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INK1 selectively recruits Parkin to depolarized mito-

chondria for quarantine and removal of damaged

mitochondria via ubiquitylation. Dysfunction of this
process predisposes development of familial recessive Par-
kinson’s disease. Although various models for the recruit-
ment process have been proposed, none of them adequately
explain the accumulated data, and thus the molecular
basis for PINK1 recruitment of Parkin remains to be fully
elucidated. In this study, we show that a linear ubiquitin
chain of phosphomimetic fetra-ubiquitin(S65D) recruits
Parkin to energized mitochondria in the absence of PINK1,
whereas a wild-type tetra-ubiquitin chain does not. Under

Introduction

Genetic studies on the hereditary form of Parkinson’s disease
have identified genes relevant to disease pathogenesis. PTEN-
induced putative kinase 1 (PINKI; also known as PARKG)
and PARKIN (also known as PARK?2) have been identified as
the causal genes responsible for hereditary recessive early
onset Parkinsonism (Kitada et al., 1998; Valente et al., 2004).
To date, there is significant evidence supporting a functional
link between PINKI, Parkin, and mitochondrial quality con-
trol. PINK1 is a serine/threonine kinase that specifically accu-
mulates on and is activated by mitochondria with a decreased
membrane potential (membrane potential = AWm; Matsuda
et al., 2010; Narendra et al., 2010b; Okatsu et al., 2012b, 2013).
PINKI1 is an upstream factor of Parkin (Clark et al., 2006; Park
et al., 2006; Yang et al., 2006) that activates the latent ubiquitin

Correspondence to Keiji Tanaka: tanaka-kj@igakuken.or.jp; or Noriyuki Matsuda:
matsuda-nr@igakuken.or.jp

Abbreviations used in this paper: ACN, acetonitrile; CRISPR, clustered regularly
interspaced short palindromic repeat; KO, knockout; LC-MS/MS, liquid chroma-
tography-tandem mass spectrometry; LLOMe, Heucyl--leucine methyl ester; MS,
mass spectrometry; Mt-Parkin, mitochondria-targeting Parkin; OMM, outer mi-
tochondrial membrane; TFA, trifluoroacetic acid; TMRE, tetramethylrhodamine
ethyl ester; WT, wild type.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 209 No. 1  111-128
www.jcb.org/cgi/doi/10.1083/jcb.201410050

more physiologically relevant conditions, a lysosomal
phosphorylated polyubiquitin chain recruited phosphomi-
metic Parkin to the lysosome. A cellular ubiquitin replace-
ment system confirmed that ubiquitin phosphorylation is
indeed essential for Parkin translocation. Furthermore,
physical interactions between phosphomimetic Parkin and
phosphorylated polyubiquitin chain were detected by im-
munoprecipitation from cells and in vitro reconstitution using
recombinant proteins. We thus propose that the phos-
phorylated ubiquitin chain functions as the genuine Parkin
receptor for recruitment to depolarized mitochondria.

ligase (E3) activity of Parkin (Matsuda et al., 2010) and recruits
it to depolarized mitochondria (Geisler et al., 2010; Narendra
etal., 2010b; Vives-Bauza et al., 2010; Ziviani et al., 2010). Par-
kin then catalyzes ubiquitin transfer from ubiquitin-charged E2
enzymes (UBE2A, UBE2N, UBE2L3, or UBE2D2/3) to vari-
ous substrates on depolarized mitochondria (Tanaka et al., 2010;
Chan et al., 2011; Haddad et al., 2013; Sarraf et al., 2013; Fiesel
et al., 2014; Geisler et al., 2014). As a consequence, inferior
mitochondria with low AWm are quarantined and degraded via
the proteasome and autophagy (Narendra et al., 2008; Matsuda
et al., 2010; Okatsu et al., 2010; Chan et al., 2011; Yoshii et al.,
2011). Mechanistic insights into PINK1-mediated Parkin acti-
vation have recently been revealed. Parkin is an intramolecular
autoinhibitory E3 (Chaugule et al., 2011; Chew et al., 2011)
that usually has its catalytic Cys431 core occluded by a RINGO
domain (Riley et al., 2013; Trempe et al., 2013; Wauer and
Komander, 2013). PINK1 phosphorylation of Ser65 in the both

©2015 Okatsu etal.  This article is distributed under the terms of an Attribution-Noncommercial-
Share Alike-No Mirror Sites license for the first six months after the publication date (see
http://www.rupress.org/terms). After six months it is available under a Creative Commons
License (Attribution—-Noncommercial-Share Alike 3.0 Unported license, as described at
http://creativecommons.org/licenses/by-nc-sa/3.0/).

JCB

111



112

5 TLSDYNIQK][di-GlyGly]ES[Phosphoryl[TLHLVLR

80

60

20

Relative intensity (max=2e4)

CCCP () (H (O +H (O ©
Fraction Low Middle High
(<14k) (14-55k) (>55k)

B EIC (extracted ion chromatogram) of m/z 574.29719 = 5 ppm (64-72 a.a.; EpSTLHLVLR, [M+2H]2+)

IP: Apu2 anti-K48 Ub chain

IP: Control 1IgG

100 L T 100 6

90 % %0 ]

80 2 80 3
350 jioe Y 250 mong?
€ 60 2 S 60 2
250 & . S50 K]
% 40 19.0 20.0 21.0 %40 t39_0 20.0 21.0
S0 Time (min) 230 Time (min)

20 20

10 3232 10 1983 3208

i A 1 e N
vG 10 20 30 40 50 60 u0 10 20 30 40 50 60
Time (min) Time (min)

C D IP PINK1 + Ub + y-[%P] ATP
iU Phos-tag (-) Phos-tag (+) XD 48 K63  Kas K63
chain K48 K63 Linear K48 K63 Linear no CCCP Mt + § $ 3

CCCP - + - + - + - 4+ - + - + +CCCPMt + + + +

64T
. 50 - M
50— 377 I
o ——— | .
36 207 i
TN R “ b 154 ||
anll
‘ 10 H
22
(kD) IB:P4DA1 (kD)
CBB 2p
E F Phos-tag (-) Phos-tag (+)
4xUb chain 4xUb chain
GST-TcPINK1 Ub  Linear K48 K63 Ub Linear K48 K63
Reaction
time(h) O 1 0 1 o 1 0 1 0o 1 0 1
98 64t — “ d .
. | -
49 ..-
%7 g
38 Wit R
. o -
17 22
14
1g: SRR — |
(kD)
CBB (kD) IB:P4DA1

Figure 1. Detection of a PINK1 phosphorylated ubiquitin chain in cells after a decrease in AWm. (A) Mass-spectrometric (MS) analysis identified peptides
with a phosphorylated S65 and a K63-GlyGly branch in the middle (14,000-55,000) and high (>55,000), but not low (<14,000), molecular weight
fractions of cell lysates after CCCP treatment. The data shown are from a single MS analysis of three independently prepared samples. (B) The extracted
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ubiquitin-like domain of Parkin and ubiquitin triggers removal
of Parkin autoinhibition by phosphorylated ubiquitin, which
then results in the conversion of phosphorylated Parkin to the
fully active form (Kondapalli et al., 2012; Shiba-Fukushima et al.,
2012; Iguchi et al., 2013; Kane et al., 2014; Kazlauskaite et al.,
2014; Koyano et al., 2014).

