REVIEW

The three ‘P’s ot mitophagy: PARKIN,
PINK1, and post-translational

modifications

Thomas M. Durcan and Edward A. Fon

McGill Parkinson’s Program, Department of Neurology and Neurosurgery, Montreal Neurological Institute, McGill University,

Montreal, Quebec H3A 2B4, Canada

Two Parkinson’s disease (PD)-associated proteins, the mi-
tochondrial kinase PINK1 and the E3-ubiquitin (Ub) ligase
PARKIN, are central to mitochondrial quality control. In
this pathway, PINK1 accumulates on defective mitochon-
dria, eliciting the translocation of PARKIN from the cyto-
sol to mediate the clearance of damaged mitochondria via
autophagy (mitophagy). Throughout the different stages
of mitophagy, post-translational modifications (PTMs)
are critical for the regulation of PINK1 and PARKIN acti-
vity and function. Indeed, activation and recruitment
of PARKIN onto damaged mitochondria involves PINK1-
mediated phosphorylation of both PARKIN and Ub.
Through a stepwise cascade, PARKIN is converted from
an autoinhibited enzyme into an active phospho-Ub-
dependent E3 ligase. Upon activation, PARKIN ubiquiti-
nates itself in concert with many different mitochondrial
substrates. The Ub conjugates attached to these sub-
strates can in turn be phosphorylated by PINK1, which
triggers further cycles of PARKIN recruitment and activa-
tion. This feed-forward amplification loop regulates both
PARKIN activity and mitophagy. However, the precise
steps and sequence of PTMs in this cascade are only now
being uncovered. For instance, the Ub conjugates assem-
bled by PARKIN consist predominantly of noncanonical
K6-linked Ub chains. Moreover, these modifications are
reversible and can be disassembled by deubiquitinating en-
zymes (DUBs), including Ub-specific protease 8 (USP8),
USP15, and USP30. However, PINK1-mediated phosphor-
ylation of Ub can impede the activity of these DUBs, add-
ing a new layer of complexity to the regulation of PARKIN-
mediated mitophagy by PTMs. It is therefore evident
that further insight into how PTMs regulate the PINK1-
PARKIN pathway will be critical for our understanding
of mitochondrial quality control.

[Keywords: PARKIN; ubiquitin; deubiquitination; mitophagy; PINK1;
phosphorylation]

Corresponding author: ted.fon@mcgill.ca

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.262758.
115.

Phosphorylation and ubiquitination are two post-transla-
tional modifications (PTMs) that often occur together in
the regulation of signaling cascades. Examples of path-
ways regulated by both include the epidermal growth fac-
tor (EGF) receptor and NF«B signaling pathways (Karin
and Ben-Neriah 2000; Nguyen et al. 2013). Typically,
the addition of a phosphate moiety onto a particular res-
idue of a substrate protein regulates the ability of an
E3-ubiquitin (Ub) ligase to attach Ub onto lysine residues
within a substrate (Lin et al. 2002; Gallagher et al. 2006;
Dou et al. 2012). Considering the prominent cross-talk be-
tween these PTMs, it is not surprising that they are also
implicated in many disease-associated pathways, includ-
ing cancer and neurodegenerative diseases such as Parkin-
son’s disease (PD). PD is a progressive neurodegenerative
disorder that in most cases occurs sporadically. However,
the discovery of genes responsible for rare familial cases
of PD has shed light on the pathogenesis of the disease.
For instance, recessive loss-of-function mutations in
the PARK2 and PARK6 genes encode the E3-Ub ligase
PARKIN and the mitochondrially targeted kinase
PINKI1, respectively. These two proteins act together
through an intricate interplay of phosphorylation and
ubiquitination (Kitada et al. 1998; Valente et al. 2004a,
b). In this review, we discuss how these PTMs are at the
very heart of how PARKIN and PINKI1 function in mito-
chondrial quality control. Moreover, we introduce the
concept of PARKIN as a phospho-Ub-dependent E3 ligase.
Finally, we ask how our current understanding of these
proteins may impact the development of future therapies
for PD.

PD and mitochondrial dysfunction

PD is the second most common neurodegenerative disor-
der, predominantly affecting individuals over the age of
65, although cases with a much earlier onset have been
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observed. Whereas many neuronal types are affected in
PD, it is predominantly the dopamine (DA) neurons of
the substantia nigra pars compacta (SNc) region that are
progressively lost, causing a gradual depletion of the neu-
rotransmitter DA. A striking feature of DA neurons is
their high energetic demands in the form of ATP. Mito-
chondria serve as the primary producers of ATP within
the neurons, with much of it generated via the electron
transport chain (ETC) through a stepwise reaction that
consumes oxygen. However, the production of high levels
of ATP does come at a cost to the neuron—in the form of
superoxide and reactive oxygen species (ROS)—that can
be damaging to the mitochondria and toxic to the neuron
(Guzman et al. 2010). By generating increased levels of
ROS in a “vicious cycle” of oxidative damage, defective
mitochondria can be deleterious to neighboring mito-
chondria, making the presence of surveillance mecha-
nisms essential for promoting the removal of these
damaged mitochondria. The inability to eliminate dys-
functional mitochondria can elicit a domino effect, with
damage spreading to neighboring mitochondria, ultimate-
ly resulting in the death of the affected neuron.
Mitochondrial dysfunction is often cited as a contribut-
ing factor to the development of PD, with early evidence
coming from observations with the synthetic opioid
MPTP (Langston et al. 1983), the insecticide rotenone,
and the herbicide paraquat (Day et al. 1999; Betarbet
et al. 2000; Richardson et al. 2005), all of which are mito-
chondrial toxins that have also been associated with PD.
In parallel with the identification of these agents, a num-
ber of studies have demonstrated a direct association be-
tween mitochondrial dysfunction and PD. First, reduced
activity of complex I of the ETC has been demonstrated
in the substantia nigra, skeletal muscle, and platelets of
patients with PD (Mizuno et al. 1989; Parker et al. 1989;
Schapira et al. 1989). Furthermore, complex I subunits
derived from mitochondria from PD patients exhibited
oxidative damage consistent with defects in the ETC
(Keeney et al. 2006). In addition, mitochondrial DNA de-
letions were found in the DA neurons from the brains of
PD patients (Bender et al. 2006; Kraytsberg et al. 2006).
Thus, evidence from these studies strongly implicates mi-
tochondrial dysfunction in the etiology of PD.

