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Abstract Mitochondrial dysfunction represents a prominent
pathological feature in many neurodegenerative diseases, par-
ticularly in Parkinson’s disease (PD). Mutations in the genes
encoding the proteins Pink1 and Parkin have been identified
as genetic risk factors in familiar cases of PD. Research during
the last decade has identified both proteins as crucial compo-
nents of an organellar quality control system that contributes
to the maintenance of mitochondrial function in healthy cells.
The Pink1/Parkin system acts as a sensor for mitochondrial
quality and is activated, in particular, after the loss of the
electric potential across the inner mitochondrial membrane.
Pink1 molecules accumulate at the surface of damaged mito-
chondria to recruit and activate Parkin, which, in turn, elicits a
signaling pathway eventually leading to the autophagic re-
moval of the damaged organelles. This review summarizes
recent advances in our knowledge of the functional role of
the Pink1/Parkin system in preventing the accumulation of
damaged mitochondria by mitophagy.
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Introduction

Mitochondria represent essential organelles inside eukaryotic
cells. They provide energy in the form of ATP and many
nutrients for cellular metabolism but are also involved in sig-
naling mechanisms that monitor general cellular health. Apart
from the loss of important metabolic molecules, damaged mi-
tochondria can exert a negative influence on cellular survival
by releasing large amounts of reactive oxygen species (ROS)
or other molecules that are toxic for the cell (Halliwell 2006).
Mitochondria therefore have to be maintained in a functional
and active state, a process that is summarized by the term
Bmitochondrial homeostasis^. Generally, mitochondrial ho-
meostasis can be achieved on three different levels: (1) on
the level of individual protein function, (2) on the organellar
level by protecting mitochondrial function and integrity as a
whole, and (3) on the cellular level, when irreversibly dam-
aged mitochondria accumulate in large numbers, and the cell
removes itself from a tissue by regulated cellular suicide.
Briefly, mitochondria contain an endogenous system respon-
sible for quality control of proteins (level 1). This system
consists of several types of molecular chaperones that coop-
erate closely with ATP-dependent chambered proteases in the
repair or removal of damaged polypeptides (Voos 2013).
Based on their endosymbiotic origin, this chaperone-
protease network is similar to related processes in bacterial
cells. Regulated cell death or Bapoptosis^ (level 3) can be
initiated by internal or external signaling processes that in-
volve, in both cases, mitochondria as a major component
(Tait and Green 2010). In general, apoptosis is initiated by a
mitochondrial membrane permeability transition that results
in the release of cytochrome c and other apoptotic proteins.
These, in turn, activate a cytosolic signaling process that leads
to the activation of a caspase cascade as the major executor of
the cell death reaction. The permeability transition may also be
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caused by severe mitochondrial damage, although this repre-
sents only one out of many diverse ways to induce apoptosis.

In this review, we focus on the role of the Pink1/Parkin
system in the context of organellar quality control (OQC), as
an example of a homeostasis process acting on the organelle
(level 2). Current models of the Pink1/Parkin mechanism dur-
ing OQC assign them a prominent role in the removal of
damaged mitochondria by a variant of autophagy, called
Bmitophagy .̂ Notably, mitophagy represents only one process
involved in OQC. Indeed, mitophagy is closely linked to an-
other aspect of OQC, the ability of mitochondria to undergo
fusion and fission (Ni et al. 2015). The dynamic nature of
mitochondrial morphology allows the periodic mixing of the
contents of all mitochondria of one cell, resulting in a com-
plementation of occasional defects in single members. On the
other hand, a specific removal of individual damaged mito-
chondria seems to be supported by a fission process that sep-
arates healthy from defective organelles (Youle and van der
Bliek 2012). Last but not least, several signaling pathways
have been identified that involve communication between mi-
tochondria and the gene expression machinery in the nucleus,
allowing an adjustment of mitochondrial protein content and
accordingly organellar activity to different internal or external
stress situations (Quiros et al. 2016). However, the mechanis-
tic details and the physiological relevance of mito-nuclear
communication phenomena are still poorly understood. One
of the more prominent pathways, with a direct relationship to
OQC, is the mitochondrial unfolded protein response
(mtUPR). Here, mitochondrial dysfunction, caused by defec-
tive protein folding, is communicated to the nucleus, which in
response increases the expression of mitochondrial proteins
such as chaperones or proteases to deal with the misfolded
polypeptides (Haynes and Ron 2010). Although many bio-
chemical processes contribute to mitochondrial homeostasis
in a cell, the multitude of environmental insults affecting ge-
nome or proteome integrity over the lifetime of an individual
human will inevitably result in a progressive decline of mito-
chondrial function, significantly contributing to the many as-
pects of neurodegenerative diseases.

