanism. Outer membrane targeting is accompanied
by PINK1 autophosphorylation, PARK2 recruitment and its PINK1-dependent phosphorylation. (C) Upon
loss of the inner mitochondrial membrane potential (Dc Upon lo–66 accumulates in the outer membrane
similar to the situation in PARL-ablated cells. Although integration of the TM domain into the inner mem-
brane is blocked, we postulate that the PINK1CTD transiently inserts into the TOMM channel leading to
stripping of cytosolic HSP90 and subsequent efficient maturation of outer membrane targeted PINK1–66.
(D) Direct targeting of PINK1CTD to the outer membrane by fusion to TOMM20 (black) is sufficient to trigger
PARK2 recruitment, but lack of autophosphorylation suggests that due prolonged interaction with cyto-
solic factors such as HSP90 folding of the kinase domain is hampered probably leading to reduced
activation.
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the precise molecular mechanism remains to be determined, it is
attractive to speculate that cytosolic factors such as HSP90 have
to be stripped off by TOMM, in order to allow efficient folding
of PINK1 to the fully active kinase (Fig. 7).

Although rhomboid proteases are commonly believed to be
constitutively active enzymes,54 PARL has been suggested to be
subject to direct post-translational control,40 thereby potentially
serving as a molecular switch in the PINK1-PARK2 pathway.
Such a putative central role of PARL in controlling mitochon-
drial integrity is supported by several reports linking mutations
in the PARL gene to mitochondrial dysfunction in human dis-
eases ranging from type-2 diabetes to PD.55,31 Here we demon-
strate that 2 PD-associated mutations in the PINK1 TM domain
affect PARK2 translocation and mitophagy, although with
opposing effects. To determine the precise role these PINK1
alleles play in the pathophysiology of PD, it will be important to
study the impact of the TM domain mutations in neuronal cells.
However, our study in immortalized HEK293 cells provides the
proof of concept that altered PARL-catalyzed PINK1–66 cleav-
age has the potential to trigger PARK2-dependent mitophagy.
Since defects in the mitophagy pathway have been linked to neu-
rodegenerative disorders,56 inhibition of PARL and the subse-
quent boost of PINK1-PARK2-mediated mitophagy emerge as a
promising new therapeutic intervention strategy to suppress dele-
terious effects causing dysfunctional mitochondria such as accu-
mulation of toxic protein aggregates or increased production of
reactive oxygen species.

Materials and Methods

Plasmids and RNA interference
Construction of pcDNA3.1/PINK1 (WT and TM domain

mutants), pCDH/PINK1-IRES-GFP, pEGFP/PINK1-GFP,
pcDNA3.1/mPARL, pcDNA3.1/hPARL, pcDNA3.1/
mPARLS275A, pcDNA3.1/hPARLS277A and pCDH/HA-
PARK2/Parkin-IRES-GFP expression plasmids has been
described previously.29,57 For attachment of a C-terminal FLAG
tag, PINK1 was subcloned into pFLAG-N1.29 Human
TOMM20 and LETM1 were amplified by PCR from IMAGE
clones 925859 and 4126510, respectively, and subcloned into
pcDNA3.1 and pFLAG-N1, respectively. For TOMM20-
PINK1CTD, the N-terminal 111 amino acids of PINK1 compris-
ing its mitochondrial targeting signal and TM domain were
replaced by TOMM20. The construct LETM1NTD-PINK1CTD

was generated by overlap extension PCR, fusing residues 1 to
229 of LETM1 containing its matrix-targeting sequence and TM
domain N-terminally to the PINK1CTD. To generate HA-
PARK2 we ligated oligo DNA encoding the N-terminal HA epi-
tope tag into pcDNA3.1 and subsequently introduced the
PARK2 open reading frame downstream. C-terminally-fluores-
cently-labeled PINK1, PINK1R98W, PINK1I111S, PINK1G109L,
TOMM20-PINK1CTD, LETM1, LETM1NTD-PINK1CTD,
mPARLS275A and hPARLS277A were generated by subcloning
into monomeric variants of pmCherry-N1 and pEGFP-N1,
respectively. N-terminally labeled PARK2 was generated by

subcloning into pmCherry-C1 and pEGFP-C1. Expression vec-
tors for mito-mCherry and CD3D-mCherry have been described
previously.42 For stable expression, PINK1, PINK1R98W, PIN-
K1I111S, PINK1G109L, TOMM20-PINK1CTD, LETM1NTD-
PINK1CTD, the respective mEGFP-tagged variants and
mPARLS275A-GFP were subcloned into pcDNA5/FRT/TO.
Likewise, GFP-LC3B described previously58 was subcloned into
pcDNA5/FRT/TO for stable expression.

Small interfering RNA (siRNA)-oligonucleotides PARL-1 (ID
s30889), PARL-2 (ID s30890) and a nontargeting control siRNA
(ID 4390843) were purchased from Ambion.