PD-associated proteins at the mitochondria

Considering how mitochondrial defects can lead to cellu-
lar dysfunction, it is not surprising that quality control
pathways exist to protect against oxidative stress and ulti-
mately remove damaged mitochondria whose presence
might be deleterious to the cell. What was more surprising
was the initial realization that PARKIN and PINK1 both
play a key role in mitochondrial quality control. Indeed,
soon after its discovery, PARKIN was shown to function
in the Ub pathway (Shimura et al. 2000). However, wheth-
er or how it could impact mitochondria was unknown.
The first clue that PARKIN was important for mitochon-
drial function came from Drosophila (Greene et al. 2003).
PARKIN mutant flies exhibited locomotor deficits, indi-
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rect flight muscle degeneration, and male sterility asso-
ciated with prominent abnormalities in mitochondrial
morphology. Remarkably, PINK1-null flies exhibited a
very similar phenotype that could be rescued by overex-
pressing human PARKIN. Conversely, overexpression of
PINKI failed to rescue the PARKIN mutant phenotype,
suggesting that PINK1 acts upstream of PARKIN in a
common genetic pathway that impacts mitochondrial
function (Clark et al. 2006; Park et al. 2006; Yang et al.
2006).

Clues to explain the cellular basis of this interaction
came from the seminal studies from the laboratory of Rich-
ard Youle (Narendra et al. 2008), who found that in the
presence of the uncoupler carbonyl cyanide m-chlorophe-
nylhydrazone (CCCP), which dissipates the mitochondrial
membrane potential (A¥m), PARKIN massively relocal-
ized from the cytosol to the mitochondria. Moreover,
once recruited to mitochondria, PARKIN promotes their
clearance via the autophagy pathway (mitophagy). Re-
markably, this process was strictly dependent on the pres-
ence of catalytically active PINK1, as kinase-dead PINK1
or PINKI1 lacking an intact kinase domain is unable to pro-
mote PARKIN recruitment (Geisler et al. 2010; Matsuda
et al. 2010; Narendra et al. 2010b). Considering the impor-
tance of PINK1 for the recruitment of PARKIN to mito-
chondria, these studies raise important questions about
the molecular mechanisms involved. Mutations in the
PINK1 gene are responsible for an autosomal recessive
form of PD (Fig. 1A; Valente et al. 20044a,b). The PINKI1 pro-
tein is a serine/threonine kinase, which under normal
unstressed conditions is targeted to the mitochondria
through its N-terminal mitochondrial targeting sequence
(MTS), where it is imported via the translocase of outer
membrane (TOM) and translocase of inner membrane
(TIM) complexes (Lazarou et al. 2012). During its import
through these channels, PINK1 undergoes a series of pro-
teolytic cleavage steps, with the 64-kDa full-length form
sequentially cleaved into 60- and 52-kDa fragments (Jin
et al. 2010; Deas et al. 2011; Greene et al. 2012). The 52-
kDa fragment is exported back into the cytosol, where it
is degraded by the proteasome through the N-end rule
pathway (Yamano and Youle 2013). As aresult of this com-
plex processing, PINK1 levels are maintained very low at
steady state. PINK1 import requires an active proton gra-
dient across the inner mitochondrial membrane to drive
import. Indeed, depolarization of the mitochondria with
either chemical or protein uncouplers prevents the im-
port of full-length PINK1 via the TOM/TIM complex (Nar-
endra et al. 2008; Grenier et al. 2014) and leads to the
accumulation of full-length PINK1 on the outer mitochon-
drial surface. Overwhelming the import channels with
excess PINK1 or preventing cleavage of PINK1 by knock-
ing down specific mitochondrial proteases has the same
effect, causing PINK1 to accumulate on the mitochondrial
surface, where it can elicit PARKIN translocation from
the cytosol (Narendra et al. 2010b; Greene et al. 2012).
Moreover, if the N-terminal MTS is deleted or key resi-
dues in the MTS are mutated, PINK1 can accumulate on
the mitochondrial surface and elicits PARKIN recruit-
ment, suggesting the existence of an outer mitochondrial
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Figure 1. Schematic representation of the functional domains
and PD-associated mutations in PINK1 and PARKIN. (A) Sche-
matic of the domain structure and PD-associated mutations in
PINKI. (B) Schematic highlighting sites of PARKIN autoinhibi-
tion. PARKIN activity depends on two functional sites: a binding
site for the E2 on RINGI1 and a catalytic site at C431 in the RING2
domain. Both sites are occluded in the autoinhibited structure.
(C) An outline of the domains in PARKIN and its PD-associated
mutations. (Ubl) Ub-like domain; (RING]) really interesting new
gene; (IBR) in-between RINGs; (REP) repressor element of
PARKIN domain. S65 in the Ubl is the site of PINK1-mediated
phosphorylation. C431 is the PARKIN active site cysteine.
W403 is a residue in the REP domain that, when mutated to an
alanine (W403A), abolishes this autoinhibition and causes PAR-
KIN to be hyperactive (Trempe et al. 2013). All indicated muta-
tions in both PINKI and PARKIN represent homozygous or
compound heterozygous mutations associated with PD.

membrane localization domain between the N-terminal
MTS and the transmembrane domain (Okatsu et al.
2015a). This domain might be involved in interactions
with the TOM import channel, required for PINK1 accu-
mulation at the outer mitochondrial membrane (Lazarou
etal. 2012; Hasson et al. 2013; Okatsu et al. 2015a). Thus,
accumulation of active PINKI on the outer mitochondria
surface is the first step in this quality control pathway.

