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Mutations in phosphatase and tensin homologue-induced kinase 1
(PINK1) cause recessively inherited Parkinson’s disease (PD), a
neurodegenerative disorder linked to mitochondrial dysfunction.
In healthy mitochondria, PINK1 is rapidly degraded in a process
involving both mitochondrial proteases and the proteasome.
However, when mitochondrial import is compromised by
depolarization, PINK1 accumulates on the mitochondrial surface
where it recruits the PD-linked E3 ubiquitin ligase Parkin from
the cytosol, which in turn mediates the autophagic destruction
of the dysfunctional organelles. Using an unbiased RNA-mediated
interference (RNAi)-based screen, we identified four mitochon-
drial proteases, mitochondrial processing peptidase (MPP),
presenilin-associated rhomboid-like protease (PARL), m-AAA
and ClpXP, involved in PINK1 degradation. We find that PINK1
turnover is particularly sensitive to even modest reductions in
MPP levels. Moreover, PINK1 cleavage by MPP is coupled to
import such that reducing MPP activity induces PINK1 accumula-
tion at the mitochondrial surface, leading to Parkin recruitment
and mitophagy. These results highlight a new role for MPP in
PINK1 import and mitochondrial quality control via the
PINK1–Parkin pathway.
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INTRODUCTION
Parkinson’s disease (PD) is a common neurodegenerative disorder
characterized by both motor and non-motor symptoms [1]. Several
lines of evidence implicate mitochondrial dysfunction in PD [2],
including the role of two recessive PD genes, Parkin and phosphatase

and tensin homologue-induced putative kinase 1 (PINK1), in
a new mitochondrial quality control pathway [3]. A landmark
study in 2008 showed that on disruption of the electrochemical
potential (Dcm) across the inner mitochondrial membrane with
the protonophore carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), the E3 ubiquitin ligase Parkin translocates from the cytosol
to mitochondria [4]. Parkin subsequently mediates the destruction
of such defective mitochondria by autophagy (termed mitophagy).
A series of follow-up studies showed that the mitochondrial
kinase PINK1 is required for Parkin-mediated mitophagy [5]. Under
basal conditions PINK1 is rapidly degraded in a process involving
Dcm-driven mitochondrial import and cleavage by mitochondrial
proteases. Disrupting Dcm with CCCP blocks import and stabilizes
PINK1 on the mitochondrial outer membrane, which in turn
promotes Parkin recruitment [6].

Given the importance of PINK1 in mitochondrial Parkin
recruitment, understanding how PINK1 is cleaved and degraded
is crucial for gaining insight into mitochondrial quality control in
PD. Here we identify a key step in PINK1 turnover, mediated by
the mitochondrial processing peptidase (MPP). Remarkably,
MPP links PINK1 proteolysis with its import into mitochondria.
MPP knockdown stabilizes PINK1 at the mitochondrial surface,
induces Parkin recruitment and leads to mitochondrial clearance,
much like CCCP. In contrast, silencing ClpXP, m-AAA or presenilin-
associated rhomboid-like protease (PARL), which were also found to
affect PINK1 turnover, did not stabilize PINK1 on the surface of
mitochondria and failed to promote Parkin recruitment. Thus, MPP
seems to have a crucial role in coupling PINK1 import with
proteolysis at a proximal step where it is uniquely poised to regulate
mitochondrial quality control.

RESULTS AND DISCUSSION
PINK1 is regulated by MPP, PARL, m-AAA and ClpXP
To better understand the regulation of PINK1/Parkin-mediated
mitochondrial quality control, we sought to identify the mito-
chondrial protease(s) involved in PINK1 cleavage. We reasoned
that interfering with a PINK1-cleaving protease should induce
full-length PINK1 accumulation even in the absence of CCCP.
Using an short interfering RNA (siRNA)-based screen of known
mitochondrial proteases, we found that knockdown of MPPb
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induced a large increase of full-length PINK1 levels in the
mitochondrial fraction of HEK293T cells, similar to the increase
produced by treatment with 10mM CCCP for 3 h (Fig 1A). MPPb is
the catalytic subunit of the dimeric matrix protease MPP, responsible
for cleaving the mitochondrial targeting sequence off of newly
imported precursor proteins [7]. Knockdown of MPPa, the MPP
subunit thought to be involved in substrate recognition [7], also
increased PINK1 levels, albeit more modestly. Our screen identified
three more mitochondrial proteases that, upon knockdown, induced
the accumulation of full-length PINK1: ClpP, the catalytic subunit of
the heterodimeric matrix protease ClpXP, AFG3L2, a subunit of the
m-AAA protease and PARL, which mediates intramembrane
cleavage at the inner membrane [8]. Knockdown of PITRM1 and
BLMH also seemed to modestly increase PINK1 levels, but this was
not replicated in an independent repeat of the screen (data not
shown), and neither protease was pursued further. Similarly, neither
HTRA2 nor Yme1 increased PINK1 levels despite their efficient
knockdown (Fig 1A, supplementary Fig S1A online), supporting the
specificity of our findings.