Pink1/Parkin system

The proteins Pink1 and Parkin gained widespread notoriety by
their prominent involvement in the etiology of Parkinson’s
disease (PD). Mutations in the genes encoding both proteins
have been identified as genetic risk factors in familiar cases of
the neurodegenerative disease (Klein and Westenberger
2012). After its initial identification (Valente et al. 2004), the
kinase Pink1 (PTEN-induced putative kinase 1) was quickly
associated with mitochondria, thereby allowing, for the first
time, the construction of a direct biochemical link between
mitochondrial dysfunction in patients and PD. Moreover, at

a cellular level, mutations in Pink1 have been found to be
associated with general mitochondrial dysfunction
(Gautieret al. 2008; Hoepken et al. 2007). Indeed, Pink1-
mutant mice develop Parkinson-like pathologies in old age
(Gispert et al. 2009), and Pink1 has been shown to be neces-
sary for the long-term survival of human dopaminergic neu-
rons, the cells most affected in PD (Wood-Kaczmar et al.
2008). Subsequently, genetic evidence has indicated a direct
functional link between Pink1 and the cytosolic E3 ubiquitin
ligase Parkin (Clark et al. 2006; Exner et al. 2007; Park et al.
2006), which has been independently identified as a protein
involved in PD (Kitada et al. 1998). Both proteins are thought
to collaborate closely in initiating the specific removal of dam-
aged mitochondria by mitophagy (Rüb et al. 2015). A failure
of this process together with the progressive accumulation of
dysfunctional mitochondria is thought to contribute to or even
cause PD.

General mechanism of autophagy/mitophagy

Autophagy is a general mechanism in eukaryotic cells and is
employed to degrade intracellular components, ranging from
parts of the cytosol to protein aggregates and organelles.
Generally, three different types of autophagy are distin-
guished: chaperone-mediated autophagy (CMA),
microautophagy, and macroautophagy. In the process of
macroautophagy, the respective cellular components are
surrounded by a double-membrane structure, called an
autophagosome. The autophagosome then fuses with a lyso-
some and delivers its cargo for degradation by lysosomal en-
zymes. This non-selective degradation of substrates is mainly
induced under starvation conditions to provide the essential
nutrients for the cell by recycling intracellular components
(Wang and Klionsky 2011; Youle and Narendra 2011). As in
the case of mitophagy, macroautophagy can also be a highly
selective process that removes superfluous or damaged organ-
elles. So far, three prominent examples of mitophagy have
been identified: (1) the removal of mitochondria during retic-
ulocyte development, (2) the selective elimination of paternal
mitochondria from fertilized oocytes, and (3) the degradation
of damaged mitochondria (Ashrafi and Schwarz 2013). All
three pathways of mitophagy use the same core components
of the autophagic machinery; however, the events, which lead
to the initiation of mitophagy, are distinct. Typically, the initi-
ation of the mitophagy process requires a selectivity factor,
acting as a Bsensor^ to mark the organelles destined for re-
moval. In a second step, the autophagic membranes are re-
cruited with the help of Badaptor^ proteins that also interact
with general autophagy components. In a final step, the
autophagosome fuses with a lysosome and its contents are
degraded. The principal biochemical mechanisms and compo-
nents underlyingmitophagy have been established in the yeast
model system. Several studies have identified specific
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mitophagy selectivity factors, in particular, the autophagy pro-
tein Atg32 (Kanki and Klionsky 2010). This protein, which is
localized on the outer mitochondrial membrane (OMM), can
bind the isolation membrane protein Atg8 either directly or
indirectly through the adaptor protein Atg11, which bridges
mitochondria and isolation membrane by binding both Atg32
and Atg8 (Okamoto et al. 2009). The interaction between
Atg32 and Atg8 recruits mitochondria into autophagosomes
and facilitates their subsequent degradation by fusion with the
lysosome. Atg8 is a member of a larger protein family also
including several mammalian homologs that are divided into
three subfamilies: MAP1LC3 (microtubule-associated pro-
tein 1 light-chain 3; further called LC3), GABARAP (γ-
aminobutyric acid receptor-associated protein), and GATE-
16 (Golgi-associated ATPase enhancer of 16 kDa; Slobodkin
and Elazar 2013). So far, no homologs of ATG11 and ATG32
have been identified in higher eukaryotic organisms.
However, several proteins in mammals execute the same func-
tion, e.g., the mitochondrial outer membrane protein NIP3-
like protein X (NIX), which, like Atg32 and Atg11, is able
to bind LC3, an Atg8 homolog, on the isolation membrane
(Schweers et al. 2007). The expression of NIX is increased in
the development of red blood cells mediating the removal of
mitochondria during their differentiation. In case of the spe-
cific elimination of damaged mitochondria, mitophagy

requires a specific labeling and autophagosome recruitment
system that is represented by the Pink1/Parkin signaling sys-
tem in mammalian cells (Youle and Narendra 2011).

Biochemical properties of Pink1

Like most mitochondrial proteins, the 581-amino-acid (aa)
Pink1 polypeptide is encoded in the nucleus and synthesized
at cytosolic ribosomes. Its N-terminal portion resembles a mi-
tochondrial targeting signal (Valente et al. 2004) typically
found in precursor proteins destined for the matrix or inner
membrane compartment (Fig. 1a). In the canonical import
pathway into the matrix compartment, mitochondrial
preproteins are first recognized by cytosol-exposed TOM re-
ceptors of the OMM via this cleavable N-terminal signal se-
quence. The TOM and TIM23 translocase complexes then
enable the passage of the preprotein through the outer and
inner membranes, respectively. Insertion of the preprotein into
the TIM23 channel implicitly requires the presence of a mito-
chondrial inner membrane potential (Δψ). Whereas inner
membrane proteins can be laterally released from the TIM23
complex, the import motor complex at the inner face of the
TIM23 complex drives complete translocation of matrix-
destined preproteins in an ATP-dependent reaction. When
the preprotein crosses the IMM, it is usually cleaved by the