PARKIN: an autoinhibited E3-Ub ligase

While PINKI initiates quality control, it is the E3-Ub li-
gase PARKIN that is responsible for directing the autopha-
gic clearance of defective mitochondria (Narendra et al.
2008). PARKIN is also a PD-associated protein, and, to
date, >120 loss-of-function mutations in the PARK2
gene have been linked to familial forms of PD (Kitada
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etal. 1998; Mata et al. 2004). As an E3-Ub ligase, PARKIN
mediates the covalent attachment of the highly conserved
76-amino-acid protein Ub onto target proteins. The reac-
tion involves the conjugation of the C-terminal glycine
residue of Ub onto the e-amino group of lysines within
substrates. Ub itself contains seven lysines, any one of
which can in turn be modified by another Ub molecule.
This leads to the formation of polyUb chains with distinct
architectures that have the potential to influence the
function of a substrate in different ways depending on
the linkages used to assemble the chains. The best-charac-
terized linkage is Lys48 (K48), with K48-linked chains
directing substrates for proteasomal degradation (Voges
et al. 1999). However, Ub conjugates linked via one of
the other six lysines or via the N-terminal a-amino group
of Ub (head-to-tail linkage) can also regulate the function
of the protein in a variety of distinct manners (Newton
et al. 2008).

Soon after its discovery, PARKIN was demonstrated to
function as an E3-Ub ligase, ubiquitinating a variety of
substrates, including itself (Shimura et al. 2000; Zhang
et al. 2000; Imai et al. 2001, 2002; Fallon et al. 2006;
Trempe et al. 2009; Sarraf et al. 2013). However, PARKIN
was found to exhibit rather poor E3 ligase activity at base-
line in a variety of in vitro and cellular assays. Recent
structural studies have shed light on the basis of this
poor activity by revealing that PARKIN is natively autoin-
hibited (Riley et al. 2013; Spratt et al. 2013; Trempe et al.
2013; Wauer and Komander 2013). This autoinhibition is
mediated by two distinct features of PARKIN (Fig. 1B):
(1) A repressor element of the PARKIN (REP) domain oc-
cludes the RINGI1 (really interesting new gene 1) domain,
preventing PARKIN from binding E2-Ub-conjugating en-
zymes, required for Ub transfer, and (2) an interaction be-
tween RINGO-RING2 blocks access to the catalytic site,
centered around Cys431 (C431) (Trempe et al. 2013). In-
deed, when mutations are introduced that abolish
these interactions (W403A, F463A, F146A, and RINGO
deletion), PARKIN becomes constitutively active, leading
to a dramatic increase in autoubiquitination (Trempe
et al. 2013). In particular, the presence of a W403A muta-
tion, which is predicted to dislodge the REP from RINGI,
enhances PARKIN-E2 binding, leading to a robust in-
crease in PARKIN self-ubiquitination and accelerated re-
cruitment onto depolarized mitochondria (Trempe et al.
2013). The structure also confirmed that PARKIN con-
tains four zinc-binding “RING” domains along with an
N-terminal Ub-like (Ubl) domain (Fig. 1C).

Interestingly, only RING1 adopts the fold of a canonical
RING domain, whereas the configuration of the other
three—RINGO, IBR (in between RINGs), and RING2—
adopt novel zinc-binding configurations. The three C-ter-
minal zinc-binding domains (RINGI, IBR, and RING2)
form a distinct RBR superdomain, the hallmark of a fam-
ily of 13 RBR-type E3s that include HHARI, Ariadne,
HOIL, and HOIP (Spratt et al. 2014). Until recently, these
RBR E3s were thought to function similarly to typical
RING-type E3s. These act as scaffolds that merely pro-
mote the transfer of Ub from a Ub-charged E2 enzyme
onto the substrate but do not form an intermediate with

GENES & DEVELOPMENT 991



Durcan and Fon

Ub in the conjugation reaction. However, studies with
PARKIN and HHARI have disproven this model, demon-
strating that PARKIN and other RBR-type E3s function
as RING-HECT hybrid E3s (Wenzel et al. 2011). In this
model, Ub is transferred from the E2 onto a catalytic cys-
teine in PARKIN, forming a short-lived PARKIN-UD thio-
ester intermediate before being transferred onto a lysine
within the substrate (Lazarou et al. 2013; Riley et al.
2013). The crystal structure of PARKIN is largely consis-
tent with this model, showing that C431 in RING2 is
not bound to zinc and is therefore poised to function as
the catalytic cysteine. Indeed, a PD mutation at this site
(C431F) abolishes PARKIN E3-Ub ligase activity and its
function in mitochondrial quality control (Lazarou et al.
2013). Moreover, mutating the catalytic cysteine to serine
(C4318S) can covalently trap Ub on PARKIN by way of an
oxyester bond that is unable to release Ub onto substrates
(Iguchi et al. 2013; Lazarou et al. 2013).

