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Mitochondria get a Parkin’ ticket
Philipp Wild and Ivan Dikic

Recent studies have revealed a prominent role of mitochondrial dysfunction in the development of one of the most common 
neurodegenerative disorders, Parkinson´s disease. The ubiquitin ligase Parkin and the protein kinase PinK1, whose mutations are 
associated with Parkinson´s disease, function in a pathway that links ubiquitylation with selective autophagy of damaged mitochondria.

The pathogenesis of Parkinson´s disease 
(PD) is characterized by substantial loss of 
dopamine-containing neuronal cells and the 
formation of cytoplasmic inclusions (Lewy 
bodies) that accommodate aggregation-prone 
proteins1. Mutations in genes coding for the 
PTEN-induced putative kinase-1 (PINK1) and 
the ubiquitin ligase Parkin have been associ-
ated with autosomal recessive forms of PD2. It 
has been reported previously that both proteins 
interact genetically and function within the 
same molecular pathway to influence mito-
chondrial dynamics3. On page 119 of this issue, 
Geisler et al. show that Parkin, in conjunction 
with PINK1, mediates selective autophagy of 
depolarized mitochondria4 (Fig. 1). Contrary to 
previous models proposing that loss of Parkin 
leads to enhanced cellular toxicity due to the 
accumulation of substrate proteins, this study 
suggests that mutant Parkin contributes to the 
onset of PD by a failure to trigger removal of 
dysfunctional mitochondria.

Studies in Drosophila melanogaster have 
revealed that Parkin and PINK1 are directly 
involved in the regulation of mitochondrial 
functions — their mutants caused mitochon-
drial swelling in dopaminergic neurons and 
sperm5. Pioneering work has indicated that 
Parkin recruitment to mitochondria is required 
for the selective elimination of damaged mito-
chondria in mammalian cells6. Expression of 

PD-associated Parkin mutations affects its trans-
location to depolarized mitochondria and their 
subsequent clearance through the autophagy 
pathway. As these mutations disrupt the integ-
rity of the E3 ligase RING domains, functional 
Parkin seems to be indispensable for proper 
mitophagy. Yet, how Parkin is recruited to depo-
larized mitochondria and the nature of its down-
stream signalling cascade remain unclear. 

Two recent reports demonstrated an impor-
tant role for PINK1 in recruiting Parkin to the 
mitochondrial membrane4,7. PINK1 spans the 
outer mitochondrial membrane, with its kinase 
domain facing the cytosol. After mitochondrial 
depolarization, PINK1 interaction with Parkin 
is significantly enhanced4. Moreover, modu-
lation of PINK1 expression or activity, either 
by siRNA-induced depletion or expression of 
kinase-deficient PINK1, reduces the reloca-
tion of Parkin to depolarized mitochondria and 
their turnover by mitophagy. Although PINK1 
seems to function as an important sensor for 
mitochondrial damage upstream of Parkin, 
many issues related to their functional interac-
tions remain unanswered. For example, how is 
the kinase activity of PINK1 regulated follow-
ing mitochondrial damage, can PINK1 mediate 
phosphorylation of Parkin or other substrates, 
does this create a translocation signal for Parkin 
and/or does it stimulate the E3 ligase activity of 
Parkin? Such interplay represents an appealing 
mechanism to inducibly regulate the degrada-
tion of stressed mitochondria only upon the loss 
of membrane potential.

Mitochondria are the principle sites of ATP 
production in aerobic cells. Yet, at the same time 
they are the major source of reactive oxygen 

species (ROS), which damage cellular com-
ponents, including the mitochondria. Various 
mechanisms, including autophagy, monitor and 
clear damaged mitochondria to maintain cellu-
lar homeostasis. Autophagy is characterized by 
the incorporation of cytoplasmic components 
into double-membrane vesicles (autophago-
somes), which eventually fuse with lysosomes, 
mediating their degradation. 

Emerging evidence indicates that the engulf-
ment of mitochondria by the autophagic 
machinery is not a random process. It engages 
autophagy receptors, molecules capable of 
binding to autophagy modifiers, MAP1LC3/
GABARAPs, as well as different substrates 
of autophagosomes8. Atg32, an outer mito-
chondrial membrane protein, has recently 
been described as a functional mitochondrial 
autophagy receptor in yeast9,10. Atg32 interacts 
with Atg8, the yeast homologue of MAP1LC3 
and Atg11, a yeast adaptor protein for selective 
autophagy. A recently characterized mamma-
lian mitophagy receptor, Nix/BNIP3L, binds 
to MAP1LC3/GABARAPs and mediates clear-
ance of mitochondria upon depolarization and 
during erythrocyte differentiation and may 
represent the closest mammalian homologue 
to Atg32 (ref. 11). Geisler et al. now implicate, 
downstream of Parkin, the adaptor protein p62/
SQSTM1, which seems to require ubiquityla-
tion as a targeting signal for mitophagy.

