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Mitochondria with decreased membrane potential are
characterized by defects in protein import into the
matrix and impairments in high-efficiency synthesis of
ATP. These low-quality mitochondria are marked with
ubiquitin for selective degradation. Key factors in
this mechanism are PTEN-induced putative Kinase 1
(PINK1, a mitochondrial kinase) and Parkin (a ubiqui-
tin ligase), disruption of which has been implicated in
predisposition to Parkinson’s disease. Previously, the
clearance of damaged mitochondria had been thought
to be the end result of a simple cascading reaction of
PINK1—Parkin—ubiquitin. However, in the past year,
several research groups including ours unexpectedly
revealed that Parkin regulation is mediated by
PINK1-dependent phosphorylation of ubiquitin. These
results overturned the simple hierarchy that posited
PINKI1 and ubiquitin as the upstream and downstream
factors of Parkin, respectively. Although ubiquitylation
is well-known as a post-translational modification, it
has recently become clear that ubiquitin itself can be
modified, and that this modification unexpectedly con-
verts ubiquitin to a factor that functions in retrograde
signalling.

Keywords: mitophagy/Parkin/phosphorylation/
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Various Factors Involved in Mitophagy

ATP, an intracellular energy molecule, is essential
for the survival of all cells. Although cells can produce
ATP via the glycolysis pathway, the inner mitochon-
drial membrane (IMM)—localized ATP synthase and
associated proton gradient across the IMM [here-
after, described as mitochondrial membrane potential
(AWm)] play critical roles in high-efficiency production
of ATP. In addition to ATP, mitochondria concomi-
tantly generate reactive oxygen species (ROS) as an
inevitable toxic byproduct. Low-quality mitochondria
that produce less ATP and more ROS are targeted for
degradation by a mitochondrial quality control path-
way. Mitophagy, an autophagic degradation mechan-
ism specific to mitochondria, has recently been
identified as an essential step in the mitochondrial qual-
ity control pathway. Atg32 in yeast and Bcl2-L-13

(Bcl-2-like protein 13), PTEN-induced putative kinase
1 (PINKI1), Parkin, NIX/BNIP3L and FUNDCI in
mammalian cells are factors involved in mitophagy.
PINK1 and Parkin degrade damaged mitochondria in
response to a reduction in AWm (/), whereas NIX/
BNIP3L promotes mitochondrial degradation through
erythrocyte differentiation, and FUNDCI in response
to hypoxia (2, 3). Atg32, Bel2-L-13, NIX/BNIP3L and
FUNDCI localize on the outer mitochondrial mem-
brane (OMM), and are thought to promote mitophagy
by directly binding to components of the autophagy
machinery such as Atg8 (in the case of yeast Atg32)
or LC3 (in the cases of mammalian Bcl2-L-13, NIX/
BNIP3L and FUNDCI) (2—6). In contrast, PINKI
(a Ser/Thr kinase) and Parkin (a ubiquitin ligase)
do not directly interact with components of the autop-
hagy machinery, instead they generate ubiquitylated
OMM proteins on depolarized mitochondria, which
then functions as an autophagy machinery recognition
signal (/, 5, 7).

How to Monitor Mitophagy

Ubiquitin is well-known as a signal for proteasome-
dependent degradation; however, it also functions in
autophagic degradation. Increasing evidence indicates
that selective autophagy functions in intracellular qual-
ity control by using ubiquitin tags to delineate aggre-
gated proteins, damaged organelles and invading
bacteria for degradation (8). In this process, the pre-
dominant mechanism involves simultaneous binding
of ubiquitin-tagged cargo and components of the
autophagy machinery such as LC3 by autophagy re-
ceptors (e.g. p62/SQSTM1, NBR1, NDP52, TAX1BP1
and Optineurin) to promote autophagic degradation
(9, 10); however, another mechanism for this pathway
(i.e. a direct interaction between ubiquitin and
Atgl6L1) has also been reported (/1).