Activation of PARKIN by PINK1-mediated
phosphorylation

In the context of mitochondrial quality control, these
structural findings imply that PARKIN is predominantly
inactive in the cytosol. Following the mitochondrial accu-
mulation of PINK1, PARKIN is thought to undergo several
activation steps that ultimately result in its translocation
and clearance of damaged mitochondria. Central to this
activation is PINK1-mediated phosphorylation. To elicit
PARKIN recruitment, PINK1 exerts its effect in two
ways: by phosphorylating PARKIN directly at S65 in
the N-terminal Ubl domain (Kondapalli et al. 2012) and
indirectly by phosphorylating Ub at the equivalent resi-
due (Kane et al. 2014; Kazlauskaite et al. 2014; Koyano
et al. 2014; Wauer et al. 2015). Evidence suggests that
both PINKI-mediated phosphorylation of PARKIN and
PARKIN binding to phospho-Ub activate PARKIN, trig-
gering a feed-forward amplification loop to elicit further
rounds of PARKIN-mediated ubiquitination and translo-
cation onto the mitochondria. Moreover, PINK1 activity
itself appears to be controlled by autophosphorylation,
with the residues S228, T257, and S402 identified as sites
of phosphorylation within PINK1 (Kondapalli et al. 2012;
Okatsu et al. 2012; Aerts et al. 2015). These sites are criti-
cal for PINK1 function in the mitophagy pathway, as auto-
phosphorylation at $228 and S402 enhances the ability
of PINK1 to phosphorylate its substrates, PARKIN and
Ub (Aerts et al. 2015). In line with these findings, muta-
tion of S228 and S402 to alanine abolishes PINK1 activ-
ity, inhibiting the mitochondrial recruitment of PARKIN
(Okatsu et al. 2012). However, the exact mechanism
through which PINKI1 phosphorylates itself and its sub-
strates is just beginning to be elucidated.

We speculate that the addition of a phosphate onto S65
in both Ub and the PARKIN Ubl causes PARKIN to tran-
sition from a closed inhibited conformation to a more
open active form via a stepwise series of events. Intrigu-
ingly, phosphorylated Ub can be incorporated into polyUb
chains (Okatsu et al. 2015b; Wauer et al. 2015), and artifi-
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cially targeting phospho-Ub or phosphomimetic chains
to mitochondria and even lysosomes is sufficient to elicit
recruitment of PARKIN in the absence of PINK1 (Shiba-
Fukushima et al. 2014a; Okatsu et al. 2015b). Thus, in
our model of PINK1-mediated activation and recruitment
of PARKIN, we speculate that following its accumula-
tion on depolarized mitochondria, PINK1 phosphorylates
PARKIN and perhaps also pre-existing Ub conjugates on
mitochondrial substrates that are located in close proxim-
ity. Indeed, it is likely that a small fraction of mitochon-
drial outer membrane proteins are conjugated with low
levels of Ub at any given time. Upon accumulation of
PINKI1 at the surface, these Ub conjugates would become
phosphorylated at S65, which increases their affinity for
PARKIN. The combination of PINK1-mediated phosphor-
ylation of PARKIN and phosphorylated Ub conjugates
would effectively activate and recruit PARKIN to the mi-
tochondria. Thus, a combination of interactions with
phosphorylated Ub conjugates and direct phosphorylation
of the Ubl activates PARKIN, leading to the polyubiquiti-
nation of multiple mitochondrial substrates. Such newly
formed Ub chains would be in close proximity to PINK1
and thus ideally positioned for phosphorylation, which
would elicit further PARKIN recruitment, activation,
and substrate ubiquitination in a feed-forward mechanism
(Fig. 2). Indeed, accumulation of phosphorylated Ub on de-
polarized mitochondria requires the presence of PARKIN,
whereas PARKIN recruitment onto mitochondria also de-
pends on Ub phosphorylation, and thus they are mutually
interdependent (Okatsu et al. 2015b). Thus, we propose
that PARKIN is a phospho-Ub-dependent E3 requiring a
combination of interactions with phosphorylated Ub
and direct phosphorylation of its own Ubl domain to be
fully activated, ultimately leading to its mitochondrial
recruitment and mitophagy. However, the precise se-
quence of phosphorylation and ubiquitination events still
needs to be worked out. Moreover, it will be important to
work out whether the same sequence of events is at play
in vivo when parkin is activated in neurons in response
to more physiological stimuli than chemical uncouplers.

Mitophagy and PARKIN-mediated ubiquitination

Once PARKIN is in the active conformation, its E3-UDb li-
gase activity is essential for ubiquitinating and mediating
the clearance of a wide range of mitochondrial proteins
(Sarraf et al. 2013), which occurs in a stepwise manner dur-
ing mitophagy. Among the earliest and most prominent
targets of PARKIN-mediated ubiquitination are mitofusin
1 and mitofusin 2, two GTPases essential for mitochondri-
al fusion (Tanaka et al. 2010). By promoting proteasom-
al degradation of the mitofusins, mitochondria become
increasingly fragmented, leading to their isolation from
one another. This step appears to be critical for separating
damaged mitochondrial fragments from the remaining
healthy reticulum. Next, PARKIN ubiquitinates multiple
substrate proteins, with a preference for outer mitochon-
drial membrane proteins, including TOM20, TOM?70,
and the VDACs (Sarraf et al. 2013; Bingol et al. 2014).
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Figure 2. Model for PARKIN activation and recruitment onto
damaged mitochondria. Following a loss in mitochondrial mem-
brane potential, PINKI accumulates on depolarized mitochon-
dria. (1) When present on the OMM, PINK1 phosphorylates
both S65 in the N-terminal Ubl of PARKIN and S65 within the
Ub moieties in Ub conjugates that are attached to mitochondrial
substrates on the outer mitochondrial membrane. (2) These phos-
phorylation events activate PARKIN and elicit its mitochondrial
recruitment via direct interaction with the phospho-Ub con-
jugates on the mitochondria. (3) Active PARKIN promotes the
ubiquitination of multiple mitochondrial substrates. PINK1
phosphorylates these Ub conjugates, which in turn acts as a
feed-forward mechanism to further promote PARKIN activa-
tion and recruitment. (IMM) Inner mitochondrial membrane;
(OMM) outer mitochondrial membrane.