Cell lines and transfection
HEK293T cells were grown in DMEM supplemented with

10% (v/v) fetal bovine serum at 37�C in 5% (v/v) CO2. Induc-
ible HEK293 T-REx-shRNA cells expressing a small hairpin
RNA (shRNA) with the PARL-1 targeting sequence (50-
GGCAUGAAAUAAGGACUAATT-30),29 were grown in
DMEM supplemented with 10% (v/v) fetal bovine serum, blasti-
cidin (10 mg/ml; Gibco, A1113903) and G418 (0.5 mg/ml;
Gibco, 11811031). Knockdown was performed with 1 mg/ml
doxycycline (Applichem, A2951). To prepare inducible stable
cell lines, Flp-In HEK293 T-REx cells were cotransfected with
the respective pcDNA5/FRT/TO constructs (described above)
and pOG44 (Invitrogen, K65000), followed by selection with
blasticidin (10 mg/ml) and hygromycin B (125 mg/ml; Invitro-
gen, 10687). Positive clones were selected by western blot
analysis. To test for functional GFP-LC3B clones, doxycycline-
induced cells were starved in phosphate-buffered saline (50 mM
potassium phosphate, 137 NaCl, 2.7 mM KCl, pH 7.4) for
20 h and analyzed for formation of autophagosomes by fluores-
cence microscopy. Disruption of the mitochondrial membrane
potential was achieved by incubating the cells with 10 mM
CCCP (Sigma, C2759) for 3 h. For inhibition of the protea-
some, 20 h postinduction HEK293 T-REx-PINK1 cells were
treated for 16 h with 2 mM MG132 (Calbiochem, 474790)
added from a 5 mM stock dissolved in DMSO. Transient trans-
fections were performed using 25-kDa linear polyethylenimine
(Polysciences, 9002–98–6).59 If not otherwise indicated, 1 mg
plasmid encoding PINK1, 200 ng plasmid encoding PARL and
250 ng plasmid encoding PARK2 were used. Total transfected
DNA (2 mg/well) was held constant by addition of empty plas-
mid. If not otherwise stated, cells were harvested 36 h after trans-
fection. For transfection of siRNA, 2 £ 105 HEK293 T-REx-
GFP-LC3B cells were seeded per 6-well. After 24 h, cells were
transfected with 10 nM siRNA-oligonucleotide using Oligofect-
amine (Invitrogen, 12252011).

Flow cytometry
Detection of mitochondrial membrane potential was per-

formed using a JC-1 based mitochondrial staining kit (Sigma-
Aldrich, MAK160) according to the manufacturer’s instructions.
For FACS analysis, 100,000 cells/sample were analyzed using a
BD FACSCanto II (Becton Dickinson, Franklin Lakes, New Jer-
sey, USA); excitation with 488 nm, filter: 502-LP/530–30 and
556-LP/585–42.

www.tandfonline.com 1495Autophagy



Subcellular fractionation
Subcellular fractions were prepared by cell disruption followed

by differential centrifugation. In brief, cells were detached by
incubation in phosphate-buffered saline-EDTA and resuspended
in isolation buffer (250 mM sucrose, 10 mM HEPES pH 7.4,
0.1 mM EGTA, EDTA-free complete protease inhibitor cocktail
[PI; Roche; 05892953001]). After 10 min incubation at 4�C,
cells were lyzed by passing 6 times through a 27-gauge needle.
Cellular debris and nuclei were discarded after centrifugation at
200 g for 5 min at 4�C. The supernatant fraction was spun at
10,000 g for 10 min at 4�C. For detection of endogenous
PARK2 in the mitochondrial fraction, the postnuclear superna-
tant fraction was supplemented with 100 mM KOAc prior to
centrifugation. The mitochondrial membrane pellet was resus-
pended in isolation buffer, whereas the supernatant fraction,
referred to as the nonmitochondrial fraction, was precipitated
with 10% (w/v) trichloracetic acid, washed with acetone and
resuspended in SDS sample buffer.

For detection of endogenous PINK1–66 and PARL, mito-
chondrial membranes were extracted in 100 ml freshly prepared
100 mM Na2CO3 (pH 11.3) solution. After 30 min incubation
on ice, extracted membranes were overlaid on a sucrose cushion
(100 mM Na2CO3, 250 mM sucrose) and centrifuged at
130,000 g for 15 min at 4�C. Membrane pellets were resus-
pended in SDS sample buffer.

Immunoprecipitation
If not indicated differently, all steps were performed at 4�C.

For substrate trapping, the mitochondrial fraction from
hPARLS277A-GFP expressing HEK293T cells was solubilized
with 2% Triton X-100 in IP buffer (50 mM HEPES-KOH, pH
7.4, 150 mM NaCl, 2 mM MgOAc2, 10% glycerol, 1 mM
EGTA), containing 1xPI and 10 mg/ml PMSF. Detergent-solu-
bilized membrane proteins were cleared by centrifugation at
20,000 g for 10 min and subsequently preincubated for 1 h on
BSA (Roth, 8076)-coupled sepharose beads (GE Healthcare, 17–
0906–01). Anti-GFP immunoprecipitation was performed using
a recombinant and purified GFP-specific single chain antibody
fragment60 coupled to NHS-activated sepharose beads (GE
Healthcare, 17–0906–01) as described.44 Immunoprecipitates
were washed 3 times in IP buffer, containing 0.1% Triton X-100
(Applichem, A1287). The immunocomplexes were eluted in
SDS sample buffer.