Although significant progress has been made in elucidat-
ing the Parkin activation mechanism, the molecular basis for
Parkin recruitment to depolarized mitochondria by PINKI re-
mains obscure. PINK1-phosphorylated mitofusin was recently
reported as a Parkin receptor on damaged mitochondria (Chen
and Dorn, 2013); however, the recruitment of Parkin to depolar-
ized mitochondria and acceleration of mitochondrial degrada-
tion equivalent to wild-type (WT) cells in mitofusinl/2 double
knockout (KO) MEFs seem to contradict this mitofusin recep-
tor model (Narendra et al., 2008; Chan et al., 2011). Moreover,
other data on Parkin translocation are difficult to interpret using
this hypothesis. The catalytically inactive Parkin C431S mutant
results in a dead-end intermediate via ubiquitin-oxyester con-
jugation on Ser431 (Iguchi et al., 2013; Lazarou et al., 2013).
Parkin(C431S) is thus folded correctly but dysfunctional in E3,
and it fails to translocate to depolarized mitochondria, which
suggests that the ubiquitin ligase activity of Parkin is required
for mitochondrial translocation (Lazarou et al., 2013; Zheng
and Hunter, 2013). Under these conditions, we have no consen-
sus on whether phosphorylated mitofusin is the genuine Parkin
receptor on depolarized mitochondria. Thus the largest unre-
solved issue in this field at present is to elucidate the mechanism
by which Parkin is recruited to damaged mitochondria. Here we
report that a PINK1 phosphorylated ubiquitin chain is the genuine
Parkin receptor. This proposal enables us to reasonably explain
many aspects of Parkin recruitment.

Results

KB63- and K48-linked polyubiquitin chains
are phosphorylated by PINK1

In our previous paper, we showed that phosphorylated ubig-
uitin lacking the C-terminal diglycine motif, which is crucial
for conjugation to the substrate and polyubiquitin chain forma-
tion, remains capable of activating Parkin E3 activity (Koyano
et al., 2014). This result indicates that neither polyubiquitin
chain formation nor substrate conjugation of phosphorylated
ubiquitin is required for Parkin activation. Nevertheless, when
the absolute level of phosphorylated ubiquitin in cell lysates
was determined by mass spectrometry (MS) analysis, a signifi-
cant amount of phosphorylated ubiquitin was detected in the mid-
dle (14,000-55,000) and the high (>55,000) molecular weight

fractions (Koyano et al., 2014). Because ubiquitin is a small
protein (~9 kD), it is reasonable to assume that the aforemen-
tioned signal was derived from substrate-conjugated phosphory-
lated ubiquitin and/or ubiquitin chain containing phosphorylated
ubiquitin. We thus examined whether the phosphorylated ubiqui-
tin chain exists in cells after mitochondrial uncoupler (carbonyl
cyanide m-chlorophenylhydrazine [CCCP]) treatment. The major
polyubiquitin chain is constituted via ubiquitin—ubiquitin con-
jugation on Lys48 (K48) or Lys63 (K63). Because the position
of ubiquitin phosphorylation (S65) is very close to K63, we
can directly verify and analyze incorporation of a phosphate
in the K63-linked polyubiquitin chain by MS analysis. When
we searched the MS data for a peptide signal corresponding to
both S65 phosphorylation and a K63-GlyGly branch, which is
a vestige of K63-linked polyubiquitylation, the signal was de-
tected in the high and the middle molecular weight fractions of
lysates prepared from CCCP-treated cells in three independent
experiments (Fig. 1 A). This signal was absent in control cells
not treated with CCCP and the low (<14,000) molecular weight
fraction of CCCP-treated cells (Fig. 1 A). In contrast, the MS
signal derived from unmodified ubiquitin, S65-phosphoryated
ubiquitin without the K63-GlyGly branch, or a K63-linked
chain-forming nonphosphorylated ubiquitin was observed in all
fractions, CCCP-treated fractions, and the high and middle mo-
lecular weight fractions, respectively (Fig. S1, A-C). We thus
confidently concluded that the K63-linked polyubiquitin chain
is phosphorylated only in CCCP-treated cells.

It is difficult to demonstrate phosphorylation in K48-linked
polyubiquitin chains by MS analysis because a long peptide
harboring both the S65 phosphorylation and the K48-GlyGly
branch are not detected. As an alternative approach, we immuno-
precipitated K48-linked polyubiquitin chains using a linkage-
specific ubiquitin antibody, Apu2 (Newton et al., 2008), and
examined the immunoprecipitated product by MS analysis for
the S65-phosphorylated peptide. The MS signal derived from
a peptide with the K48-GlyGly branch was detected in the
high-molecular-weight fractions of Apu2 immunoprecipitates
but not in control IgG immunoprecipitates, which indicates suc-
cessful immunoprecipitation of K48-linked polyubiquitin chains
(Fig. S1, D and E). The S65-phosphorylated peptide was de-
tected only in Apu2 immunoprecipitates from CCCP-treated
cells (Fig. 1 B), which suggests that K48-linked polyubiquitin
chain is also phosphorylated after CCCP treatment in cells.