Ubiquitin has been suggested to act as a sig-
nal for the selective autophagy of diverse cargos, 
including protein aggregates, ribosomes, per-
oxisomes and pathogens, in mammalian cells8. 
Earlier studies have shown that sperm mitochon-
dria intensively decorated by ubiquitin following 
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fertilization were cleared through autophagy12. 
Geisler et al. found that Parkin colocalizes with 
ubiquitin chains at sites of condensed mito-
chondria after the loss of membrane potential, 
whereas pathogenic variants of Parkin cluster 
to mitochondria with a significant delay. The 
type of ubiquitin linkages depends on which 
of the seven lysines of ubiquitin serve as accep-
tor sites for chain elongation, and the authors 
showed that Parkin mediates the formation of 
both Lys 27 and Lys 63  linkages on substrates at 
depolarized mitochondria (Fig. 1). Importantly, 
different ubiquitin chains have specific conse-
quences for the tagged substrates and are linked 
to diverse cellular functions13. The proteins that 
recognize and convert these signals into a func-
tional response are responsible for this variety14. 
p62/SQSTM1 is one of these ubiquitin receptors, 
which is thought to bind ubiquitylated substrates 
through its ubiquitin-associated domain (UBA)8. 
The authors propose that p62/SQSTM1, which 
simultaneously binds ubiquitylated proteins 
and components of the autophagic machinery, 
functions downstream of Parkin. They showed 
that Parkin facilitates the recruitment of p62 to 
condensed mitochondria and subsequent p62-
dependent mitophagy. Conversely, p62 knock-
down does not affect Parkin translocation to 
depolarized mitochondria, but is indispensable 
for mitochondrial clearance.

The final cog in the wheel was the identification 
of a Parkin substrate that could mechanistically 
link ubiquitylation and autophagy. The authors 

found that voltage-dependent anion channel 1 
(VDAC1), a mitochondrial outer membrane 
protein, is ubiquitylated through Lys 27-linked 
chains, following mitochondrial membrane 
depolarization. So far, it is not clear whether the 
UBA domain of p62 can directly bind Lys 27 
ubiquitin chains or whether the interaction is 
mediated through another ubiquitin receptor. 
The authors also showed that silencing of endog-
enous VDAC1 by siRNA disrupted the redistri-
bution of Parkin to damaged mitochondria and 
prevented mitochondrial clearance. Both effects 
could be restored by re-transfection with wild-
type VDAC1, indicating that the mitochondrial 
substrate VDAC1 is required for proper PINK1/
Parkin-directed mitophagy (Fig. 1). This latter 
result points to an important role for VDAC1 in 
the formation of this trimeric complex, in addi-
tion to being a Parkin substrate.

This study provides insights into how func-
tional mutations in two PD-associated genes 
may contribute to the pathogenesis of PD by a 
failure to selectively clear damaged mitochon-
dria (Fig. 1). A recent report also demonstrates 
the importance of PINK1 for Parkin translo-
cation to mitochondria7. However, the model 
advanced by this group differs from the one 
proposed by Geisler et al.: they suggest that 
Parkin, in collaboration with PINK1, func-
tions in the microtubule-dependent traffick-
ing of depolarized mitochondria to lysosomes, 
rather than through the direct engagement of 
the autophagic machinery7. Although both 

models are not mutually exclusive, the obser-
vation by Geisler et al. that ubiquitylation of 
VDAC1 and p62 recruitment are prerequisites 
for PINK1/Parkin-mediated mitophagy argues 
for a more direct role of PINK1/Parkin in the 
engagement of the autophagy pathway.

Although the present study contributes to a 
better understanding of the molecular mecha-
nisms that potentially underlie the pathogen-
esis of PD, several open questions remain. For 
instance, it will be interesting to test whether 
there are other Parkin substrates in damaged 
mitochondria. Can VDAC1 constitute a key 
node at which autophagy and apoptosis path-
ways intersect? Ubiquitylation of VDAC1 
and subsequent engulfment and degradation 
of damaged mitochondria might prevent the 
release of pro-apoptotic factors from mito-
chondria under physiological conditions. 
Moreover, it will be important to determine 
to which extent these findings can be gener-
alized to other neuronal and non-neuronal 
cells, respectively. Several cell types, such as 
HeLa, lack detectable amounts of endogenous 
Parkin but nevertheless need to remove dys-
functional mitochondria to avoid increased 
ROS production. Given the redundancy of 
Parkin with other E3 ligases, it is appealing 
to consider the possibility of other ubiqui-
tin ligases being involved in mitophagy in a 
cell type-specific manner. For instance, E3 
ligases, such as MULAN, residing in or at the 
mitochondrial membrane, may regulate this 
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Figure 1 Model of PINK1/Parkin-mediated mitophagy. In the absence of mitochondrial damage, E3 ligase Parkin is diffusely distributed throughout the 
cytosol. Upon mitochondrial membrane depolarization, PINK1, a kinase of the outer mitochondrial membrane (OMM), induces Parkin translocation to stressed 
mitochondria. Subsequently, Parkin mediates the formation of Lys 27-linked ubiquitin (Ub) chains on VDAC1. This leads to the recruitment of the autophagy 
receptor p62, which in turn, by binding to LC3, directs damaged mitochondria into forming autophagosomes (phagophore). Disruption of this sequential process 
at distinct steps may contribute to the development of PD due to accumulation of dysfunctional mitochondria and a concomitant increased cellular toxicity.
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process15. Notably, aberrant mitochondrial 
morphology observed in Parkin and PINK1 
D. melanogaster mutants occurred in tissues 
with a high demand for energy, such as flight 
muscle, dopaminergic neurons and sperm. 
These cell types are more susceptible to oxi-
dative stress and, hence, specific mechanisms 
may be required to tightly control the integrity 
of their mitochondria. Further studies address-
ing the contribution of selective autophagy 