Fig. 1 Schematic representation of Pink1 and Parkin domain structures.
(a) Domain structure and cleavage sites within the Pink1 sequence. The
N-terminal mitochondrial targeting signal is followed by a hydrophobic
transmembrane domain that comprises residues 85 to 110 and acts as an
inner mitochondrial membrane (IMM) stop-transfer signal. Residues 156
to 509 constitute the Ser/Thr-kinase domain, followed by a C-terminal
domain that may act as an outer mitochondrial membrane (OMM) reten-
tion signal. Protease cleavage sites for matrix-processing peptidase
(MPP) and Presinilin-associated rhomboid-like protein (PARL) and the

resulting Pink1 fragments are indicated. Note that the unknown MPP
cleavage site was estimated from the molecular mass of theMPP process-
ing product. (b) Domain structure of Parkin. The N-terminal ubiquitin-
like (Ubl) domain is followed by a linker region and the RING0 domain.
Three more zinc-finger domains, namely RING1, IBR, and RING2, form
the RBR (RING In-between RING) motif (RING really interesting new
gene domain, IBR in between RING domain; modified after Trempe et al.
2013)
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matrix-processing peptidase (MPP) to remove the targeting
signal sequence. This processing reaction gives rise to the
mature protein, which is released into the matrix compart-
ment. Several other import routes exist to guide mitochondrial
proteins to their respective sub-organellar destinations (Schulz
et al. 2015).

Whereas the N-terminal targeting signal of Pink1 was re-
ported to be sufficient for its localization to mitochondria,
clarification as to which particular import route was followed
by Pink1 was not without complications. First, ambiguous
sub-mitochondrial localizations of the protein were reported.
Although initial studies proposed its localization to the IMM
(Muqit et al. 2006; Silvestri et al. 2005) or the intramembrane
space (IMS; Plun-Favreau et al. 2007; Silvestri et al. 2005),
Pink1 was subsequently shown to localize predominantly to
the OMM with the kinase domain facing the cytosol (Becker
et al. 2012; Zhou et al. 2008). Second, Pink1 was proposed to
be sequentially processed by several mitochondrial proteases
(Deas et al. 2010; Greene et al. 2012). Intriguingly, in vitro
import experiments showed that both the 64-kDa full-length
form of Pink1 and the 53-kDa major processing product have
a final localization in the OMM (Becker et al. 2012). Taken

together, these observations are inconsistent with a canonical
import pathway for Pink1. Third, although the mitochondrial
membrane potential seems to affect the localization, process-
ing, and arguably stability of Pink1 (Jin et al. 2010), the de-
pendence of the Pink1 import reaction on the membrane po-
tential is not as absolute as other preproteins following the
canonical pathway to the IMM or matrix (Becker et al.
2012). The results of the latter and other studies suggest that,
in the presence of an inner membrane potential, the Pink1
polypeptide is partially inserted into the IMM through the
TOM and TIM23 complexes (Fig. 2). A hydrophobic stop-
transfer signal, adjacent to the presequence, prevents full
translocation through the IMM. Only the very N-terminal seg-
ment reaches the matrix and is cleaved by MPP, giving rise to
a 60-kDa Pink processing intermediate (Greene et al. 2012).
The inner membrane-resident protease PARL (Presinilin-asso-
ciated rhomboid-like protein) then catalyzes a second cleav-
age between residues 103 and 104 within the Pink1 sequence,
generating the 53-kDa processed Pink1 (Pink1-PF; Deas et al.
2010). Pink1 then associates with the outer face of the OMM
via its C-terminus or is released into the cytosol. In
depolarized mitochondria, full-length Pink1 associates with

Fig. 2 Model of Pink1 import in the presence or absence of Δψ. In
depolarized mitochondria (right), the Pink1 precursor (Pink1p64)
associates with the OMM, possibly via TOM components.
Accumulating Pink1 recruits Parkin, in turn inducing mitophagy (1a).
In the presence of Δψ (left), the presequence-like N-terminal segment
of the Pink1 precursor (Pink1p64) drives translocation of Pink1 across the
OMM via the TOM complex and its insertion into the IMM via the
TIM23 complex (1b). The inner membrane stop-transfer signal prevents
complete translocation of Pink1 over the IMM. The N-terminus of Pink1

reaches the matrix, allowing cleavage of the mitochondrial targeting
signal by the matrix processing peptidase (MPP) (2). The IMM protease
PARL cleaves Pink1p64 at position 104, generating the processed form
Pink1f53, which is released from the import machinery (3). Pink1f53 either
associates with the OMM as a peripheral membrane protein, possibly via
its C-terminal domain (4) or is degraded by the proteasome (OMM outer
mitochondrial membrane, IMS intramembrane space, IMM inner
mitochondrial membrane)
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the OMM, possibly through an interaction of its presequence-
like N-terminal segment with cytosol-exposed TOM recep-
tors, and is stabilized by the hydrophobic C-terminal domain
(Fig. 2). In any case, the OMM association is independent of
the state of the inner membrane potential. Results from our-
selves and other groups showed that Pink1 is present in at least
one high molecular weight complex of apparently 700 kDa,
notably when it accumulates at mitochondria upon dissipation
of the membrane potential (Becker et al. 2012; Lazarou et al.
2012; Okatsu et al. 2012). Whereas this complex potentially
comprises Pink1 together with other interaction partners, the
functional relevance and the specific composition of this
complex have not been clarified so far. Lazzarou et al.
(2012) have proposed that the complex represents an associa-
tion of Pink1 with the TOM receptor complex. However, our
own observations have not confirmed this co-migration, as the
fully assembled TOM complex in native polyacrylamide gel
electrophoresis experiments runs at about 400 kDa (Becker
et al. 2012). In addition, Okatsu et al. (2012) have reported
the presence of two Pink1 molecules in a slightly higher mo-
lecular weight complex of apparently 850 kDa.