There are two possible mechanisms that generate phos-
phorylated K63-linked and K48-linked ubiquitin chains in cells:
free ubiquitin is phosphorylated by PINK1 and then incorpo-
rated into the ubiquitin chain by E3s, or the ubiquitin chain it-
self is directly phosphorylated by PINK1. We thus examined

m/z 574.29719 ion chromatogram corresponds to the doubly charged ubiquitin phosphopeptide EpSTLHLVLR, which was identified in immunoprecipitates
using an Apu2 anti-K48-linked polyubiquitin chain antibody but not control IgG. This experiment was completed once (n = 1). (C) Retarded-mobility bands
corresponding to K48-linked, K63-linked, and linear tetra-ubiquitin chains (red vertical lines) were observed in Phostag PAGE only after incubation with
mitochondria isolated from CCCP+reated cells. P4D1, anti-ubiquitin antibody. IB, immunoblotting. (D) Incorporation of 32P in the recombinant K48-linked
and Ké3-linked tetra-ubiquitin chains was specifically detected when incubated with immunoprecipitated PINK1 (IP-PINK1) from digitonin-solubilized depo-
larized mitochondria (+ CCCP M). (E and F) TcPINKT (indicated by the arrowhead in E) purified from E. coli was incubated with mono-ubiquitin or linear,
K48-linked, and Ké3-linked tetra-ubiquitin chains. Retarded-mobility bands for all of the ubiquitin chains (F; red vertical lines) were observed in Phostag
PAGE. Note that mobility does not reflect the molecular weight of proteins in Phostag PAGE (Kinoshita et al., 2012), and thus molecular weight markers
are not shown. Black lines indicate that intervening lanes have been spliced out.

Phosphorylated ubiquitin chain is a Parkin receptor *« Okatsu et al.

113


http://www.jcb.org/cgi/content/full/jcb.201410050/DC1

114

whether PINK1 phosphorylates the polyubiquitin chain. To de-
tect potentially phosphorylated ubiquitin chains, phosphate-
affinity (Phos-tag) PAGE in which the phosphorylated form
of proteins can be easily distinguished from the nonphosphory-
lated form as a slower migrating band was used (Kinoshita
et al., 2006). When recombinant K48-linked, linear, and K63-
linked tetra-ubiquitin chains were incubated with isolated
mitochondria from CCCP-treated or untreated cells, retarded-
mobility bands of all ubiquitin chains were observed only with
the CCCP-treated mitochondria (Fig. 1 C). To demonstrate
PINK1-catalyzed phosphorylation of the ubiquitin chain more
convincingly, PINK1 was immunoprecipitated from digitonin-
solubilized mitochondria (referred to as IP-PINKI1 hereafter),
and recombinant K48-linked and K63-linked tetra-ubiquitin
chains were incubated with IP-PINK1 and v-[**P]ATP. Incor-
poration of *P in the recombinant ubiquitin chains was spe-
cifically detected by IP-PINK1 from depolarized mitochondria
(Fig. 1 D). Moreover, when recombinant 7ribolium castaneum
PINK1 (TcPINK1; Woodroof et al., 2011) was purified from
Escherichia coli (Fig. 1 E) and incubated with K48-linked,
linear, and K63-linked tetra-ubiquitin chains, retarded-mobility
bands of all tetra-ubiquitin chains was observed in Phos-tag
PAGE (Fig. 1 F). We thus concluded that ubiquitin chains are
directly phosphorylated by PINK1, although it remains unclear
whether PINK1-phosphorylated free ubiquitin could be incor-
porated into the ubiquitin chain by E3s.

Catalytically active Parkin restores the
mitochondrial localization of a catalytically
inactive Parkin mutant in trans

Parkin catalyzes ubiquitylation via a unique “RING/HECT hy-
brid” mechanism. To function as an E3, Parkin generates an in-
termediate form via a ubiquitin-thioester conjugation at Cys431
(C431), the catalytic core of Parkin (Wenzel et al., 2011; Iguchi
et al., 2013; Lazarou et al., 2013; Riley et al., 2013; Zheng and
Hunter, 2013). Two research groups reported previously that
Parkin harboring a C431 mutation (such as C431S) failed to
translocate to depolarized mitochondria, whereas coexpression
of WT Parkin or a Parkin R275W mutant (a unique pathogenic
mutant that exhibits normal localization on depolarized mito-
chondria but has an ~50% decrease in substrate ubiquitylation
and p62 recruitment; Okatsu et al., 2010; Lazarou et al., 2013)
could rescue the translocation defect of the Parkin(C431S) mu-
tant in trans (Lazarou et al., 2013; Zheng and Hunter, 2013).
Lazarou et al. (2013) hypothesized that self-association activity
of Parkin allowed the C431S mutant to bind the R275W Parkin
mutant and translocate with it onto depolarized mitochondria
(Lazarou et al., 2013). We confirmed that a GFP-Parkin(C431S)
mutant did not translocate to depolarized mitochondria after
1 h of treatment with CCCP, whereas coexpression of WT
Parkin clearly complemented mislocalization of C431S in the
presence of CCCP (Fig. 2, A and C). Coexpression of the mutant
Parkin(C431S) did not complement the GFP-Parkin(C431S)
localization defect; this excludes the possibility that com-
plementation is a mass action phenomenon or somehow requires
Parkin lacking a GFP tag (Fig. 2 B). To examine the self-
association—mediated mitochondrial localization of Parkin(C431S),
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we next constructed a mitochondria-targeting Parkin (Mt-
Parkin) that artificially localizes on the outer mitochondrial
membrane (OMM). MitoNEET is an integral OMM protein with
an N-terminal anchor sequence that tethers the protein to the
OMM such that it is oriented toward the cytoplasm (Wiley
et al., 2007). We thus fused the membrane-anchoring domain of
MitoNEET to the N terminus of Parkin to generate Mt-Parkin.
Although Mt-Parkin clearly localizes on mitochondria (Fig. 2 D),
Parkin(C431S) was not transported to mitochondria by Mt-Parkin
alone, and CCCP treatment was still required for mitochondrial
localization of Parkin(C431S) (Fig. 2, E and F). We propose
two mechanisms to explain these data. The first posits that
intermolecular self-association of Parkin is mediated by PINK1,
thus CCCP treatment is a prerequisite for mitochondrial lo-
calization of Parkin(C431S), as suggested by Lazarou et al.
(2013). An alternative mechanism is that WT Parkin-catalyzed
ubiquitylation of mitochondria is involved in Parkin(C431S)
recruitment to the mitochondria. This second mechanism has
also been suggested by Zheng and Hunter (2013). Because the
latter model can logically explain why Parkin localization on
depolarized mitochondria is impaired by E3 activity—deficient
mutations or a decrease in ubiquitin-conjugating enzyme (E2s)
activity (Haddad et al., 2013; Hasson et al., 2013; Fiesel et al.,
2014), we further investigated the latter possibility.