Knockdown of PARL, which was reported previously to
regulate PINK1 cleavage [6,9–11], and AFG3L2 also increased

the levels of a cleavage fragment running just under the full-length
PINK1 band (Fig 1B, upper panel and supplementary Fig S1B
online). The size of this fragment and its loss on knockdown of
either MPP subunit suggests that it is the product of PINK1
cleavage by MPP. It thus seems that PINK1 is cleaved in at least
two steps, first by MPP, then by PARL and m-AAA. Indeed,
simultaneous knockdown of PARL and AFG3L2 further increased
the accumulation of this MPP-cleaved PINK1 fragment, whereas
full-length PINK1 was only slightly increased (supplementary
Fig S1C online). Together, these observations indicate that PARL
and m-AAA are redundant in PINK1 processing and act
downstream of MPP.

Given that many mitochondrial proteases require proteolytic
processing to reach their mature, active forms, it is possible that
one or more of the five hits identified in our screen exerts its effect
on PINK1 indirectly. A particular concern was that knockdown of
MPP, which is presumed to mediate processing of the newly
imported PARL precursor [12], might elevate PINK1 levels by
decreasing the amount of active PARL. To address this we assessed
the levels of the mature forms of each of our five proteases in the
context of each of the five knockdowns. In general, knockdown of
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each protease had little, if any, effect on the levels of the other four
(Fig 1B). The knockdown of MPPb in particular, which was
fairly modest compared with the silencing efficiencies for PARL,
AFG3L2 and ClpP (Fig 1C, lower panel), had no discernable
effect on the levels of the other proteases, including PARL, despite
producing a large accumulation of PINK1. These results
confirm the specificity of the five knockdowns and indicate
that MPP affects PINK1 levels directly rather than via one
of the other proteases. They also show that PINK1 turnover
is particularly sensitive to even small changes in MPP
levels and indicate that MPP cleavage might be a rate-limiting
step in PINK1 processing.

One notable exception to the findings above was that siRNA
directed against MPPa destabilized its dimeric partner MPPb, yet
did not lead to a comparable increase in PINK1 levels (Fig 1B,C).
This suggested that the PINK1 accumulation observed using MPPb
siRNA might be due to an off-target effect. However, of the four
distinct siRNAs from the MPPb pool used above, the three that
successfully knocked down MPPb when transfected individually
also caused PINK1 accumulation, while the one that failed to
reduce MPPb expression did not (supplementary Fig S2A online).
This argues that the effect of MPPb siRNA on PINK1 is in fact
specific to reducing MPPb levels. Moreover, knocking down
MPPa and MPPb together led to only a modest increase in PINK1
levels, comparable with the knockdown of MPPa alone (supple-
mentary Fig S2B online). This also argues strongly against an off-
target effect of the MPPb knockdown and indicates that silencing
MPPa can suppress the effects of knocking down MPPb on PINK1
accumulation. While the mechanism of this suppression is
unclear, one possibility might involve a requirement of the non-
catalytic a-subunit of MPP to bind the PINK1 mitochondrial
targeting sequence [13], in order for PINK1 to accumulate on
mitochondria in the absence of the catalytic b-subunit. Finally,
transfection of rat MPPb, which is resistant to the siRNA pool
directed against human MPPb, into our knockdown cells
eliminated the PINK1 accumulation observed with MPPb siRNA
alone (supplementary Fig S2C online). This ‘rescue’ experiment
firmly rules out that the accumulation of PINK1 was due to
an off-target effect of the MPPb siRNAs.

Protease siRNAs do not affect mitochondrial integrity
The most straightforward interpretation of our findings so far is that
MPPb, PARL, AFG3L2 and ClpP are directly involved in PINK1
processing. However, these proteases mediate the processing and
maturation of many proteins involved in essential mitochondrial
functions. Thus, the knockdowns might profoundly disrupt
mitochondrial integrity, which could in turn affect PINK1
indirectly, as it is known to accumulate on dysfunctional
mitochondria. To survey mitochondrial protein processing and
maturation, we carried out immunoblots against a panel of
proteins present across all mitochondrial subcompartments. We
found little effect on the levels and processing of most
mitochondrial proteins (supplementary Fig S3A online), consistent
with a good overall preservation of mitochondrial integrity, at
least for the degree of silencing and time scale (96 h) of the
experiment. In particular, even the processing of established
substrates of MPP such as MnSOD, OPA1 and Rieske was affected
only marginally or not at all by the MPPb siRNA, presumably
because the knockdown was incomplete (Fig 1C). This further

highlights the sensitivity of PINK1 to changes in MPPb levels, and
suggests that very modest degrees of MPP inhibition might induce
PINK1 accumulation without otherwise broadly affecting
mitochondrial protein levels.