Pink1 belongs to the enzyme family of Ser/Thr-protein
kinases. Apart from N- and C-terminal sequences involved
in targeting and localization, the largest part of the protein
is represented by the kinase domain (Fig. 1a). Among the
more than 60 PD-related mutations in Pink1, those affect-
ing or abolishing its kinase activity are by far the most
frequent (Klein and Westenberger 2012). This observation
unambiguously implies a function of the catalytic activity
of Pink1 in the etiology of PD. Results from in vitro ex-
periments have revealed that Pink1 is capable of phosphor-
ylating itself (Silvestri et al. 2005). In detail, autophosphor-
ylation of Ser228 and Ser402 within the Pink1 kinase do-
main upon loss of the membrane potential has been postu-
lated to positively regulate its catalytic activity (Aerts et al.
2015; Okatsu et al. 2012). Several other phosphorylation
substrates of Pink1 have been proposed, including the mi-
tochondrial Hsp90 chaperone TRAP1 (Pridgeon et al.
2007), mitofusin 2 (Chen and Dorn 2013), the Rho-
GTPase Miro1 (Wang et al. 2011), and the inner
membrane-resident mitochondrial protease HtrA2/Omi
(Plun-Favreau et al. 2007). However, the functional signif-
icance of most of these phosphorylation reactions is not
established so far. Pink1-mediated phosphorylation and ac-
tivation of the E3 protein-ubiquitin ligase Parkin have been
the focus of extensive research (Kondapalli et al. 2012;
Shiba-Fukushima et al. 2012). Most remarkably, Pink1
phosphorylates not only Parkin, but also ubiquitin in the
context of Parkin activation (Kane et al. 2014;
Kazlauskaite et al. 2014; Koyano et al. 2014). This recent
discovery makes Pink1 the first only described ubiquitin
kinase. The way in which Pink1 and Parkin interact in
damage-related mitophagy will be described below.

Biochemical properties of Parkin

The 465-aa cytosolic protein Parkin, encoded by the PARK2
gene, is an E3 ubiquitin-protein ligase (Winklhofer 2014). In
general, E3 enzymes, in collaboration with E1 and E2 class
enzymes, mediate the covalent binding of the small 76-aa
protein ubiquitin (Ub) to substrate proteins. In a catalytic cas-
cade, ubiquitin is first activated by an ubiquitin-activating en-
zyme (E1) and then transferred to an ubiquitin-conjugating
enzyme (E2). The subsequent transfer of the ubiquitin moiety
to a substrate amino group, typically a lysine side chain, is
catalyzed by an ubiquitin ligase (E3). Ubiquitin modifications
can either be mono-ubiquitinations or polyubiquitin chains,
which are formed by conjugating one ubiquitin to any of the
seven lysine residues or the N-terminal amino group of a sec-
ond ubiquitin molecule (Ciechanover 2005). Depending on
the ubiquitin chain length and linkage type, a substrate protein
is tagged for signaling processes or turnover by either of the
major cellular degradation machineries, namely the protea-
some or the lysosome via autophagy (Clague and Urbe 2010).

As shown in Fig. 1b, Parkin consists of an N-terminal
ubiquitin-like (Ubl) domain, followed by a 60-aa linker region
and four zinc-finger domains. The last three zinc-finger do-
mains form a RING1 In-Between RING2 (RBR) motif.
Accordingly, Parkin belongs to the RBR family of E3 ligases
(Trempe and Fon 2013). RBR ligases are unusual in that they
utilize a hybrid mechanism, combining characteristics of the
two other classes of E3 enzymes, RING andHECT (Smit et al.
2012; Stieglitz et al. 2012; Wenzel et al. 2011). Whereas
RING-type E3 ligases catalyze the direct transfer of Ub from
an E2 enzyme to the substrate protein, HECT E3 ligases form
a thioester-linked intermediate with Ub via a catalytic cyste-
ine. This intermediate enables the subsequent transfer of Ub to
a primary amino group of the substrate protein, forming an
isopeptide bond (Winklhofer 2014). Similar to RING en-
zymes, RBR enzymes first bind an Ub-charged E2 via a spe-
cific site in the RING1 domain. In a reaction resembling the
mechanism described for HECT enzymes, Ub is then trans-
ferred to a catalytic cysteine within the RING2 domain
(Cys431 in Parkin) forming a thioester-bound intermediate
(Wenzel et al. 2011). High-resolution crystal structures of
Parkin have revealed that, under steady-state conditions, the
enzyme is maintained in an autoinhibited state by two mech-
anisms (Riley et al. 2013; Trempe et al. 2013; Wauer and
Komander 2013). First, the RING0 domain shields the Ub-
acceptor site Cys431. Second, the so-called repressor element
of parkin (REP), an α-helix located between the IBR and
RING2 domain, blocks the E2-binding site within the
RING1 domain. Upon mitochondrial damage, Parkin un-
dergoes steric changes that relax the inhibitory RING0 and
REP domains. The catalytic Cys431 becomes exposed, and
Parkin is converted into an active E3 enzyme (Koyano et al.
2014). The role of Pink1 in Parkin activation is described
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below. In its active state, Parkin ubiquitinates cytosolic protein
substrates and various cytosol-exposed proteins of the OMM.
A quantitative analysis of the various linkage types has re-
vealed that Parkin forms mainly Lys48- and Lys63-linked
polyubiquitin chains, which represent common ubiquitin
modifications, but also noncanonical Lys6- and Lys11-linked
chains are formed (Ordureau et al. 2014).