A mitochondrial localized ubiquitin chain
recruits Parkin to energized mitochondria
Previous assays using linkage-specific anti-polyubiquitin chain
antibodies (Okatsu et al., 2010), a linkage-specific ubiquitin
chain binding probe (van Wijk et al., 2012; Chen et al., 2013),
and MS analyses (Chan et al., 2011) suggested that Parkin cata-
lyzes the formation of both K48- and K63-linked poly-ubiquitin
chains to substrates on depolarized mitochondria, but preferen-
tially catalyzes formation of the K63-linked polyubiquitin chain.
Exogenous expression of ubiquitin variants also suggested that
the K27- and K63-linked ubiquitin chains are formed on depo-
larized mitochondria by Parkin (Geisler et al., 2010). We re-
vealed that PINK1 phosphorylates ubiquitin chains (Fig. 1), and
Parkin-catalyzed ubiquitylation on mitochondria is implicated
in the recruitment of Parkin(C431S), an E3-negative mutant
(Fig. 2). We thus hypothesized that the phosphorylated ubiqui-
tin chain is the Parkin receptor on depolarized mitochondria.
The tertiary structure of the K63-linked ubiquitin chain
resembles a linear ubiquitin chain (Komander et al., 2009), thus
we examined whether linear ubiquitin chains on normal mito-
chondria, with or without phosphomimetic mutations, recruit
Parkin. To prevent cleavage by ubiquitin processing enzymes,
a G76V mutation was introduced into ubiquitin. We tandemly
arranged the mitochondria-targeting domain of Tom20, a V5-tag,
and four copies of ubiquitin(G76V) to make a mitochondria-
localized linear ubiquitin chain (referred hereafter as Mt-4xUb).
Mt-4xUb, however, was poorly detected in cells using either
immunoblotting or immunocytochemistry. Because the K63-
linked ubiquitin chain, which structurally resembles the tandem
ubiquitin chain used in this study, potentially serves as a tar-
geting signal for the 26S proteasome (Saeki et al., 2009), we
tried proteasomal inhibition to stabilize Mt-4xUb. Treatment
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localization of a catalytically inactive Parkin
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(C) The number of cells with GFP-Parkin(C431S)
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100 cells. Numbers on the horizontal axis cor-
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(D) Mitochondrial localization of Mt-Parkin
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with the proteasome inhibitor MG132 restored and stabilized
the expression of both 4xUb (Fig. S2 A, lanes 1 and 2) and
Mt-4xUb (lanes 5 and 6) as well as other cellular ubiquitin
conjugates (Fig. S2 B). The distribution of Mt-4xUb to the
mitochondria was confirmed in both immunocytochemistry
(Fig. S2 C, 1 and 2) and fractionation experiments (Fig. S2 D,
lanes 1 and 2). Similarly, we constructed a mitochondria-
targeting tetra phosphomimetic ubiquitin chain (referred hereafter
as Mt-4xUb(S65D)) that also localizes on mitochondria after
MG132 treatment (Fig. S2, C and D). We then determined
if the mitochondria-localized ubiquitin chains could recruit
Parkin to normal (energized) mitochondria. Because Ser65
of Parkin is phosphorylated by PINKI1 after a reduction in
AW¥m (Kondapalli et al., 2012; Shiba-Fukushima et al., 2012;
Iguchi et al., 2013), we constructed both WT and a phosphomi-
metic mutant (S65E) of Parkin. MG132 treatment alone did not
alter the dispersed cytosolic localization of GFP-Parkin(WT)
or GFP-Parkin(S65E) (Fig. 3 A), and the subcellular localiza-
tion of GFP-Parkin(WT) did not change when Mt-4xUb or
Mt-4xUb(S65D) were coexpressed in cells (Fig. 3 B, 1 and 3),
even though the ubiquitin chain was expressed (Fig. S3 A). Ex-
pression of Mt-4xUb in cells caused a tendency to perinuclear

accumulation of mitochondria (Fig. 3 B), as reported previously
(Okatsu et al., 2010). In stark contrast, phosphomimetic GFP-
Parkin(S65E) localized on energized (tetramethylrhodamine
ethyl ester [TMRE]-stainable] mitochondria when coexpressed
with Mt-4xUb and Mt-4xUb(S65D) after MG132 treatment
(Fig. 3 B, 2 and 4). Colocalization of phosphomimetic Parkin
and the mitochondrial ubiquitin chain was confirmed by im-
munocytochemistry (Fig. 3 C). We next examined whether a
mitochondria-targeting linear ubiquitin chain was capable of
recruiting catalytically inactive Parkin(C431S) to mitochon-
dria. The cytosolic localization of GFP-Parkin(C431S) did
not change in the presence of Mt-4xUb or Mt-4xUb(S65D) in
cells (Fig. 3 D, 1 and 3) and did not overlap with the ubig-
uitin chain (Fig. S3 A). We previously reported that Ser65
in the Parkin(C431S) mutant is phosphorylated after CCCP
treatment (Iguchi et al., 2013). We thus constructed a catalyti-
cally inactive phosphomimetic Parkin mutant, GFP-Parkin(S65E/
C431S), that localized on mitochondria when coexpressed
with Mt-4xUb and Mt-4xUb(S65D) (Fig. 3 D, 2 and 4). Mi-
tochondria in all of the expression studies were stained with
TMRE (a A¥m-dependent dye), which suggests that A¥m
is conserved. Colocalization of Parkin(S65E/C431S) and the
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Figure 3.  Ubiquitin chains recruit phosphomi- A
metic Parkin fo energized mitochondria in cells.
(A) Hela cells expressing GFP chimeras of WT

+MG-132

B +MG-132
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Parkin or a phosphomimetic (S65E) mutant were GFP- GFP-
treated with MG-132 (10 pM, 3 h), stained with  Parkin WT S65E Parkin WT S65E WT S65E
the A¥m-dependent dye TMRE, and observed
with a fluorescence microscope. (B) Hela cells
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a phosphomimetic (S65E) mutant with a WT
or phosphomimetic (S65D) Mt-4xUb (tandem
tetra-ubiquitin fused with a targeting signal for
mitochondrial outer membrane) were observed
as in A. (C) Cells expressing GFP-Parkin(S65E) TMRE TMRE
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were subjected to immunocytochemistry using
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mitochondrial ubiquitin chain was also confirmed (Fig. S3 B,
2 and 4). All data shown in Fig. 3 suggest that the mitochondrial
polyubiquitin chain recruited phosphorylated Parkin from the
cytosol to the mitochondria.

Fig. 3 suggests that phosphorylated Parkin interacts with the
polyubiquitin chain regardless of the phosphorylation status of
ubiquitin. However, that interpretation may be tenuous, as ubiq-
uitin chain formation is integral to many cellular processes such
as proteasomal degradation, DNA repair response, membrane
trafficking, and the nuclear factor kB (NF-kB) pathway. Ac-
cording to the model, if Parkin is phosphorylated by PINKI,
phosphorylated Parkin might be recruited to the other cellular
pathways involved in ubiquitin chain formation.