Around 2010, we believed a simple cascading model
in the clearance of damaged mitochondria, namely
PINK 1—Parkin—ubiquitin—autophagy receptor(s)
such as p62/SQSTM1. However, this model was later
challenged on multiple fronts. First, although OMM
proteins such as TOMM20/Tom20 were convention-
ally used to monitor mitophagy in early studies (/2),
later papers reported that some OMM proteins ubiqui-
tylated by Parkin are subjected to proteasomal degrad-
ation rather than autophagic degradation (/3—15).
Second, although Carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) had been used routinely to induce
mitochondrial stress to trigger mitophagy, CCCP also
inhibits lysosomal acidification/function, thus poten-
tially confounding interpretations of the data (/6).
Moreover, the contribution of p62/SQSTMI1 itself to
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PINK 1/Parkin-mediated mitophagy has been contro-
versial (/7—19). These findings challenged the validity
of early studies and the deduced hypothesis.

To address these issues, the research community es-
tablished a more reliable system for monitoring mito-
phagy. Recently, the measurement of mitochondrial
DNA as a degradation indicator has been touted as
a more robust means of following mitophagy rather
than relying on the degradation of OMM proteins
(20). In addition, some researchers have implemented
a pH-based spectral shift in a mitochondrial fluores-
cent protein (mt-mKeima) following lysosomal engulf-
ment (20, 21). To depolarize mitochondria, respiratory
complex inhibitors oligomycin and antimycin A have
been recently utilized as they target mitochondria more
specifically than pan-depolarizing agents such as
CCCP (20). We believe these methodological changes
in experimental design will facilitate mitophagy studies
and generate a more accurate picture of the mechan-
isms driving this cellular process.

Parkin: An RBR-Type Ubiquitin Ligase

Ubiquitylation is a reaction that transfers ubiquitin to a
substrate via the functions of three enzymes, E1 (ubi-
quitin activating enzyme), E2 (ubiquitin conjugating
enzyme) and E3 (ubiquitin ligase). This cascading
reaction guarantees a vast variety and specificity of sub-
strates. The PARKIN gene was first identified as a
causal gene for autosomal recessive hereditary
Parkinsonism (22), and its E3 activity was reported
later (23, 24). Parkin possesses an N-terminal
ubiquitin-like domain (Ubl domain) and four zinc
finger domains (RINGO/UPD-RINGI-IBR-RING?2)
in the C terminus (25). Parkin is categorized in
RING-IBR-RING (RBR)-type E3 based on the pres-
ence of two domains (RING1 and RING?2) with amino
acid sequence similarity to a canonical RING finger
motif and a zinc-binding IBR domain between the
RINGI and RING2 domains (IBR means in-between-
RING fingers). Subsequently, another zinc finger
domain was found closer to the N-terminal end of
RINGI! and was named the RINGO domain (also
referred to as unique PARKIN domain/UPD) (26,
27). However, subsequent structural analysis in 2013
showed that RINGT is the only domain that is structur-
ally similar to a classical RING finger motif, whereas
the structures of the other zinc-binding domains (e.g.
RINGO, IBR and RING2) are completely different
from that of a typical RING finger motif (27—30).
The unique enzymatic properties of Parkin as an E3
enzyme were revealed in studies published from 2011
to 2013. Rachel Klevit’s group initially suggested that
RBR-type E3s such as human homolog of Drosophila
ariadne (HHARI) and Parkin form a thioester bond
with ubiquitin at a catalytic cysteine in the RING?2
domain, and that this ubiquitin—thioester bond
serves as a reaction intermediate for catalyzing ubiqui-
tylation (37). We now postulate that when Parkin cata-
lyzes ubiquitylation, the thioester-bonded ubiquitin on
E2 is transferred to Cys431 (the active centre) in the
RING?2 domain as a transthiolation reaction. This is
then followed by an acyl transfer reaction in which the
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Fig. 1 Schematic depiction of PINK1. (A) Domain structure and
important residues of PINK 1. (B) Molecular mechanism underlying
PINK1 accumulation and activation on depolarized mitochondria
(see text for details).