Given that PINK1 is known to accumulate on depolarized
mitochondria, it was also critical to determine the effects of the
knockdowns on Dcm directly. The siRNA-treated cells were
imaged live by confocal microscopy after staining with the
potentiometric dye MitoTracker Deep Red, as well as with
MitoTracker Green, which accumulates independently of mem-
brane potential (Fig 2A). Using the red to green ratio as a measure
of mitochondrial polarization, we found that the protease knock-
downs had no significant effect on mitochondrial membrane
potential (Fig 2B). These results were confirmed using flow
cytometry with the fluorescent potentiometric mitochondrial
probe JC1 (supplementary Fig S3B online). In contrast, treatment
with 10 mM CCCP for 3 h as a positive control reduced
Dcm as expected (Fig 2B, supplementary Fig S3B online), but
had no effect on protease levels (supplementary Fig S3C online).
Moreover, mitochondrial network interconnectivity, a measure
of the net effect of mitochondrial fusion and fission that is
often altered with mitochondrial stress and cell death [14], was
not appreciably affected by the protease knockdowns
(Fig 2C). However, mitochondria in AFG3L2 and PARL knock-
downs did appear slightly more fragmented and aggregated,
respectively (Fig 2A). In contrast, MPPa, MPPb and ClpP
knockdowns displayed a mix of elongated and fragmented
mitochondria, as seen with non-targeting siRNA, although ClpP
silencing was nonetheless associated with a high level of
cell death (data not shown).

To further assess mitochondrial function, we monitored
ADP-stimulated (state 3) oxygen consumption using the MitoX-
press probe and succinate as a substrate. As shown in Fig 2D,
mitochondria from the knockdowns consumed oxygen at a
reduced rate compared with those from cells transfected with
non-targeting siRNA. However, the defect was minor except for
ClpP, which displayed a major oxygen consumption deficit,
almost to the degree observed with the complex III inhibitor
antimycin A. Similar results were found for unstimulated (state 2)
respiration, although in this case the ClpP knockdown deficit was
less pronounced (data not shown), which might explain the lack
of depolarization found above, under basal conditions (Fig 2B,
supplementary Fig S3B online).

Given the respiration deficit and cell death observed with ClpP
knockdown, results obtained for PINK1 with the ClpP siRNA
should be interpreted with caution. However, the fact that neither
Dcm (Fig 2B, supplementary Fig S3B online) nor the levels of
mitochondrial proteins (Fig 1B, supplementary Fig S3A online)
were significantly affected with ClpP siRNA suggests that several
key mitochondrial functions were preserved at steady state,
arguing against an indirect effect of ClpP on PINK1. More
importantly, our findings indicate that, overall, the transient
knockdowns of MPPb, PARL and AFG3L2 achieved in our
experiments do not lead to a profound disruption of mitochondrial
integrity and function, consistent with the proteases participating
in PINK1 processing directly. Moreover, they support the
observation that, possibly because of PINK1’s rapid turnover, it
is unusually sensitive to changes in the levels of mitochondrial
proteases, particularly MPPb.
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PARL and AFG3L2 generate a 52 kDa PINK fragment
PINK1 processing has previously been shown to generate a 52-kDa
cleavage product that is rapidly degraded by the proteasome, as
evidenced by its accumulation with the proteasomal inhibitors
MG132 or epoxomycin [3,15]. To examine which proteases are
required for 52-kDa PINK1 formation, we induced the fragment’s
accumulation by treating with MG132. As expected, prior and
concomitant treatment of cells with CCCP dramatically reduced
the 52-kDa PINK1 accumulation in both the cytosolic and
mitochondrial fractions (Fig 3A,B). This effect was mimicked by
knockdown of PARL or AFG3L2, and to a lesser extent
by knockdown of MPPb or ClpP, indicating that these proteases
are involved in the formation of the 52-kDa PINK1 fragment.
Moreover, knockdown of PARL or AFG3L2 significantly increased
the levels of the putative MPP-processed band, which runs just

below the full-length fragment (Figs 1B,3A, supplementary Fig S1B
online). Conversely, silencing either MPP subunit significantly
decreased the levels of this band. Together, these findings indicate
that this band is an intermediate PINK1 species, produced
by MPP-mediated cleavage and available for further processing
by PARL and AFG3L2 into the mature 52-kDa form.