We speculated that PINK1 had nothing to do with the
Parkin recruitment experiments (Fig. 3) because PINK1 is de-
graded on energized mitochondria in a A¥m-dependent manner
(Matsuda et al., 2010; Narendra et al., 2010b), and maintenance
of AUm was confirmed by the potentiometric dye TMRE
(Fig. 3, B and D). However, cells were treated with MG132
to stabilize the mitochondrial polyubiquitin chains (Fig. S2).
MG132 inhibits the final step in PINK1 degradation by the

N-end rule pathway and causes accumulation of the cleaved
form of PINK1 (Narendra et al., 2010b; Yamano and Youle,
2013). To rule out the possible effect of PINK1 completely, we
generated a PINK1 KO HelLa cell line by clustered regularly
interspaced short palindromic repeat (CRISPR)/Cas9-mediated
genome editing (Cong et al., 2013). HeLa cells transfected with
plasmids for PINKI KO by the CRISPR/Cas9 system were
subjected to single clone selection, of which we obtained four
clonal cells, identified as #1—4 (Fig. S4 A). Among the putative
PINKI-KO HelLa cells, two clones (clone #1 and #4) showed
complete inhibition of GFP-Parkin translocation and autoubig-
uitylation (Fig. S4, A and B, lanes 2 and 5). Endogenous PINK1
was undetectable in the PINKI KO cell lines (Fig. S4 B), and
genomic deletion of PINKI was confirmed by direct sequenc-
ing (not depicted). Furthermore, complementation of exogenous
PINKI in clone #4 restored the translocation and autoubiquity-
lation of GFP-Parkin to WT levels (Fig. S4, C-E). We thus used
this clone in all subsequent experiments.

We reevaluated the mitochondrial localization of Parkin
in PINK1 KO cells coexpressing Mt-4Ub. The C431S mutation
was introduced to prevent ubiquitin chain remodeling by Parkin,
and the S65E mutation was introduced to overcome the prereq-
uisite for Parkin phosphorylation. Although GFP-Parkin(S65E/
C431S) was recruited to mitochondria by Mt-4xUb after
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MG132 treatment in WT HeLa cells (Fig. 4 A, panels 1 and 2),
no mitochondrial localization of GFP-Parkin(S65E/C431S)
was observed in PINKI KO HeLa cells expressing Mt-4xUb
(Fig. 4 A, 3 and 4; and Fig. 4 B). Reintroduction of WT PINK1
complemented the mitochondrial localization of GFP-Parkin
(S65E/C431S) in the presence of Mt-4xUb (Fig. 4 C). These
results strongly suggest that mitochondrial localization of phos-
phomimetic Parkin by the mitochondria-localized WT ubiquitin
chain is attributable to phosphorylation by undegraded PINK1.
Interestingly, even in the PINKI KO cells, the mitochondria-
localized phosphomimetic ubiquitin chain (Mt-4xUb(S65D))
could recruit Parkin(S65E/C431S) to energized mitochondria
(Fig. 4 D, 6; and Fig. 4 E), whereas a linear ubiquitin chain
composed of either WT or phosphorylation-deficient mutant
(S65A) ubiquitin failed to recruit Parkin(S65E/C431S) to the

mitochondria (Fig. 4 D, 4 and 5; and Fig. 4 E). We also examined
the subcellular localization of WT, phosphomimetic (S65E),
and catalytically inactive (C431S) Parkin under the same condi-
tions. Parkin(S65E), but not WT Parkin or Parkin(C431S), was
also recruited to mitochondria by Mt-4xUb(S65D) (Fig. 4 F).
The results shown in Fig. 4 indicate that the phosphomimetic
polyubiquitin chain itself is sufficient for mitochondrial localiza-
tion of phosphomimetic Parkin even in the absence of PINKI,
which suggests that the phosphorylated ubiquitin chain is the
mitochondrial receptor for phosphorylated Parkin.

We further examined if Parkin recruitment by Mt-
4xUb(S65D) triggers downstream events such as the recruitment
of p62 and LC3 for mitochondrial perinuclear aggregation
and autophagic degradation (Narendra et al., 2008, 2010a;
Geisler et al., 2010; Okatsu et al., 2010; Itakura et al., 2012). We
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Figure 5. Parkin-dependent accumulation A
of phosphorylated ubiquitin on depolarized
mitochondria. (A) Preparation of the anti-
phosphorylated ubiquitin antibody, a-pUb.
Non-phosphorylated ubiquitin control (lanes 1
and 3) and ubiquitin phosphorylated by recom-
binant TcPINK1 (lanes 2 and 4) were subjected
to Phostag PAGE. The membrane was separated
in two af the broken line and immunoblotted
with an anti-ubiquitin antibody (P4D1) or the
anti-phospho-ubiquitin antibody, a-pUb. a-pUb
specifically reacts with phosphorylated ubig-
vitin. Note that mobility does not reflect the
molecular weight of proteins in Phostag PAGE
(Kinoshita et al., 2012) and thus molecular
weight markers are not shown. (B) Specificity of
a-pUb in cytochemical experiments. Hela cells
expressing Mt-4xUb + CCCP were stained
with a-pUb and Hsp60 (mitochondrial marker).
Mt4xUb containing aggregated mitochondria
were detected by a-pUb only after CCCP treat-
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found that exogenous GFP-LC3 and endogenous p62 accumu-
late not only on Parkin-recruiting mitochondria in PINKI KO
cells expressing Mt-4xUb(S65D) but also on mitochondria in
Mt-4xUb(WT)—expressing cells that cannot recruit Parkin. Fi-
nally, we realized that even in cells lacking Parkin expression,
GFP-LC3 and p62 were recruited to energized mitochondria dec-
orated with Mt-4xUb(S65D) or Mt-4xUb(WT) (Fig. S5, A and B).
These results indicate that the linear ubiquitin chain on mitochon-
dria, which is equivalent to the most downstream product of the
PINK1-Parkin pathway, is sufficient to recruit the autophagic
machinery (LC3 and p62) irrespective of PINK1 and Parkin.