The extremely large number of PARKIN substrates identi-
fied in recent proteomic studies (Sarraf et al. 2013; Bingol
et al. 2014; Cunningham et al. 2015) combined with the
new concept of Ub phosphorylation by PINK1 would sug-
gest that PARKIN is a rather promiscuous E3 ligase, with
its specificity conferred by the presence of phospho-Ub
on substrates rather than the identity of the substrates
per se. This unique mode of activity would define PARKIN
as the first phospho-Ub-dependent E3. Interestingly, pro-
teasome function appears to be required for the turnover
of several of these ubiquitinated membrane proteins, per-
haps acting via a VCP-dependent mechanism to extract
them from the mitochondrial membrane (Tanaka et al.
2010; Chan et al. 2011; Kim et al. 2013). Concurrently
with proteasomal degradation, ubiquitination of mito-
chondrial proteins promotes the recruitment of Ub-bind-
ing autophagy receptors such as p62, optineurin, and
NBRI1 (Geisler et al. 2010; Narendra et al. 2010a; Chan
etal.2011; Wong and Holzbaur 2014), which in turn elicits
the targeting of the damaged mitochondria to LC3-posi-
tive phagophores for clearance in the lysosome (Narendra
et al. 2010a; Okatsu et al. 2010). An area of recent interest
has been the nature of the Ub chains formed on these sub-
strates. Mass spectrometry-based studies of mitochondria
purified from CCCP-treated cells reveals a predominance
of K6, K11, K48, and K63 linkages in these Ub conjugates
(Ordureau et al. 2014; Cunningham et al. 2015). The iden-
tification of K48 and K63 linkages was not surprising,
as these have been shown previously (Geisler et al. 2010,

Post-translational regulation of PARKIN and PINK1

2014; Chan et al. 2011). K48-linked Ub chains are imp-
ortant for proteasomal targeting, whereas K63-linked
chains have been proposed to recruit autophagy adaptors.
However, the importance of K63-linked conjugates in
PINK1- and Parkin-dependent mitophagy remains con-
troversial, as the successful clearance of mitochondria
can still occur in the absence of Ubcl3, the main E2 en-
zyme responsible for K63-linked Ub chain formation (Shi-
ba-Fukushima et al. 2014b). Moreover, although PARKIN
was found previously to assemble K27-linked Ub chains
on VDACI (Geisler et al. 2010), K27 was not detected in
these mass spectrometry analyses (Ordureau et al. 2014;
Cunningham et al. 2015), suggesting that either PARKIN
doesnot assemble K27-linked chains, or their levels are ex-
tremely low.

Intriguingly, the noncanonical linkages K6 and K11
were also present to varying degrees in these conjugates
on different mitochondrial substrates, with levels of
both increasing following treatment with CCCP. When
either K6 or K11 linkages were impeded from forming
with the overexpression of K6R or K11R mutant Ub, mito-
chondrial clearance was impaired, arguing that these non-
canonical linkages play an important role in the overall
process of mitophagy (Cunningham et al. 2015). Besides
PARKIN, the RING-type E3s BRCA1 and RING1b and
the bacterial E3 NleL are the only other E3s to date to
have been found to preferentially generate such K6-linked
conjugates (Wu-Baer et al. 2003; Ben-Saadon et al. 2006; de
Bie et al. 2010; Hospenthal et al. 2013). Consistent with
these findings, when PARKIN is activated by PINK1-me-
diated phosphorylation or the presence of phosphorylated
Ub, it forms K6-linked chains at a faster rate than any
other except for K48 (Ordureau et al. 2014). In concert
with PARKIN-mediated ubiquitination of multiple mito-
chondrial proteins (Sarraf et al. 2013), a robust increase in
PARKIN self-ubiquitination can be observed following
treatment with CCCP (Durcan et al. 2014). As with
PARKIN substrates, these conjugates contain K6-, K11-,
K48-, and K63-linked Ub, with K6 again being the most
prominent (Durcan et al. 2014). The Ub conjugates on
PARKIN are confined to Lys27, Lys48, and Lys76 in its
N-terminal Ubl domain (Sarraf et al. 2013; Durcan et al.
2014). Ubiquitination at these sites may regulate the in-
teraction of the Ubl with more C-terminal domains of
PARKIN (Chaugule et al. 2011) as well as with other
Ubl- and Ub-binding proteins (Fallon et al. 2006; Trempe
etal. 2009; Aguileta et al. 2015). Thus, autoubiquitination
of the PARKIN Ubl may act as a second PTM that, in con-
cert with phosphorylation, acts as an added layer of reg-
ulation to control PARKIN activity and mitochondrial
recruitment. However, the precise mechanisms remain
to be elucidated. For instance, are chains assembled by
PARKIN on a given site conjugated homogenously by
a single type of lysine linkage (i.e., all K6-linked), or do
they consist of mixed chains linked by varying com-
binations of K6, K11, K48, and K63 (Fig. 3)? What are the
molecular determinants that influence how PARKIN as-
sembles these chains, and how could these different chain
topologies regulate mitophagy? What are the respective
roles of PARKIN autoubiquitination versus mitochondrial
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Figure 3. Model for the types of linkages in Ub conjugates
formed by PARKIN. PARKIN forms Ub conjugates comprised
of four distinct linkages: K6, K11, K48, and K63. (Left) In one po-
tential scenario, PARKIN forms homotypic chains on its sub-
strates comprised of one linkage only, albeit to varying degrees
between chains. (Right) Alternatively, PARKIN can form chains
that are mixed in nature, consisting of varying levels of each of
the four linkages.