Pink1/Parkin reaction pathway

A biochemical analysis of Pink1 function was initially ham-
pered by the lack of antibodies sensitive enough to detect
endogenous levels of the protein. This led to the effect that
almost all observations of the behavior of Pink1 in cells were
based on the analysis of ectopically expressed Pink1 fusion
proteins containing some type of protein tag. Under normal
growth conditions, cellular Pink1 levels are so low that it is
virtually undetectable. Endogenous Pink1 levels are only high
enough to be detected by western blot or microscopic visual-
ization under certain mitochondrial stress conditions. This ob-
servation specifies the main property of Pink1 in the context of
OQC: a significant rise in cellular protein amounts and its
accumulation at dysfunctional mitochondria. The main hall-
mark of dysfunctional mitochondria is represented by a loss of
the electric inner membrane potential (Δψ) generated by the
respiratory chain. Indeed, treatment of cells with the
protonophore carbonyl cyanide m-chlorophenyl hydrazine
(CCCP), which leads to an uncoupling of the respiratory
chain, is generally used to simulate mitochondrial dysfunc-
tion. The mitochondrial accumulation of Pink1 has also been
associated with other types of mitochondrial defects, such as
elevated levels of ROS (Priyadarshini et al. 2013) or an accu-
mulation of misfolded proteins in the mitochondrial matrix
(Jin and Youle 2013). However, it is likely that ROS treat-
ment, proteotoxic stress, or any other type of mitochondrial
damage to indirectly result in a depletion of theΔψ similar to
the activity of the uncoupling toxin CCCP.

The major observation leading to the conclusion that Pink1
was a prominent sensor for mitochondrial damage was its
significant accumulation at potential-deficient mitochondria.
After the addition of CCCP to cells, endogenous Pink1 levels
become barely detectable after 3 h of incubation and reach a
maximum level after 12–16 h. Under these conditions, only
the full-length polypeptide is observed, and all Pink1 mole-
cules co-purify with mitochondria. After removal of the
uncoupling toxin, Pink1 amounts return relatively quickly to
very low levels when the ribosomal synthesis of new polypep-
tides is blocked (Matsuda et al. 2010; Narendra et al. 2010). A
slight upshift of the endogenous full-length Pink1 band under
CCCP induction conditions compared with exogenously
expressed Pink1 indicates that the accumulated molecules
might be phosphorylated (Okatsu et al. 2012).

A major question concerning the regulation of mitophagy
is: what is the cause for the observed strong increase in the
cellular amounts of Pink1 in response to mitochondrial per-
turbations? The initial hypothesis postulated an import-related
mitochondrial degradation mechanism to explain this phe-
nomenon (Jin et al. 2010). This model proposed that, under
normal conditions, Pink1 would be taken up by healthy mito-
chondria with a functional inner membrane potential Δψ via
the usual import pathway of presequence-containing proteins
and be quickly degraded inside the mitochondria. In dysfunc-
tional mitochondria with a depleted Δψ, the import reaction
would be blocked, and full-length Pink1 polypeptides would
accumulate at the mitochondrial outer membrane, consistent
with the observations in many different cellular systems.
However, this model has serious problematic points. First,
various experiments indicate an exclusive localization of
Pink1, both full-length and processed forms, at the mitochon-
drial outer membrane facing the cytosol (Becker et al. 2012;
Zhou et al. 2008). Even in the original publication of Jin et al.
(2010), a close look at the data shows that Pink1 exhibits an
identical sensitivity to external proteases such as the outer
membrane import receptor protein Tom20. All internal mito-
chondrial proteins, even in the IMS, are completely protected
against protease treatment by the membranes, even at very
high protease concentrations. In addition, the mitochondrial
protease that is responsible for the degradation of any
imported Pink1 molecules remains unclear. Direct experi-
ments have established that the processing step during the
import reaction is performed by the presenilin-associated
rhomboid-like protease (PARL), a proteolytic enzyme of the
inner membrane (Deas et al. 2010; Jin et al. 2010). Several
other mitochondrial proteases have been claimed to be in-
volved in Pink1 turnover (Greene et al. 2012; Thomas et al.
2014). However, these conclusions were mainly based on
RNAi knock-down experiments and carried the danger of an
indirect accumulation of general mitochondrial defects, in par-
ticular, as the identified proteases (MPP, LON, or mAAA) are
important components of mitochondrial protein biogenesis
and quality control pathways. Depletions of these proteases
typically lead to a defect in respiratory activity and breakdown
of the Δψ, which in turn results in all cases in the accumula-
tion of Pink1, exactly as observed. On the other hand, Pink1
has clearly been demonstrated to underlie proteolytic turnover
in the cytosol by the proteasome. Inhibition of proteasomal
degradation by the compound MG132 results in an accumu-
lation of the 53-kDa processed form of Pink1 under normal
culture conditions (Lin and Kang 2008; Takatori et al. 2008).
As a release of processed Pink1 molecules from the OMM to
the cytosol has been observed (Fedorowicz et al. 2014), a
proteasomal degradation reaction seems to be possible, even
for a protein principally targeted to mitochondria.