Although tandem chains of phosphomimetic ubiquitin (ubiquitin
(S65D) mutant) can recruit Parkin to energized mitochondria
independently of PINK1 (Fig. 4), we wanted to investigate
Parkin recruitment activity under more physiological con-
ditions that used phosphorylated ubiquitin rather than phos-
phomimetic ubiquitin. To monitor the subcellular localization
of phosphorylated ubiquitin, we prepared a specific affinity-
purified rabbit polyclonal antibody for phosphorylated ubiquitin
(oi-pUb). Immunoblotting experiments with nonphosphorylated
and phosphorylated ubiquitin revealed that the a-pUb antibody
specifically recognized phosphorylated ubiquitin (Fig. 5 A).

+
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We next confirmed the specificity of a-pUb in immunocyto-
chemical experiments. Expression of Mt-4xUb in WT HeLa
cells causes perinuclear accumulation of mitochondria (Fig. 3;
Okatsu et al., 2010); however, a-pUD failed to stain these ag-
gregated mitochondria (Fig. 5 B, 1). In contrast, a-pUb detected
clustered mitochondria when cells expressing Mt-4xUb were
treated with CCCP (Fig. 5 B, 2), revealing that the a-pUb de-
tected only phosphorylated ubiquitin even in cytochemistry.
When HelLa cells expressing sole GFP or exogenous Parkin-
GFP were treated with CCCP and stained with a-pUb, phos-
phorylated ubiquitin accumulated on depolarized mitochondria
in a Parkin-dependent manner (Fig. 5 C, 1 and 2). In contrast, in
exogenous PINK1-expressing HeLa cells, the phosphorylated
ubiquitin signal increased but was not restricted on mitochon-
dria. Instead, the signal was dispersed throughout the cytosol
(Fig. 5 C, 3), revealing that localization of phosphorylated
ubiquitin on depolarized mitochondria is facilitated by Parkin
(Fig. 5 D). These results are consistent with the recent report by
Ordureau et al. (2014) finding that Parkin-dependent ubiquity-
lation is required for accumulation of phosphorylated ubiquitin
on mitochondria.

We then examined whether the K48- or K63-linked chain of
phosphorylated ubiquitin rather than a linear phosphomimetic
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polyubiquitin chain recruits Parkin. To achieve this, we estab-
lished an inducible cellular system in which phosphorylated
ubiquitin is targeted to the lysosome. When cells are treated
with the lysosomotropic reagent I-leucyl-L-leucine methyl ester
(LLOMe), the LLOMe is converted by a lysosomal thiol pro-
tease dipeptidyl peptidase I into a membranolytic form (Leu-
Leu)n-OMe (n > 3) that causes lysosomal rupture. Damaged
lysosomes are promptly and heavily ubiquitylated (Maejima
et al., 2013). We confirmed that ubiquitin is targeted and ac-
cumulated on the lysosomal membrane after 1 h of LLOMe
treatment (Fig. 6 A). Immunocytochemistry using a linkage-
specific anti-ubiquitin chain antibody (Apu3) suggests that
a K63-linked polyubiquitin chain is formed on the ruptured
lysosome (Fig. 6 B), as is the case with depolarized mitochon-
dria in Parkin-expressing cells (Okatsu et al., 2010). We thus
expected that the accumulation of phosphorylated ubiquitin in
the cytosol would lead to passive incorporation into the ubig-
uitin chain at the lysosomal membrane after LLOMe treatment.
Indeed, when PINK1-expressing HeLa cells were pretreated
with CCCP (promotes cytosolic accumulation of phosphory-
lated ubiquitin as Fig. 5 C) and subsequently treated with
both CCCP and LLOMe, phosphorylated ubiquitin colocalized
on lysosomes with exogenous Flag-ubiquitin (Fig. 6 C, 1;
and Fig. 6 D, 3). Even though the unphosphorylatable Flag-
ubiquitin(S65A) mutant was used, Flag-positive foci were
also detected using an anti-phosphorylated ubiquitin antibody
(Fig. 6 C, 2). This result suggests that phosphorylated ubiquitin
along with unmodified ubiquitin molecules was targeted to the
ruptured lysosome after LLOMe treatment for passive incor-
poration into the ubiquitin chain. We then examined whether
Parkin is recruited to lysosomes after LLOMe-mediated accu-
mulation of phosphorylated ubiquitin. This experiment, how-
ever, presents a challenge, in that CCCP treatment results in the
targeting of Parkin to mitochondria accompanied with accumula-
tion of phosphorylated ubiquitin on mitochondria (Fig. 5 C, 2).
Indeed, when cells expressing WT or phosphomimetic (S65E)
Parkin were pretreated with CCCP, phosphorylated ubiquitin
as well as WT and phosphomimetic (S65E) Parkin localized
on depolarized mitochondria irrespective of LLOMe treatment
(Fig. S5 C). However, as shown in Fig. 2 A, the C431S E3-
deficient mutation of Parkin uncouples mitochondrial localiza-
tion of Parkin from CCCP treatment (Fig. 2 A, 1). Parkin(C431S)
however still targeted the site where the phosphorylated-ubiquitin
chain accumulates, such as depolarized mitochondria under
WT Parkin-coexpressing conditions (Fig. 2 A, 2). In cells ex-
pressing Parkin(C431S), phosphorylated ubiquitin accumu-
lated only after CCCP treatment but was dispersed throughout
cells (Fig. 6 D, 1 and 2). When Parkin(C431S)-expressing cells
were treated first with CCCP and then with LLOMe, phosphor-
ylated ubiquitin localized to the lysosome, but with minimal
colocalization of Parkin(C431S) (Fig. 6 D, 3). Because phos-
phorylation of Parkin Ser65 accelerates interactions with phos-
phorylated ubiquitin (Fig. 4; Koyano et al., 2014), we used a
Parkin(S65E,C431S) double mutant to examine the subcellular
localization. As is the case with GFP-Parkin(C431S) (Fig. 2),
GFP-Parkin(S65E/C431S) alone did not localize to mitochon-
dria after CCCP treatment (Fig. S5 D, 1), whereas coexpression

of WT Parkin restored its mislocalization (Fig. S5 D, 2), which
suggests that the WT Parkin—catalyzed ubiquitin chain and
CCCEP recruits Parkin(S65E/C431S) to depolarized mitochon-
dria. Importantly, Parkin(S65E/C431S) was dispersed through-
out the cytoplasm after treatment with either CCCP or LLOMe
alone (Fig. 6 D, 4 and 5), whereas Parkin(S65E/C431S) was
recruited to phosphorylated ubiquitin-localized lysosomes
after treatment with both CCCP and LLOMe (Fig. 6 D, 6; and
Fig. 6 E). We thus concluded that the phosphorylated poly-
ubiquitin chain in cells, which is more physiologically relevant
than the phosphomimetic linear polyubiquitin chain, is suffi-
cient for Parkin recruitment.