For immunoprecipitation of phosphorylated FLAG-tagged
PINK1, HEK293T cells were lysed in fractionation buffer
(250 mM sucrose, 30 mM HEPES-KOH, pH 7.4, 3 mM
EDTA, 10 mM sodium orthovanadate, 10 mM sodium-b-glyc-
erophosphate, 50 mM NaF, 5 mM sodium pyrophosphate) sup-
plemented with 1xPI. Cellular debris and nuclei were removed
by centrifugation at 500 g for 10 min. The supernatant fraction
was spun at 10,000 g for 10 min. The mitochondrial membrane
pellet was washed and resuspended in 500 ml fractionation buffer
containing 1% Triton-X 100. After 30 min incubation insoluble
material was removed by centrifugation at 10,000 g for 10 min.
The supernatant fraction was supplemented with 500 ml fresh
fractionation buffer, the FLAG specific antibody and protein A

beads (GE Healthcare, 17–0469–01) for overnight incubation.
Immunoprecipitates were washed 3 times in fractionation buffer
containing 0.1% Triton-X 100 and then resuspended in SDS
sample buffer followed by SDS-PAGE and western blotting.

Western blotting
Proteins were resolved on Tris-glycine acrylamide gels fol-

lowed by western blot analysis. The following antibodies were
used at dilutions recommended by the manufacturer: polyclonal
rabbit PINK1 (Novus Biologicals, BC100–494), polyclonal rab-
bit VDAC (Pierce, PA1–954A), monoclonal mouse AIFM/AIF
(Santa Cruz Biotechnology, SC-13116), monoclonal mouse
FLAG (M2; Sigma, F3165), monoclonal mouse HA (Covance,
MMS-101P), polyclonal rabbit PARL (Abcam, ab45231) and
ACTA/a-actin (Abcam, ab1801). Antibody against GFP was a
gift from D. G€orlich. The phospho-PINK1 (Thr257) antibody
was already described in Kondapalli et al.14 Bound antibodies
were detected by enhanced chemiluminescence. For detection,
films or the LAS 4000 system (Fuji, Tokyo, Japan) were used.
Data shown are representative of 3 independent experiments. For
quantification, we used the Multi Gauge software (Fuji) and data
acquired from the LAS 4000.

Microscopy and fluorescence protease protection assay
For wide-field microscopy, images were acquired on an xcel-

lence IX81 inverted microscope system (Olympus, Tokyo, Japan)
equipped with an UPLSAPO 60x/1.35 numerical aperture (NA)
oil objective (Olympus) and a ORCA-R2 camera (Hamamatsu,
Hamamatsu City, Japan). Different fluorochromes with overlap-
ping spectra in multilabeled samples were spectrally unmixed by
using the xcellence software (Olympus). Experiments were per-
formed at 37�C and 5% CO2/95% air using an incubation
chamber.

For FPP assays, confocal microscopy was performed on an
LSM 780 system (Carl Zeiss). Images were taken with a 40x/1.2
NA water C-Apochromat objective lens (Carl Zeiss, Oberkochen,
Germany) and pinhole settings between 1.5 and 2 airy units. Z-
stacks of images were recorded over time and displayed as maxi-
mum intensity projections. The assay was performed as described
previously.42 In brief, cells were first permeabilized with 20 mM
digitonin (Calbiochem, 300410) in KHM buffer (110 mM
potassium acetate, 20 mM HEPES, 2 mM MgCl2), then washed
with KHM buffer to remove digitonin and finally treated with
4 mM trypsin (Gibco, 25300) in KHM buffer for the indicated
time. For quantitative FPP assays, Z-stacks of 10 images over
20 mm along the Z-axis were recorded with open pinhole set-
tings. All acquisition parameters, time frames and digitonin and
trypsin applications were kept identical for all measurements.
Maximum intensity projections of the Z-stacks were background
subtracted and corrected for acquisition bleaching over the course
of the image series. The mean intensities of 40C cells from 3 or
more independent experiments per condition were quantified by
using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes
of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/,
1997–2014), and normalized and plotted with Microsoft Excel.
All images for FPP assays were acquired by a microscopist
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without knowledge of the actual sample ID, in order to guarantee
unbiased data collection.

Image processing including background subtraction, crop-
ping, and montage creation was performed using ImageJ.

Protease protection assays
Isolated mitochondria were resuspended in isolation buffer

(supplemented with 10 mM E64 [Sigma, E3132], 1 mM pepsta-
tin A [Sigma, P5318] and 2 mg/ml o-phenanthroline [Sigma,
P9375]) and treated with the indicated amount of proteinase K
(30 units/mg; Applichem, A3826) for 30 min on ice. Subse-
quently 10 mg/ml phenylmethylsulfonyl fluoride (Applichem,
A0999) and SDS sample buffer were added.
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