Interestingly, the article of Narendra et al. (2010) contained
data showing that the inhibition of protein synthesis by
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cycloheximide (CHX) almost completely prevented the
CCCP-driven accumulation of both Pink1 and Parkin at mi-
tochondria, indicating that the increase in protein levels might
be attributable to the induced biosynthesis of new polypep-
tides. Indeed, several recent experiments indicate that both
Pink1 and Parkin levels in the cell underlie a transcriptional
regulation mechanism. Growth factor deprivation, starvation,
or other conditions of severe cellular damage have been
shown to lead to the induction of Pink1 and Parkin transcrip-
tion (Klinkenberg et al. 2012; Mei et al. 2009; Murata et al.
2015; Sakurai et al. 2009). One can argue, that, under these
conditions resulting in a general autophagy reaction, Pink1
and Parkin are activated by a different mechanism than under
acute mitochondrial damage resulting in specific mitophagy.
However, Pink1 mRNA levels have also been observed to
increase under CCCP treatment (Gomez-Sanchez et al.
2014), again arguing for a transcriptional induction mecha-
nism. Indeed, an analysis of the Pink1 promoter has revealed
that it is under the control of the transcription factor NF-kB
(Duan et al. 2014). These observations indicate that a tran-
scriptional induction mechanism cannot be ruled out as the
process responsible for the strong accumulation of Pink1 at
damaged mitochondria. However, the specific details of this
potential mito-nuclear communication pathway remain to be
established.

Although both Pink1 and Parkin had previously been im-
plicated in PD, the first hint of their cooperative role in main-
taining mitochondrial quality came from Drosophila knock-
out models. Similar mitochondrial defects, including muscle
degeneration and abnormal mitochondrial morphology were
observed upon loss of either protein. Whereas overexpression
of Parkin partially rescued the Pink1-deficient phenotype,
conversely, Pink1 could not complement Parkin deficiency.
Hence, Pink1 was proposed to function upstream of Parkin
in a common pathway to maintain mitochondrial quality
(Clark et al. 2006; Park et al. 2006). In human cells exposed
to CCCP, Parkin was subsequently shown to translocate from
the cytosol to damaged mitochondria upon loss of Δψ and to
mediate the autophagic removal of the organelle (Narendra et al.
2008). Providing an explanation for their genetic interaction,
Pink1 was finally demonstrated to be responsible for Parkin
translocation to depolarized mitochondria (Geisler et al.
2010b; Narendra et al. 2010; Vives-Bauza et al. 2010; Ziviani
et al. 2010). In addition, the usually repressed ubiquitin ligase
function of Parkin was shown to be activated upon its Pink1-
mediated translocation to mitochondria (Narendra et al. 2010).

So, how does Pink1 recruit and activate Parkin when it
accumulates at the surface of damaged mitochondria? After
initial experiments had revealed that Parkin translocation to
mitochondria and the subsequent induction of mitophagy re-
quire the kinase function of Pink1 (Geisler et al. 2010a;
Matsuda et al. 2010; Narendra et al. 2010), it became clear
that several Pink1-mediated phosphorylation events

contribute to this process. First, upon loss of Δψ, Pink1 un-
dergoes autophosphorylation at Ser228 and Ser402, which is
required for Parkin recruitment (Okatsu et al. 2012). Second,
Pink1 directly phosphorylates Parkin at Ser65 within the Ubl
domain (Kondapalli et al. 2012; Shiba-Fukushima et al.
2012). Intriguingly, Parkin carrying a Ser65Ala mutation to
abolish its phosphorylation and a Parkin mutant lacking the
Ubl domain are still translocated to mitochondria in a Pink1-
kinase dependent manner (Kane et al. 2014). An explanation
for this observation lies within a recently discovered novel
mechanism in which Pink1 phosphorylates ubiquitin at
Ser65 (homologous to Ser65 in the Parkin Ubl domain) and,
in turn, phospho-Ub activates the E3 ligase activity of Parkin
(Kane et al. 2014; Kazlauskaite et al. 2014; Koyano et al.
2014). The extent to which the phosphorylation of Parkin,
on the one hand, and ubiquitin, on the other, contribute to
Parkin activation remains controversial. Whereas Kane et al.
(2014) have proposed that phospho-Ub is sufficient for Parkin
activation, Koyano and colleagues (2014) have come to the
conclusion that the phosphorylation of Ser65 in both Parkin
and ubiquitin is required to fully activate the E3 ligase.
According to a recently proposed feed-forward model
(Fig. 3), Parkin is first activated through Pink1-dependent
phosphorylation and, in turn, ubiquitinates proteins on the
mitochondrial surface. Pink1 then phosphorylates these newly
formed polyubiquitin chains, generating phospho-Ub, which
further promotes Parkin activity (Ordureau et al. 2014). As to
the mechanism underlying the phospho-Ub mediated activa-
tion of Parkin, phosphorylated or phosphomimetic ubiquitin
has been shown to promote the release of E2-bound unmod-
ified ubiquitin in vitro, and this reaction requires the catalytic
Cys431 of Parkin (Koyano et al. 2014). Hence, the authors
conclude that phospho-Ub is a strictly allosteric effector of
Parkin, rather than a preferred Parkin substrate (the substrate
in this assay is unmodified ubiquitin). Whereas the proposed
allosteric mechanism presumes the binding of phospho-Ub to
Parkin, the respective binding site on Parkin remains to be
identified. One candidate is a binding site for phospho-
peptides within the RING0 domain, previously identified in
the crystal structure of Parkin (Zheng and Hunter 2014). Apart
from activating Parkin, phospho-Ub may also be involved in
Parkin recruitment from the cytosol to the outer mitochondrial
membrane. Although the exact mechanism is not clear, Pink1
has been proposed to phosphorylate ubiquitin moieties previ-
ously conjugated to OMM proteins, such as mitofusin 1
(Mfn1). The newly generated phospho-Ub would then serve
as a receptor for Parkin (Pickrell and Youle 2015).