Cys431 ubiquitin is transferred to the lysine residue on
the substrate to yield a stable isopeptide bond (29,
32-34).

Mechanism for How PINK1 Recognizes
Mitochondrial Damage and How It Is
Activated on Damaged Mitochondria

In 2004, PINKI was reported as a causal gene for auto-
somal recessive hereditary Parkinsonism (35). The
PINKI1 protein has a mitochondrial targeting signal
(MTS), an N-terminal transmembrane region, and C-
terminal kinase domain (35, 36) (Fig. 1A). Subsequent
to its identification, genetic interactions between
PINKI and PARKIN were elucidated (37).

An unique feature of PINKI1 is its stringent and spe-
cific localization on damaged mitochondria (7) (Fig. 1B).
Under steady-state (normal) conditions, PINK1 is tar-
geted to mitochondria in a AWm-dependent manner
with its N-terminal MTS localized to the mitochondrial
matrix, and then receives mitochondrial processing
peptidase—dependent cleavage of MTS. During this pro-
cess, the neighbouring transmembrane region becomes
embedded in the IMM and is cleaved by an intramem-
brane cleaving protease referred to as presenilins-asso-
ciated rhomboid-like (PARL) that localizes in the IMM.
After this cleavage, a 104th phenylalanine residue
exposed at the N terminus of the processed PINK1
serves as a signal for N-end rule pathway-dependent
degradation (38) (Fig. 1A). Therefore, under physio-
logical conditions with normal AWm, PINKI1 is rapidly
degraded and barely detectable (39, 40). In contrast, a
decrease in AWm inhibits both the matrix targeting of
MTS and the IMM localization of the transmembrane
domain, and as a consequence, PINK1 escapes both
PARL-dependent cleavage and N-end rule pathway-de-
pendent degradation, and accumulates on the OMM of



damaged mitochondria (4/) (Fig. 1B). In other words,
the presence or absence of AWm determines which mito-
chondrial compartment PINK1 is targeted to, and is the
key for identifying damaged mitochondria.

To activate PINK 1 on damaged mitochondria, inter-
action with the translocase of the outer membrane
(TOM) complex and autophosphorylation of PINKI
are important. When AWm decreases, PINK1 forms a
super-molecular complex (~850kDa) comprised of
components of the TOM complex and dimeric PINK1
that facilitates intermolecular autophosphorylation be-
tween two PINKI1 molecules (42—44) (Fig. 1A). This
active form of PINKI1 phosphorylates both Parkin
and ubiquitin, an event that turns on the switch for
mitochondrial degradation.

PINK1 Phosphorylates Parkin

In 2013, Parkin auto-inhibition was clarified and
the molecular mechanism that governs this state was
revealed. Parkin ubiquitylation of either pseudo-
substrates fused to Parkin or genuine substrates on
the OMM is dependent on a reduction in A¥m. In
2008, Parkin-mediated degradation of damaged mito-
chondria following its translocation was first reported
(12). Two years later, several research groups reported
that PINKI1 is essential for both Parkin recruitment to
damaged mitochondria and Parkin E3 activity (/7, 39,
40, 45, 46). In 2013, structural studies of Parkin re-
vealed that the basis for the auto-inhibition mechanism
is occlusion of the catalytically active centre (Cys431)
in the RING2 domain by the RINGO (UPD) domain
(27-29).

PINK 1-dependent phosphorylation of Parkin is a
required step in Parkin activation. Ser65 in the Ubl
domain of Parkin is phosphorylated by PINKI in a
AV¥m-dependent process (32, 47, 48) (Fig. 2A).
However, the E3 activity of a Ser65 phosphomimetic
Parkin mutant is barely detectable, and its activation
requires both a decrease in AWm and PINK!1 involve-
ment, suggesting that another PINK 1-catalyzed phos-
phorylation event is critical.