to mitochondrial quality control should also 
prove beneficial in developing new therapeutic 
approaches for the treatment of PD patients.
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Cohesin and Cdk1: an anaphase barricade
Keith T. Jones

separation of sister chromatids at anaphase in metazoan cells requires only the cleavage of the kleisin subunit of centromeric 
cohesin, but efficient poleward movement of separated sisters requires the associated loss in Cdk1 activity. activation of the 
anaphase-promoting complex/cyclosome ensures these events are coordinated.

The ties holding sister chromatids together 
during mitosis must be sufficiently strong 
to provide counter tension to the pulling 
forces of microtubules attached to their 
kinetochores. This molecular tension begins 
during prometaphase so as to allow all sister 
chromatids to align on the equator of the 
metaphase spindle, a goal, known as congres-
sion, in which sister kinetochores are biori-
entated. At the transition from metaphase to 
anaphase, the counter forces holding sister 
chromatids capitulate, allowing microtubules 
to pull sisters apart. 

There must be a synchronous surrender in 
this tug of war, so that separation of all sisters 
is achieved at the same time. Similarly it is 
important for the microtubules not be con-
fused en route; their cargo of separated sisters 
must now travel towards the spindle poles not 
the spindle equator. Synchronous sister release 
and efficient microtubule pulling forces help 
prevent lagging chromosomes, and so ensure 
correct chromosome numbers in the two 
daughter cells. Therefore the cohesive forces 
holding sister chromatids together, their syn-
chronous dissipation at anaphase onset and 
their associated poleward movement are all 
essential features in preventing the formation 
of aneuploid daughter cells, which may go on 

to show compromised physiological function 
or a propensity for tumorigenicity. On page 
185 of this issue, Oliveira et al.1 discover that 
cleavage of the kleisin component of cohesin 
(RAD21; Scc1/Mcd1 in budding yeast) and 
loss of Cdk1 activity are the key steps that 
drive the metaphase to anaphase transition in 
a higher eukaryote model system, the fruit fly 
Drosophila melanogaster.

For a long time, the cohesin complex, which 
is composed of two ‘structural maintenance 
of chromosome’ (SMC) subunits, SMC1 and 
3, and two non-SMC subunits, RAD21 and 
SCC3, has been a reasonable candidate to 
provide the counter tension that holds sister 
chromatids together at metaphase. In one 
model, it is thought to embrace sister chro-
matids in a ring, which would provide the 
necessary structure to hold sisters together2. 
Moreover, RAD21 is a substrate of Separase, 
a protease activated at anaphase onset by 
the degradation of its inhibitory chaperone 
Securin. RAD21 cleavage would therefore 
break the ring-like structure, allowing sisters 
to be pulled apart, and this would be achieved 
in a timely manner by the controlled activa-
tion of Separase. Oliveira et al. used a fly line 
expressing RAD21, engineered with cleavage 
sites for the tobacco etch virus (TEV) pro-
tease, to test directly whether RAD21 cleav-
age, and so the cohesin complex, did indeed 
provide the counter tension to microtubules 
during metaphase. They could do this by 

injecting the TEV protease, and in so doing 
immediately cleave RAD21. The early fly 
embryo is ideally suited for this experiment, 
as it is a syncytium with multiple mitotic 
spindles and no cell membranes to prevent 
diffusion of the injected protease.

Metaphase-arrested embryos were needed 
to assess the effects of RAD21 cleavage, as it is 
only at this stage of the cell cycle that it can be 
ascertained whether cohesin complexes were 
providing the sole counter force to micro-
tubules. This was achieved by inhibiting the 
anaphase-promoting complex/cyclosome 
(APC/C), an E3 ubiquitin ligase, whose activity 
at the onset of anaphase triggers polyubiquit-
ylation, and immediate proteolysis, of Securin 
so freeing Separase to act on RAD21 (ref. 3). 
APC/C inhibition would normally be a feature 
of prometaphase at a time when sister congres-
sion had not yet been achieved, and would be 
mediated by activation of the spindle assembly 
checkpoint (SAC). The SAC is a collection of 
proteins that prevent APC/C activity through 
inhibition of CDC20, an essential APC/C com-
ponent needed for triggering anaphase4. The 
SAC is normally satisfied only once all sister 
kinetochores are biorientated, occupied and 
under tension from microtubules, and as a 
consequence APC/CCDC20 can become active. 
Fly embryos with TEV-sensitive RAD21 were 
arrested at metaphase by one of two methods, 
either by overexpressing MAD2, a critical SAC 
member that can bind, and so sequester CDC20 
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