To more directly establish the importance of MPPb in PINK1
processing, we used an in organello PINK1 cleavage assay.
Mitochondria from HEK293T cells that had been treated with
or without CCCP were isolated and incubated at 37 1C with or
without succinate as a respiration substrate. Including succinate
led to rapid conversion of full-length PINK1 accumulated by
CCCP treatment into the 52-kDa form (Fig 3C), presumably via
reestablishment of Dcm and PINK1 import, thus permitting
cleavage. Indeed, when CCCP was included in the reaction buffer
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the formation of 52-kDa PINK1 was completely blocked. When
MPPb knockdown was used instead of CCCP treatment to
accumulate full-length PINK1, incubation with succinate did not
induce the production of the 52-kDa cleavage form, confirming
the requirement for MPPb in PINK1 processing.

MPPb knockdown blocks PINK1 import
To determine the localization of the various PINK1 forms
discussed so far, we added increasing amounts of proteinase K
externally to mitochondria isolated from cells with protease
knockdowns or treated with CCCP. Fig 4A shows that the MPP-
cleaved form of PINK1 that accumulates upon knockdown of
PARL or AFG3L2 is more resistant to proteinase K in comparison
with full-length PINK1 accumulated with either CCCP treatment
or MPPb knockdown. This is consistent with the former being
protected within mitochondria, while the latter is exposed at
the mitochondrial surface. The findings are also consistent
with previous work showing that depolarizing mitochondria with
CCCP blocks PINK1 import, and indicate that reducing MPPb
levels mimics this effect. MPP-mediated cleavage of newly
imported precursor proteins is thought to be tightly coupled to
import itself [16], and there is long-standing evidence to indicate
that the protease is actually required for import [17], although this
is controversial [18]. Our data support a role for MPP in coupling
proteolysis of PINK1 with mitochondrial import.

Our findings so far indicate that the effects of MPPb knock-
down mimic several key features of CCCP treatment on PINK1

processing, including inhibition of PINK1 import and cleavage. To
further characterize the effects of MPPb siRNA and CCCP at a
biochemical level, we used sodium carbonate to release soluble
and peripheral membrane proteins from organelles, allowing them
to be separated from integral membrane proteins by centrifuga-
tion. In both cases, PINK1 was retained within the pellet, much
like the integral membrane protein Tim23 and unlike the
peripheral membrane protein Cytochrome C (Fig 4B). The most
straightforward interpretation is that PINK1 is laterally released
from the translocase of the outer membrane (TOM) complex into
the lipid phase of the outer membrane when import is arrested,
either by disrupting Dcm or by interfering with MPP cleavage.
Lateral release of import substrates from the TOM complex has
been shown previously [19], although the process remains poorly
understood. Nonetheless, this interpretation is difficult to recon-
cile with the finding that PINK1 processing (and presumably
therefore import) can resume on washout of CCCP and
reestablishment of Dcm (Fig 3C), as the reversible movement of
an integral membrane protein back into the pore of the TOM
complex has not previously been described. Certain other import
substrates such as the F1-ATPase subunit-b seem to remain
associated with the TOM complex when import is arrested by
CCCP, as manifested by their sensitivity to carbonate stripping
[20]. This persistent association with the TOM complex is
believed to allow import to resume once CCCP is washed out
and Dcm is reestablished [21]. Thus, another possible interpreta-
tion of our findings is that, on arrest of import, PINK1 remains
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within or adjacent to the TOM complex but adopts a conformation
that makes it resistant to high pH stripping.