Ubiquitin Ser65 phosphorylation is
essential for Parkin recruitment onto
depolarized mitochondria

To further explore the importance of ubiquitin Ser65 phos-
phorylation in Parkin recruitment, we tried to replace genomic
ubiquitin with a phosphorylation-deficient S65A mutant in
mammalian cells, and examined mitochondrial translocation of
Parkin. Ubiquitin is encoded by four genes (RPS27A, UBA5?2,
UBB, and UBC) in the human genome, and is synthesized as a
fusion protein with essential ribosomal subunits (S27a and L40)
or tandem-repeated polyubiquitin chains. We used U20S-shUb
cells in which all of the genomic ubiquitin genes are knocked
down by specific shRNAs, whereas two ubiquitin genes
(RPS27A and UBA5?2 encoding single ubiquitin fused with es-
sential ribosomal subunit S27a or L40) are complemented as
an shRNA-resistant form (Xu et al., 2009). The ubiquitin S65A
mutation was introduced into these retransformed RPS27A and
UBAS52 genes, and the subcellular localization of GFP-Parkin
was examined after CCCP treatment. Complementary shRNA-
resistant ubiquitin possesses an HA tag that allowed us to con-
firm that the WT and mutant ubiquitins are expressed at similar
levels in U20S-shUb cells harboring WT ubiquitin (referred as
shUb-Ub(WT)) or only the ubiquitin(S65A) mutant (referred
to as shUb-Ub(S65A); Fig. 7 A). GFP-Parkin in shUb-Ub(WT)
cells localized to the cytosol under steady-state conditions and
translocated normally to depolarized mitochondria after CCCP
treatment (Fig. 7 B, 1 and 2). In contrast, GFP-Parkin transloca-
tion was almost completely inhibited in shUb-Ub(S65A) cells
(Fig. 7 B, 3 and 4; and Fig. 7 C). The clear inhibition on E3 ac-
tivity of Parkin monitored by autoubiquitylation of GFP-Parkin
and VDAC ubiquitylation was also observed in shUb-Ub(S65A)
cells (Fig. 7 D). The results derived from this ubiquitin replace-
ment cellular system confirmed that ubiquitin phosphorylation
at Ser65 is indeed essential for Parkin translocation.

Phosphomimetic ubiquitin chain physically
interacts with Parkin in vitro

Finally, we investigated whether the phosphorylated ubig-
uitin chain physically interacts with Parkin. First, we per-
formed coimmunoprecipitation experiments under the same
conditions as in Fig. 4. HeLa cells lacking PINKI were co-
transfected with GFP-Parkin(S65E/C431S) and Mt-4xUb or
Mt-4xUb(S65D), and Parkin was immunoprecipitated using
anti-GFP antibody-coupled agarose beads. Consistent with the
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expressing PINK1 were transfected with WT Flag-ubiquitin or the phosphorylation-deficient Flag-ubiquitin(S65A) mutant. Cells were treated with CCCP
and LLOMe before immunocytochemical staining using anti-Flag and a-pUb antibodies. The phosphorylated ubiquitin signal merged well with that of un-
phosphorylatable Flag-ubiquitin(S65A), suggesting that phosphorylated ubiquitin is passively incorporated into the ubiquitin chain on ruptured lysosomes.
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immunocytochemical data (Fig. 4), specific coimmunopre-
cipitation of Mt-4xUb(S65D) with GFP-Parkin(S65E/C431S),
but not Mt-4xUb, was observed (Fig. 8 A). We confirmed the
Parkin S65E dependency of the immunoprecipitation experi-
ments (Fig. 8§ B). These results indicate an interaction be-
tween the phosphomimetic ubiquitin chain and phosphomimetic
Parkin. Next, we examined the interaction between the phos-
phorylated (not phosphomimetic) ubiquitin chain and Parkin.
When PINKI KO HeLa cells expressing GFP-Parkin(S65E/
C431S) were transfected with Mt-4xUb (WT) and treated with
MG132 and CCCP, Parkin did not localize on depolarized mito-
chondria (Fig. 8 C, 1) because the nonphosphorylated ubiquitin
chain is insufficient for recruitment of Parkin to mitochondria.
However, further introduction of WT PINKI1 lead to GFP-
Parkin(S65E/C4318S) localization on mitochondria (Fig. 8 C, 2;
and Fig. 8 D), but neither a kinase-dead (KD) nor a dysfunc-
tional N-terminal deletion (AN155) mutant of PINK1 restored
mitochondrial localization (Fig. 8, C and D). Immunoblotting
using the anti-phosphorylated ubiquitin antibody a-pUb (Fig. 5)
confirmed phosphorylation of the Mt-4xUb chain when GFP-
Parkin(S65E/C431S) was recruited to the mitochondria (Fig. 8 E,
lane 2). We also examined the interaction between Parkin and the
phosphorylated ubiquitin chain. Under these experimental condi-
tions, unphosphorylated Mt-4xUb did not immunoprecipitate with
GFP-Parkin(S65E/C431S) (Fig. 8 F, lane 1), whereas phosphory-
lated Mt-4xUb did coimmunoprecipitate (Fig. 8 F, lane 2), which
indicates a physical interaction. To demonstrate this interaction
between Parkin and the phosphorylated ubiquitin chain more
directly, we performed an in vitro pull-down assay using recom-
binant proteins. We expressed and purified WT GST-Parkin and
phosphomimetic GST-Parkin(S65E) from E. coli as previously
reported (Trempe et al., 2013). Recombinant poly-ubiquitin
chains consisting of a linear, K48, or K63 linkage were con-
jugated to agarose and were phosphorylated beforehand using
recombinant TcPINK1 (Fig. 1 E). WT GST-Parkin or GST-
Parkin(S65E) were co-incubated with the phosphorylated ubiqui-
tin chains for 1 h at 4°C, and then the ubiquitin chain—conjugated
agarose was collected by centrifugation. WT GST-Parkin was
rarely pulled down by the ubiquitin chain—conjugated agarose
(Fig. 8 G, lanes 1-6). In contrast, GST-Parkin(S65E) was spe-
cifically pulled down by phosphorylated linear, K48-linked,
and K63-linked ubiquitin chains (Fig. 8 G, lanes 8, 10, and 12),
but not their nonphosphorylated forms (lanes 7, 9, and 11). Be-
cause phosphorylation clearly accelerates the ability of recombi-
nant ubiquitin chains to bind recombinant Parkin (Fig. 8 G), we
concluded that the phosphorylated polyubiquitin chain directly
interacts with Parkin.