Substrate

substrate ubiquitination in mitochondrial quality control,
and how are these two processes regulated?

Deubiquitination and PARKIN-mediated mitophagy

Answers to some of these questions have come recently
from work on deubiquitinating enzymes (DUBs). Ubiqui-
tination is a reversible process, and DUBs oppose the ac-
tivity of E3-Ub ligases by hydrolyzing the isopeptide
bonds that link Ub chains. Deubiquitination is commonly
used to regulate the activity of E3s, and many E3s have
been shown to partner with one or more DUB. To date,
close to 90 putative DUBs encoded by the human genome
have been identified, belonging to five distinct subclasses
(Nijman et al. 2005). The largest of these classes is the Ub-
specific proteases (USPs). Similar to other E3s, the ability
of PARKIN to ubiquitinate itself and its substrates is also
regulated by deubiquitination. Ataxin-3, a member of the
Josephin class of DUBs, was identified as the first DUB
partner for PARKIN, binding it directly and opposing its
ability to ubiquitinate itself (Durcan et al. 2011, 2012).
However, ataxin-3 did not deubiquitinate PARKIN in a
classical manner, as it was unable to hydrolyze the isopep-
tide linkage in PARKIN Ub conjugates after they had
formed (Durcan et al. 2012). Rather, ataxin-3 was acting
similarly to another unconventional DUB, OTUBI, that
suppresses RNF168-mediated polyubiquitination by in-
teracting with and inhibiting the Ubcl3 E2-Ub-conju-
gating enzyme (Nakada et al. 2010). As with OTUBI,
ataxin-3 binds the E2, in this instance UbcH7, directing
the Ub from the E2-Ub thioester away from PARKIN
and onto itself. This impedes the ability of PARKIN to
ubiquitinate itself (Durcan et al. 2012). Although ataxin-
3 regulates PARKIN self-ubiquitination, it does not appear
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to regulate the mitochondrial translocation of PARKIN or
clearance of damaged mitochondria. However, as E3s are
often regulated by multiple DUBSs, it was likely that deu-
biquitination of PARKIN and its substrates by other DUBs
was responsible for regulating its function in mitophagy.

One approach to identify such novel DUB partners for
PARKIN involved using an siRNA screen to knock down
all of the known DUBs to ascertain whether their si-
lencing could affect the mitochondrial recruitment of
PARKIN (Durcan et al. 2014). Knockdown of the endo-
cytic DUB USP8 was found to delay PARKIN transloca-
tion onto depolarized mitochondria. Moreover, silencing
of USP8 also delayed mitochondrial clearance at longer
time points. In contrast to ataxin-3, USP8 deubiquitinated
PARKIN directly, mediating the removal of Ub conjugates
from PARKIN by specifically acting on the K6 linkages
in these chains (Durcan et al. 2014). Thus, when levels
of USP8 were reduced, an accumulation of K6-linked Ub
conjugates on PARKIN delayed its overall function in
the mitophagy pathway. Why an increase in K6-linked
conjugates on PARKIN would impair PARKIN function
is still unclear. Perhaps their presence interferes with
PARKIN interactions with one or more protein required
for clearance of damaged mitochondria. Indeed, if aberrant
K6-linked Ub chains are present on the Ubl, the inter-
action of PARKIN with PINKI and/or phosphorylated
UDb may be impaired, thereby delaying the initial stages
of PARKIN activation and recruitment. It also should
be noted that K6-linked conjugates appear to persist lon-
ger on PARKIN following knockdown of USP8 (Durcan
et al. 2014), and their presence may be impeding the in-
teraction of PARKIN with autophagic adaptor proteins
and other substrates. One possibility is that the ratio of
linkages in the Ub conjugates on mitochondrial substrates
may shift toward K6 relative to the other linkages. As a
result, the altered Ub architecture on the mitochondria
may impede interactions with the autophagic adaptors,
thereby impairing the autophagic clearance of damaged
mitochondria.

Deubiquitination of mitochondrial substrates

While many DUBs regulate their E3 partner by direct deu-
biquitination, others exert their effect indirectly by deu-
biquitinating substrates of their E3 partner. PARKIN is
no exception, and separate studies have identified two
DUBs that regulate PARKIN activity within the mitoph-
agy pathway by deubiquitinating substrates of PARKIN
(Bingol et al. 2014; Cornelissen et al. 2014; Dikic and
Bremm 2014). In the first study, USP15 was identified as
a binding partner of PARKIN by affinity purification (Cor-
nelissen et al. 2014). Remarkably, when overexpressed,
USP15 impaired PARKIN-mediated clearance of mito-
chondria, with no effect on the mitochondrial recruit-
ment of PARKIN. Conversely, when USP15 was
knocked down, clearance of mitochondria was enhanced,
with an absence of USP15 rescuing the mitophagy defect
observed in PARKIN mutant fibroblasts (Cornelissen
et al. 2014).