Phosphorylated Ubiquitin Activates Parkin
and Changes Its Localization

Based on structural similarities between the Ubl
domain of Parkin and ubiquitin, and determination
that the Ser65 phosphorylation site is conserved be-
tween Parkin Ubl and ubiquitin (Fig. 2A), we hypothe-
sized that ubiquitin may be phosphorylated by PINK1.
Multiple reports have since verified that ubiquitin is
indeed phosphorylated by PINK1, and to our surprise,
this phosphorylation event is the missing step needed
to convert Parkin to its fully active form (49—51).
When phosphomimetic mutations were introduced in
both the Parkin Ubl domain and ubiquitin in cells,
Parkin E3 activity was observed even in the absence
of PINK1 and in the presence of normal AWm, and
phosphorylated ubiquitin itself can activate phos-
phorylated Parkin in vitro (49—51). Physical inter-
actions between Parkin and ubiquitin have been
observed in cells only when both proteins possess
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Fig. 2 Schematic depiction of Parkin. (A) Domain structure and
important residues of Parkin. The structural similarities between Ubl
domain and ubiquitin are also illustrated. (B) Current model for the
molecular mechanism underlying Parkin activation on depolarized
mitochondria. (C) Very recently, structural and biochemical analyses
revealed how phosphorylated ubiquitin interacts with Parkin and
changes its structure as illustrated. However, because of space and
time limitations, these reports have regrettably not been covered in
this review.

phosphomimetic mutations (57). These results suggest
that phosphorylated ubiquitin functions as a Parkin
activator by liberating the auto-inhibition mechanism
(Fig. 2B and C). Ubiquitin-like modifiers (Ubls) that
possess ubiquitin-like structures (e.g. SUMOI1 and
ISG15) are not phosphorylated by PINKI1 (50, 51),
suggesting that PINK1 specifically phosphorylates ubi-
quitin and the Ubl domain of Parkin, and does not
phosphorylate other proteins despite the presence of
a ubiquitin-like structure.

After this discovery, the mechanism driving Parkin
localization to damaged mitochondria became the
prime focus of study. PINK1 can phosphorylate not
only monoubiquitin but also ubiquitin chains, and the
importance of a phosphorylated ubiquitin chain for
Parkin localization to damaged mitochondria was re-
cently revealed (52—54).

Translocation of Parkin to damaged mitochondria
was inhibited when its E3 activity was attenuated by
RING2 domain mutations such as C431S/F/N.
Intriguingly, co-expression with wild-type Parkin, an
E3-competent R275W mutant, or a tandem ubiquitin
chain containing a mitochondrial localization signal
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(Tom70-4xUbiG76V) efficiently restored mitochon-
drial localization of the Parkin mutants lacking E3 ac-
tivity (e.g. C431S and C431N) (33, 34). In these cases,
a decrease in AWm and the presence of PINKI
were required, suggesting a cooperative product of
Parkin-catalyzed ubiquitylation and PINKI1 recruits
E3-imcompetent Parkin mutants to damaged mitochon-
dria. Importantly, introduction of a phospho-mimetic
mutation into both Parkin and a mitochondria-localized
tandem ubiquitin chain (Mt-4xUb) enabled Parkin to
localize on mitochondria irrespective of AWm and
PINK1 (54). Furthermore, Parkin preferentially binds
phosphorylated polyubiquitin chains in vitro (52—54).
These results strongly suggest that a PINK 1 phosphory-
lated ubiquitin chain is the most probable receptor for
Parkin.