Apart from activating Parkin upon mitochondrial damage,
Pink1 has also been proposed to repress the induction of
mitophagy under steady-state conditions (Fedorowicz et al.
2014). Using an immunoprecipitation approach, the authors
found that, after being generated inside mitochondria, the 53-
kDa major Pink1 cleavage product (Pink1-PF) translocates to
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the cytosol and binds Parkin, thereby preventing Parkin trans-
location to mitochondria and the concomitant induction of
mitophagy. Importantly, in assigning a distinct function to
the processed Pink1 species, the proposed model challenges
the idea that Pink1-PF is merely a degradation intermediate
(Greene et al. 2012).

Following its mitochondrial recruitment and activation,
Parkin is thought to nonspecifically ubiquitinate proteins of
the OMM. As a broad spectrum of substrates for

ubiquitination via Parkin has been revealed by proteomic ex-
periments, the observed global ubiquitination pattern has been
suggested to be more important than the ubiquitination of
specific substrates in order to induce mitophagy (Sarraf et al.
2013). The ubiquitination of proteins of the OMM by Parkin
initiates further mitophagy reactions by marking the entire
organelle for elimination via autophagy. The formation of
the isolation membrane around damaged mitochondria is me-
diated by autophagy receptors that are able to bind to

Fig. 3 Current model of Pink1/Parkin-mediated mitophagy. Under
steady-state conditions, Pink1 levels are very low. Mitochondrial stress
conditions may lead to mitochondrial damage, accompanied by a
decrease or loss of the mitochondrial membrane potential (Δψ; 1). In
the absence of Δψ, Pink1 accumulates at the outer mitochondrial
membrane (OMM; 2). Pink1 recruits and activates the usually cytosolic
E3 ubiquitin ligase Parkin in a process involving Pink1-mediated
phosphorylation of Parkin at Ser65 (3). Parkin conjugates ubiquitin

(Ub) to various OMM proteins (4). Pink1 phosphorylates Ub attached
to OMM proteins. The resulting phospho-Ub further activates Parkin (5).
Adaptor proteins (red) that bind both Ub and the autophagic protein LC3
(light blue) mediate sequestration of the organelle in an autphagosomal
membrane (gray lines) (6). The autophagosome then fuses with a
lysosome, delivering its complete content to degradation by lysosomal
hydrolases (green; 7)
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ubiquitinated proteins through their ubiquitin-binding domain
and to LC3 on autophagosomal membranes through a LC3-
interaction region (LIR; Pankiv et al. 2007). So far, several
receptors playing a role in PINK1/Parkin-mediatedmitophagy
have been identified (Pickrell and Youle 2015; Yoshii and
Mizushima 2015), including SQSTM1/p62 (sequestosome 1;
Geisler et al. 2010a), NBR1 (neighbor of BRCA1 gene 1;
Kirkin et al. 2009), NDP52 (calcium binding and coiled-coil
domain 2; Lazarou et al. 2015), and optineurin (Wong and
Holzbaur 2014). Studies suggest that optineurin is sufficient
to activate mitophagy, whereas p62 and NBR1 are not
(Lazarou et al. 2015; Shi et al. 2015; Wong and Holzbaur
2014). Optineurin and NDP52, but not p62, have been shown
to be recruited by PINK1 via its generation of phospho-ubiq-
uitin, which serves as an autophagy signal, independent of
Parkin (Lazarou et al. 2015).