MPPb knockdown induces mitophagy
Regardless of its precise localization, our findings indicate that
full-length PINK1 accumulates at the outer surface of mitochon-
dria on MPPb knockdown or CCCP treatment. We therefore asked
whether MPPb siRNA could mimic CCCP by inducing Parkin
recruitment to mitochondria. We coexpressed green fluorescent
protein (GFP)-Parkin with the mitochondrial marker OCT-DsRed
in the knockdown cells and used confocal microscopy to image
the cells live 24 h after transfection. Both CCCP and MPPb siRNA
induced substantial GFP-Parkin translocation to mitochondria,
whereas siRNA against MPPa, PARL, AFG3L2 or ClpP did not
(Fig 5A). Moreover, while both CCCP and MPPb siRNA led to an
increase in the proportion of cells showing a punctate mitochon-
drial pattern of GFP-Parkin distribution (Fig 5B), several differ-
ences were apparent. Indeed, MPPb knockdown primarily
induced GFP-Parkin recruitment to isolated mitochondria
(Fig 5A). In contrast, CCCP induced larger perinuclear GFP-
Parkin-positive mitochondrial clusters, as reported previously
[22]. It is also worth noting that in MPPb knockdown cells,
GFP-Parkin puncta occasionally did not colocalize with
OCT-DsRed (Fig 5A, arrows). While the identity of these structures
is uncertain, they may represent mitochondria undergoing
mitophagy, as might be expected after 24 h of GFP-Parkin
overexpression in cells with significant mitochondrial surface
accumulation of PINK1 induced by MPPb silencing. Importantly,
knocking down MPPb also increased the levels of endogenous
Parkin in the mitochondrial fraction to a similar extent as CCCP
(Fig 5C). Consistent with our results above using overexpressed
GFP-Parkin (Fig 5A,B) and with our PINK1 localization studies
(Fig 4), endogenous Parkin recruitment was not observed on
knockdown of PARL, AFG3L2 or ClpP.

Finally, we examined whether Parkin recruitment induced
by MPPb knockdown could trigger mitophagy, as has been
shown for CCCP-induced Parkin recruitment. We used the non-
potentiometric dye MitoTracker Green to stain cells treated with
CCCP or siRNA, and found that both CCCP and MPPb knockdown
significantly decreased mitochondrial mass (Fig 5D). This shows that
knocking down MPPb is sufficient to clear mitochondria from cells
even without overexpressing Parkin. Presumably, the accumulation
of PINK1 on the mitochondrial surface induced by silencing MPPb
leads to the recruitment of endogenous parkin, which targets the
mitochondria for degradation via the autophagy pathway.

CONCLUSIONS
Our study adds weight to the notion that PINK1 import into, and
cleavage within, mitochondria are responsible for keeping PINK1
levels low under basal conditions so that they may be specifically
and rapidly elevated when mitochondria become dysfunctional.
Our findings support the previously identified role for PARL
in PINK1 cleavage, and implicate three more proteases, MPP,
m-AAA and ClpXP, in the cleavage of this PD-linked protein
(see supplementary Fig S4 online for model). Mutations in the
AFG3L2 subunit of m-AAA have been linked to the neurodegen-
erative disorder dominant hereditary ataxia SCA28 [23], and
it will be interesting to examine whether altered PINK1 cleavage
has a role in this disease. As a considerable proportion of
endogenous PINK1 is found in the 52-kDa form (Fig 1A), it will
also be interesting to determine whether this cleavage product
exerts a physiological function, rather than simply being a
degradation intermediate.

Importantly, we have shown that a relatively modest knock-
down of MPPb, which has little overall effect on mitochondrial
integrity, is sufficient to induce Parkin recruitment to mitochondria
and promote mitochondrial clearance. MPPb inhibition may
therefore represent a useful model for future studies of the
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phosphatase and tensin homologue-induced kinase 1; siRNA, short interfering RNA; WB, western blot.
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mitophagy pathway. In addition, based on our findings it is
possible that tonic, low-level inhibition of MPPb activity could
induce a moderate increase in PINK1 levels, Parkin recruitment
and mitophagy of defective organelles, without otherwise broadly
affecting mitochondrial function. This could represent an exciting
therapeutic opportunity for slowing the progression of PD by
reducing the accumulation of mitochondrial defects.

METHODS
Confocal microscopy. Cells were imaged live with or without
MitoTracker Green and MitoTracker Deep Red (Invitrogen)
staining on MatTek glass-bottom dishes on a Zeiss LSM710
microscope using a � 63 Plan Apo objective (Zeiss). Mitochon-
drial interconnectivity and MitoTracker Deep Red fluorescence/
Total MitoTracker Green fluorescence ratio were analysed using
ImageJ (National Institute of Health).
In organello cleavage assay. Mitochondria from cells treated with
either 10 mM CCCP or dimethylsulphoxide for 3 h were enriched
and resuspended in reaction buffer (100 mM sucrose, 100 mM
KCl, 2 mM KH2PO4, 10mM EGTA, 5 mM Tris, pH 7.4). The
mitochondria were incubated at 0.8 mg/ml in 30 ml reaction

buffer with or without respiration mix (1 mM ATP, 0.08 mM
ADP, 5 mM NaSuccinate, 2 mM K2HPO4, pH 7.5) and 1 mM CCCP
for 30 min at 37 1C.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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