Model for the Tangled Relationship
between PINK1, Parkin and Ubiquitin

An important issue in PINKI1-mediated ubiquitin
phosphorylation is that it overturns the previous
hierarchical hypothesis of PINKI1, Parkin and ubi-
quitin. As indicated earlier, the predominant model
in this field proposed that PINKI1 accumulation
on mitochondria following dissipation of AWm
recruits Parkin, which then conjugates ubiquitin to
OMM substrates, and that this ubiquitylation links
depolarized mitochondria to the proteasomal
and autophagic degradation pathways. In this
context, a simple cascading reaction of
PINK1—Parkin—ubiquitin leads to the clearance
of damaged mitochondria. However, in 2014-2015,
several research groups including ours unexpectedly
revealed that PINKI1 phosphorylates ubiquitin
(49—51). These results overturned the simple hier-
archy that posited PINK1 and ubiquitin as the up-
stream and downstream factors of Parkin,
respectively. Instead, the new findings prompted us
to consider that already-existing ubiquitin could be
upstream of Parkin because it functions as a Parkin
receptor/activator when phosphorylated by PINKI,
and that PINK1 might be downstream of Parkin be-
cause in the subsequent round Parkin-catalyzed ubi-
quitin becomes a PINK substrate. In fact, although
Parkin is activated and recruited to depolarized
mitochondria by phosphorylated ubiquitin, localiza-
tion of phosphorylated ubiquitin on damaged
mitochondria depends on Parkin, revealing the inter-
dependent relationship in mitochondrial localization
of both Parkin and phosphorylated ubiquitin (54).
To explain these results, a positive feedback model
is conceivable. Namely, PINK1 phosphorylates a
basal-level mitochondrial ubiquitin chain and
Parkin is subsequently recruited to the mitochondria
to ubiquitylate OMM substrates. The initiating ubi-
quitin chain functions as a PINK1 substrate again,
thereby causing a local accumulation of phosphory-
lated ubiquitin (49, 52—54). Collectively, PINKI,
Parkin and ubiquitin do not make a linear cascading
reaction but rather they form tripartite interdepend-
ent reactions (Fig. 3).
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Fig. 3 Positive feedback model for PINK1- and Parkin-catalyzed
ubiquitylation. Previously, it was thought that PINK 1 accumulation
on damaged mitochondria recruited Parkin, and that Parkin-
catalyzed ubiquitylation was the key signal for degradation. A new
model suggests that accumulated PINK 1 on damaged mitochondria
(1) phosphorylates Parkin and ubiquitin, which (2) induces Parkin
activation and its recruitment to the phosphorylated ubiquitin chain.
Activated Parkin produces more ubiquitin chain (3), and the resultant
ubiquitin is phosphorylated by PINKI1 in a positive feedback cycle.
Parkin thus functions as an amplifier of the (phospho-)ubiquitin
chain on depolarized mitochondria (4) for degradation.

Autophagy Receptors Interact with
Phosphorylated Ubiquitin

The mechanisms of how Parkin is transported to the
damaged mitochondria and how Parkin is activated by
PINK1 have been clarified considerably. In contrast,
the molecular mechanisms of the subsequent process of
how damaged mitochondria are degraded remains ob-
scure and sometimes controversial. Very recently,
Richard Youle’s group proposed a novel hypothesis
in which phospho-ubiquitin again plays a main part
in the process. They measured mitophagy activity
following knockout of five autophagy receptors (p62/
SQSTM1, NBR1, NDP52, TAX1BP1 and Optineurin)
individually or in combination and found that p62/
SQSTM1 and NBR1 are dispensable, whereas
NDP52 and Optineurin are essential for PINKI1/
Parkin-mediated mitophagy (20). This finding is
partly consistent with previous studies (/8, 19, 55).
Interestingly, NDP52 and Optinurin are also known
as autophagy receptors for Xenophagy, a specialized
process to eliminate the infecting pathogens via autop-
hagy (8). The ubiquitin-binding domain of either
NDPS52 or Optineurin is essential for their transloca-
tion to depolarized mitochondria and mitophagy ac-
tivity. Intriguingly, coupling exogenous PINKI to
normal mitochondria was sufficient to recruit
Optineurin and NDP52 even in the absence of Parkin
and mitochondrial damage, suggesting that Parkin-
catalyzed ubiquitylation is dispensable for their mito-
chondrial recruitment. Nevertheless, ubiquitin-binding
mutants do not translocate to mitochondria under this
experimental condition. These results seemingly
contradict each other; however, phosphorylated ubi-
quitin can disentangle this complex process.
Endogenous Optineurin and NDP52 are preferen-
tially co-immunoprecipitated with phosphomimetic
ubiquitin from cells, and are even more readily
pulled down with phosphorylated ubiquitin in vitro.
Given that Optineurin and NDP52 induce mitophagy
in response to recognizing phosphorylated ubiquitin,
the discrepancy in results described above can be