An effect upstream of mitophagy is the PINK1/Parkin-
mediated ubiquitination of the OMM fusion proteins Mfn1
and Mitofusin 2 (Mfn2), which are GTPases that mediate
mitochondrial fusion (Gegg et al. 2010). This ubiquitination
targets the proteins for degradation by the proteasome, a pro-
cess that is mediated by the AAA+ ATPase p97 (Tanaka et al.
2010). Degradation of Mfn1 and Mfn2 impedes the fusion of
damaged mitochondria within the network of healthy organ-
elles and may thereby contribute to the fragmentation and
subsequent degradation of defective mitochondria. This
mechanism is proposed to contribute to the protection of a
healthy mitochondrial population (Ashrafi and Schwarz
2013; Ni et al. 2015; Youle and van der Bliek 2012). Taken
together, these data suggest that mitochondrial dynamics via

the fusion/fission machineries and mitophagy of dysfunction-
al mitochondria are closely linked (Fig. 4). For example, phos-
phorylation of Mfn2 by Pink1 has been shown to mediate
Parkin recruitment (Chen and Dorn 2013). Moreover, in
Drosophila models, inactivation of the fusion components
Mfn1/2 and Opa1 and the overexpression of the fission com-
ponent Drp1 have been demonstrated to be able to rescue
Pink1 or Parkin mutations (Deng et al. 2008).

Conversely, several lines of evidence indicate a potential
regulatory influence of the Pink1/Parkin system on the equi-
librium between fusion and fission reactions. Pink1 and/or
Parkin mutants and a downregulation of these proteins in-
crease Drp1-dependent mitochondrial fragmentation (Lutz
et al. 2009). Very recently, Pink1 has been shown to be able
to signal an increased fission reaction by affecting
mitochondria-associated protein kinase A, which normally in-
hibits Drp1 (Pryde et al. 2016). Hence, the pathological rela-
tions of the Pink1/Parkin system might go beyond Bsimple^
mitophagy processes such as, in Caenorhabditis elegans, the
inhibition of mitochondrial fusion by another PD-related mu-
tant protein, namely α-synuclein, has been shown to be res-
cued by Pink1 and Parkin (Kamp et al. 2010). Furthermore,
the PINK1/Parkin-mediated proteasomal degradation of the
mitochondrial Rho GTPase 1 (Miro), which anchors kinesin
motor proteins to the mitochondrial surface (Glater et al.
2006), results in the arrest of mitochondrial motility (Wang
et al. 2011). An antagonist of Parkin is the deubiquitinase
USP30, which removes ubiquitin molecules from proteins of
the OMM and therefore inhibits mitophagy. The inhibition of
USP30 could be relevant for therapeutic PD approaches that

Fig. 4 Graphic representation of
the Pink1/Parkin interaction
network. Identified protein-
protein interaction partners of the
Pink1-Parkin system and their (in
part, hypothetical) functional
involvement in the various cell
biological processes
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enhance mitochondrial quality control by supporting the
mitophagy of damaged mitochondria via the PINK1/Parkin
pathway (Bingol et al. 2014).

Regarding the vast number of publications focusing on the
role of Pink1 and Parkin in mediating mitophagy, attention
should also be paid to another concept that assigns the two
proteins a function in regulating the translation of specific
mitochondrial proteins. As has recently been reported, Pink1
and Parkin regulate the localized translation of nuclear-
encoded respiratory chain subunits at the mitochondrial sur-
face (Gehrke et al. 2015). In the proposed model, Pink1 me-
diates the translocation of specific translationally repressed
mRNAs from the cytosol to the outer mitochondrial mem-
brane. This process has further been shown to involve
Tom20, a constituent of the outer membrane translocase com-
plex (TOM). In collaboration with Parkin, Pink1 would then
mediate the displacement of translation inhibitors, thereby en-
abling the translation of the respective respiratory chain com-
ponents. By the proposed mechanism Pink1 and Parkin might
promote the repair of less severely damaged mitochondria
(Gehrke et al. 2015).

Outlook

Although the foremost function of the kinase Pink1 in the
initiation of mitophagy via Parkin recruitment and activation
has been well established, the connection between mitochon-
drial damage and cellular Pink1 accumulation itself is not
entirely clarified. As described above, the mitochondrial
import/turnover model has its shortcomings, whereas a tran-
scriptional regulation mechanism cannot be completely ex-
cluded. However, the question regarding the way in which
Pink1 gene expression is specifically up-regulated by mito-
chondrial damage will require further intensive research.

As most information about mitophagy pathways has been
established in non-neural cell lines, controversy remains as to
whether the damage-induced mitophagy mediated by PINK1
and Parkin can be applied to neurons (Ashrafi et al. 2014).
Mitochondria in neurons have a very important role in sup-
plying energy to sustain neuronal activity and are highly ex-
posed to stress conditions such as high Ca2+ influx and oxida-
tive stress over time (Grenier et al. 2013). The majority of
mitochondria in neurons is located at distal axons, whereas
lysosomes occur in the soma. So far, whether damaged mito-
chondria have to be translocated back to the soma to be de-
graded remains unclear. They might be locally sequestered in
autophagosomes before their retrograde transport to the soma
or may even be degraded outside the soma (Ashrafi and
Schwarz 2013).

The biochemical and cell biological characterization of the
pathological mechanisms in PD during the last few years has
been an extraordinary success story of modern life science.

However, as the identified PD-related genetic defects only
represent a minority of all disease cases, the relevance of the
information already obtained for sporadic cases has to be scru-
tinized. Many open questions remain as to how exactly age-
related mitochondrial dysfunction, mitophagy, and organellar
quality control are correlated to cause the specific pathological
situation represented by PD, in particular, in patients with no
genetic predisposition.
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