In contrast to USP8, USP15 was unable to deubiquiti-
nate PARKIN; rather, USP15 exerts its effect by deubiqui-
tinating mitochondrial substrates of PARKIN. Thus, when
absent, Ub conjugates normally hydrolyzed by USP15 are
left intact, thereby accelerating the rate of mitophagy.
When overexpressed, excessive USP15-mediated hydroly-
sis of these conjugates occurs, with diminished levels of
Ub chains on mitochondrial substrates impairing mito-
phagy. Similar findings were reported for another DUB:
USP30. USP30 overexpression impaired PARKIN-mediat-
ed mitophagy by deubiquitinating mitochondrial sub-
strates that include TOM20, TOM70, and the VDACs
(Bingol et al. 2014). It should be noted that USP30 was
also overexpressed in the USP15 study, but no effect on
mitophagy was observed (Cornelissen et al. 2014). More-
over, in addition to its role in regulating mitophagy,
USP30 has recently been shown to deubiquitinate sub-
strates of PARKIN in mitochondrial cell death pathways
(Liang et al. 2015). Intriguingly, as with USP8, USP30 dem-
onstrates a preference for chains with K6 linkages, hydro-
lyzing them at a faster rate compared with chains linked
through one of the other lysines (Ordureau et al. 2014;
Cunningham et al. 2015). Strikingly, USP30 overexpres-
sion and knockdown also had an effect on mitochondrial
turnover in neurons. To monitor the rate of mitophagy in
neurons, Bingol et al. (2014) used a mitochondrially target-
ed keima red fluorescent protein to measure turnover of
the mitochondria in the lysosome. Using this system,
knockdown of USP30 enhanced the rate of mitochondrial
turnover, dependent on the presence of functional PAR-
KIN and PINK1, even in the absence of CCCP. Conversely,
when USP30 was overexpressed, the rate of turnover was
decreased. Moreover, USP30 mutant Drosophila displayed
increased resistance in models of oxidative stress and PD
(Bingol et al. 2014). Thus, USP15 and USP30 both deubi-
quitinate substrates of PARKIN and oppose PARKIN func-
tion in mitophagy. Intriguingly, when USP30 was knocked
down, the conjugates on mitochondrial substrates con-
tained elevated levels of K6 linkages, which in turn ap-
peared to accelerate mitochondrial turnover. When K6
linkages were prevented from forming with the overex-
pression of a K6R mutant Ub, mitophagy was impaired,
highlighting a critical role for K6 linkages in the efficient
clearance of mitochondria (Bingol et al. 2014; Cunning-
ham et al. 2015). In contrast, when USP8 is knocked
down, K6 conjugates that accumulate on PARKIN ap-
pear to impair its overall function (Durcan et al. 2014).
Thus, K6 linkages appear to positively regulate mitophagy
when present on mitochondrial substrates, while they ap-
pear to inhibit quality control when present at excessive
levels on PARKIN. However, the reason for these opposing
effects remains unclear and will require further study.

Phosphorylation and its effect on DUB activity

In addition to the differential effects of various types of Ub
chains on mitophagy, a further layer of complexity is add-
ed by the potential for these chains to be phosphorylated
by PINKI1 (Shiba-Fukushima et al. 2014a; Okatsu et al.
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2015b; Wauer et al. 2015). The functional consequences
of PINKI-mediated Ub chain phosphorylation are cur-
rently unknown. Typically, the downstream effects of
ubiquitination are mediated by proteins containing sever-
al families of Ub-binding domains (UBDs) (Husnjak and
Dikic 2012). Do certain UBDs bind specifically or prefer-
entially to chains containing phospho-S65 Ub? A recent
study reporting the crystal structure of phospho-Ub sug-
gested that this might be the case. Indeed, whereas phos-
pho-Ub generally resembles unmodified Ub, it exhibited
altered surface properties. Moreover, nuclear magnetic
resonance (NMR) experiments revealed a minor species
representing ~30% of all phospho-Ub in solution that
adopted a conformation in which p5-strand slippage re-
tracts the C-terminal tail by two residues into the Ub
core (Wauer et al. 2015). How this could impact Ub inter-
actions and function is still not known. However, one pos-
sibility is that it would make the C terminus of Ub less
accessible to enzymatic cleavage by DUBs. Indeed, the
majority of DUBs tested was unable to hydrolyze the iso-
peptide linkages in phospho-UDb chains (Wauer et al. 2015).
This included USP8, USP15, USP30, and ataxin-3, all
DUBs known to regulate PARKIN activity. Even the rela-
tively promiscuous DUB USP2, which deubiquitinates
nearly every kind of Ub conjugate in vitro, was unable
to cleave the isopeptide linkage in phospho-Ub chains
(Wauer et al. 2015). Thus, phosphorylation of Ub appears
to impede deubiquitination, suggesting that it may serve
as a further mechanism to amplify the signal generated
by PINK1 and PARKIN on mitochondria and perhaps
also direct it toward a pathway involving a distinct set
of phospho-Ub-binding proteins. Given their resistance
to DUBs, how might the signal conferred by phospho-Ub
chains be ultimately terminated? One potential mecha-
nism could involve a phospho-Ub-specific phosphatase.
Like the opposing cycles of ubiquitination/deubiquiti-
nation involving E3s and DUBs, dephosphorylation of
PINK1-induced phospho-Ub and phospho-Ub chains is
likely to be mediated by one or more phosphatases. By de-
phosphorylating phospho-Ub, this might enhance the
accessibility of the Ub chains to DUBs and deubiquitina-
tion. One potential candidate is PGAMS5, a phosphatase
localized at the mitochondria that is released from the
mitochondria following dissipation of the mitochon-
drial membrane potential (Sekine et al. 2012; Chen et al.
2014). Intriguingly, the presence of PGAMS5 is required
for PINKI1 to accumulate during mitophagy, with a loss
of PGAMS5 reducing PINKI1 levels and impairing mitoph-
agy (Lu et al. 2014). Moreover, PGAMS5 knockout mice ex-
hibited a PD-like movement phenotype (Lu et al. 2014).
Thus, these findings suggest that PGAMS5 interacts with
PINK]1, but whether it is involved in dephosphorylating
phospho-Ub is not yet clear. To further complicate mat-
ters, we also must consider the possibility that additional
PTMs might regulate the formation of Ub conjugates dur-
ing mitophagy. A recent mass spectrometry study demon-
strated that Ub is acetylated at both K6 and K48, two
critical residues in the formation of Ub conjugates in
mitophagy (Ohtake et al. 2015). This implies that Ub
chains generated by PARKIN might be phosphorylated
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and acetylated, with these PTMs regulating their overall
structure and function. Taken together, PARKIN-mediat-
ed mitophagy is a complex pathway with an interwoven
network of PTMs regulating the entire process.