clarified if PINK 1 phosphorylates already-existing ubi-
quitin. The resulting phospho-ubiquitin then functions
as the key signal in recruiting Optineurin and NDP52,
which engage components of the autophagy pathway
(e.g. ULKI1 and LC3) to initiate mitophagy (Fig. 4).
This model is also consistent with confounding results
which showed that the ubiquitin-binding activities of
Optineurin and NDP52 are required even for Parkin-
independent mitochondrial recruitment.

This new model, however, does not discount the role
of Parkin in mitophagy. Parkin expression dramatic-
ally increased Optineurin-dependent mitophagy, pre-
sumably because Parkin assists the process as an
amplifier of phospho-ubiquitin by setting up the afore-
mentioned positive feedback cycle (Fig. 3). Strong gen-
etic interactions between PINK/ and PARKIN in
model systems have been reported (37), and recessive
familial Parkinsonism with similar symptoms is caused
by mutations of either PINKI or PARKIN in humans
(56), clearly indicating the essential role of Parkin
under physiological conditions.

Although further biochemical and structural studies
should help to understand this novel model, the
phospho-ubiquitin—binding activity of Optineurin
and NDP52 (20) provides a significant clue to under-
stand how phosphorylated ubiquitin assists degrad-
ation of damaged mitochondria.

Conclusion Remarks

Phosphorylation of ubiquitin Ser65, which we and
other researchers discovered, can be used as an indica-
tor of active PINK1/Parkin and damaged mitochon-
dria. This knowledge could potentially be developed as
a pathological or clinical molecular marker for
Parkinson’s disease in the future. However, I think
more important aspects of this finding are that it over-
turns the classical hierarchy between the upstream ubi-
quitin ligase and the downstream ubiquitin, and can
open new avenues for further exploration in ubiquitin
and autophagy studies. To date, ubiquitylation has
been a well-known post-translational modification;
however, it is becoming increasingly clear that modi-
fied ubiquitin itself plays a critical cellular function
(57). This work can establish new principles of how a
simple ubiquitin tag plays more varied roles than
expected.

Note Added in Proof

After this manuscript was accepted, Heo et al. reported
(58) that Parkin-catalyzed ubiquitin chains on mito-
chondria trigger autophagy adaptor recruitment con-
comitantly with activation and recruitment of TBK1
kinase. Importantly, the TBK1 kinase activated by
mitochondrial depolarization results in phosphoryla-
tion of S473 in OPTN and a dramatic increase in the
binding of OPTN to poly-ubiquitin chains in vitro.
Under their experimental conditions, phosphorylation
of S65 in the poly-ubiquitin chains inhibited OPTN
interactions, however, the S473 phosphorylated
OPTN retained the ability to interact with the S65
phosphorylated poly-ubiquitin chains, albeit less

Phospho-ubiquitin, an upending factor for ubiquitin cascade

® Phosphorylation

Ubiquitin

Optineurin
PINK1) —> @

7 Damaged mitochondria
9 I I Phagophore

Fig. 4 Recently proposed new model for ubiquitin-mediated mito-
phagy. Although further validation studies remain to be demon-
strated, this new model suggests that PINK1 and Parkin cooperate
to generate phosphorylated ubiquitin chains on depolarized mito-
chondria, which then induce Optineurin and NDP52 recruitment to
initiate mitophagy. In this context, PINK1 generates a mitophagy
signal per se, and Parkin serves as an amplifier of the signal.

efficiently than with unphosphorylated poly-ubiquitin
chains. These results suggest that OPTN S473 phos-
phorylation, rather than ubiquitin S65 phosphoryla-
tion, is a key step for efficient mitophagy. Thus to
develop more accurate models for the role phospho-
ubiquitin plays in ubiquitin-mediated mitophagy
further validation studies are required.
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