Conclusions and perspectives

Mitochondria are under constant stress and need to cope
with the high energetic demands of the neuron. Conse-
quently, defects within the mitochondria can be cata-
strophic, causing the neuronal cell loss associated with
PD and other neurodegenerative diseases. To cope with
this stress, mitochondrial quality control pathways have
evolved, with PINK1 and PARKIN central to these sur-
veillance mechanisms. Regulation of PARKIN function
in these pathways and in particular within the mitophagy
pathway is complex, involving several overlapping PTM:s.
As an E3, the primary function of PARKIN is to attach Ub
conjugates onto substrates, including itself, influencing
the fate of the proteins. Intriguingly, PARKIN preferen-
tially forms K6 and K11 chains in addition to K48 and
K63, yet how the linkages in Ub conjugates influence
the rate of mitophagy is unclear. As the field advances,
it is critical that we work to understand the exact nature
of these chains. Is every chain generated by PARKIN
mixed in nature, or is it substrate-dependent? Moreover,
what is the exact role of K6 linkages within these chains,
and precisely how is it influencing the overall function of
PARKIN and its substrates in this pathway.

PARKIN function is opposed either directly or indirect-
ly by multiple DUBs. The endocytic DUB USP8 has re-
cently been shown to function at the mitochondria and
influence PARKIN function within the mitophagy path-
way. Its absence causes K6-linked Ub conjugates to accu-
mulate on PARKIN, delaying PARKIN recruitment and
mitophagy (Durcan et al. 2014). Moreover, both USP15
and USP30 function indirectly, deubiquitinating sub-
strates of PARKIN. Considering the importance of these
DUBs in regulating PARKIN function, they represent im-
portant therapeutic targets that have the potential to be
exploited as a means to enhance mitochondrial quality
control. If one or more can be targeted to bolster PARKIN
function within the mitophagy pathway, it might also pro-
tect neurons that would otherwise be overwhelmed by
high levels of stress.

Cycles of ubiquitination and deubiquitination are cen-
tral to the function and activity of PARKIN. However,
these are not the only modifications that exert an ef-
fect. Phosphorylation is another PTM that is important
for the regulation of PARKIN. Central to this process
is PINK1-mediated phosphorylation of Ub and the Ubl
of PARKIN at Ser65. However, the exact mechanism
through which phosphorylated Ub chains are formed re-
mains unknown and is likely the next important avenue
to investigate. How they influence the overall process of
mitophagy is unclear, and whether it is reversed by phos-
phatases also remains to be established. Further work is
also required to determine whether other modifications,
such as acetylation, might influence PARKIN activity.
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From studies on PINK1- and PARKIN-mediated mi-
tophagy, we have furthered our understanding of the
PTMs that tightly regulate the pathway. However, other
quality control mechanisms exist in which PTMs might
be involved. Indeed, a second pathway has recently been
demonstrated in which mitochondrial-derived vesicles
(MDVs) bud from the mitochondria during conditions
of oxidative stress that are targeted to lysosomes for de-
gradation (Soubannier et al. 2012a,b; McLelland et al.
2014; Sugiura et al. 2014). Following incubation with
anti-mycin A, which induces oxidative stress at complex
III of the mitochondrial respiratory chain, PARKIN local-
izes to MDYV bud sites and promotes their biogenesis and
trafficking to the endosomal-lysosomal system for clear-
ance. As with mitophagy, this process is both PINK1
and PARKIN dependent (McLelland et al. 2014). However,
in contrast to mitophagy, little is still known about how
MDYV formation is regulated and whether PTMs are in-
volved. As we move forward in our understanding of
PINK1 and PARKIN and its regulation by PTMs in the
mitophagy pathway, it will be imperative that we also ex-
tend our studies to better characterize their role in the
MDV pathway. Indeed, it is becoming ever clearer that
PINK1- and PARKIN-mediated mitochondrial quality
control is a complex process with multiple layers of regu-
lation, all intricately connected via PTMs. Moreover, each
modification provides a target to be explored for poten-
tial therapeutic benefits. Considering the importance of
a healthy mitochondrial reticulum for DA neuron func-
tion and survival, exploiting one or more of these regu-
latory pathways to enhance PINK1 or PARKIN function
represents an important avenue to investigate in the de-
velopment of new treatments for PD.
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