Discussion

Parkin catalyzes ubiquitylation of depolarized mitochondria to
facilitate removal of the damaged mitochondria from the cells.
Under steady-state conditions, Parkin is maintained in an inert
state by two independent mechanisms. First, Parkin is broadly
distributed in the cytosol under normal conditions, and is spa-
tially separated from mitochondrial substrates. Second, the E3
activity of Parkin is kept latent, thus Parkin is enzymatically
impeded from functioning in mitochondrial ubiquitylation.
However, when AWm decreases, Parkin is promptly recruited
to depolarized mitochondria and its E3 activity is simultane-
ously reestablished, which allows ubiquitylation of mitochon-
drial substrates on OMM. Although PINKI1 exerts essential
roles in both steps and its kinase activity is indispensable, the
molecular basis for how PINKI1 recruits Parkin selectively
to depolarized mitochondria has not been fully elucidated.
Various models for the PINK1-mediated Parkin recruitment
process have been proposed, but, until now, none have ade-
quately explained the accumulated data. PINK1 phosphorylation
of Parkin at Ser65 (Kondapalli et al., 2012; Shiba-Fukushima
etal., 2012; Iguchi et al., 2013) is thought to convert Parkin to a
membrane-bound form. This model is sufficient to explain why
phosphorylation-deficient mutants of Parkin (such as S65A)
significantly, but not completely, inhibit Parkin recruitment
(Shiba-Fukushima et al., 2012; Zhang et al., 2014), and why
the kinase activity of PINK1 is required for Parkin mitochon-
drial localization (Geisler et al., 2010; Matsuda et al., 2010;
Narendra et al., 2010b). This model, however, inadequately
explains selective recruitment of Parkin to depolarized mito-
chondria when both depolarized and polarized mitochondria
are present (Narendra et al., 2008; Matsuda et al., 2010; Yang
and Yang, 2011). As an alternative model, phosphorylation of
additional PINK1 mitochondrial substrates increases the affin-
ity of mitochondria for Parkin, such that Parkin is recruited to
the same mitochondria. This model is compatible with the re-
quirement for PINK1 kinase activity in Parkin recruitment, and
with the finding that Parkin is selectively directed to a subset
of mitochondria when energized and depolarized mitochondria
coexist. Indeed, it has been reported that PINK1-phosphorylated
mitofusin is a Parkin receptor on damaged mitochondria (Chen
and Dorn, 2013). It is difficult however to reconcile the mito-
fusin model with contradictory data reporting Parkin recruit-
ment to depolarized mitochondria in mitofusini/2 double KO
MEFs (Narendra et al., 2008; Chan et al., 2011). Moreover,
even if mitofusin or some other mitochondria-localized PINK1
substrates function as a Parkin receptor, it is difficult to explain

(C and D) A mitochondria-localized linear ubiquitin chain (Mt-4xUb) recruits Parkin in a CCCP- and PINK1-dependent manner. PINKT KO Hela cells
were transfected and treated as described in the text, and the GFP-Parkin(S65E/C431S)-derived signal was observed with a fluorescence microscope (C).
Bars, 10 pm. The rate of Parkin mitochondrial localization was determined (D). KD, kinase dead; AN155, lacking the first 155 N-erminal amino acids.
Bars represent the mean + SD (error bars) values of 100 cells in three independent experiments. (E) Phosphorylation of the linear ubiquitin chain was
confirmed by immunoblotting using a-pUb. (F) Interaction between phosphomimetic Parkin and a phosphorylated polyubiquitin chain. GFP-Parkin(S65E/
C431S) was immunoprecipitated from PINKT KO Hela cells transfected and treated as described in the text, and immunoblotted with an anti-V5 anti-
body for Mt-4xUb and a-pUb. (G) Direct interaction between recombinant phosphomimetic Parkin and a phosphorylated ubiquitin chain. Polyubiquitin
chain—conjugated agarose beads were phosphorylated by TcPINK1. Recombinant GST-Parkin(WT) or the phosphomimetic GST-Parkin(S65E) mutant were
incubated with the agarose beads and examined for GST-Parkin capture by the phosphorylated ubiquitin-conjugated agarose. (H) Model for phosphory-
lated polyubiquitin chain recruitment of Parkin to damaged mitochondria. See the text for details.
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how PINK(1 targeting to peroxisomes or lysosomes, which lack
such a genuine PINK1 substrate, still recruit Parkin to the re-
spective organelles (Lazarou et al., 2012). The last and the sim-
plest hypothesis is that PINK1 physically interacts with Parkin
and thus is the Parkin receptor. This model easily explains why
PINKI1 is essential for mitochondrial Parkin localization and is
sufficient for Parkin targeting to organelles (e.g., peroxisome)
other than mitochondria (Lazarou et al., 2012). However, al-
though PINK1 forms a stable high-molecular-weight complex
composed of a PINK1 dimer and TOM machineries in response
to a decrease in AVm (Lazarou et al., 2012; Okatsu et al.,
2013), association of Parkin with this complex was not de-
tected, and the size of the PINK1 complex does not changed
in the absence of Parkin (Lazarou et al., 2012). This result sug-
gests that PINK1 and Parkin do not stably associate in cells.
An even more fundamental deficiency in all three models is
their inability to explain why the E3 activity of Parkin itself is
important for depolarized mitochondrial localization (Lazarou
et al., 2013; Zheng and Hunter, 2013; Fig. 2).

In this paper, we present important findings that address the
aforementioned deficiencies. First, phosphorylated polyubiquitin
chains exist in cells when AWm is decreased (Fig. 1). Second, a
linear ubiquitin chain of phosphomimetic tetra-ubiquitin(S65D)
recruits Parkin to energized mitochondria in the absence of
PINK1, whereas a linear ubiquitin chain of WT tetra-ubiquitin
does not (Fig. 4). Third, under more physiological conditions, a
lysosomal polyubiquitin chain containing phosphorylated ubiqui-
tin can recruit phosphomimetic Parkin to the lysosome (Fig. 5).
In addition, physical interactions between phosphomimetic Par-
kin and phosphorylated ubiquitin were detected by immunopre-
cipitation both from cells and after in vitro reconstitution using
recombinant proteins (Fig. 8). We thus propose a completely
novel model for Parkin recruitment in which the phosphorylated
ubiquitin chain functions as the genuine Parkin receptor.

Several research groups have reported that substrate
specificity of Parkin is rather weak, and that Parkin ubiquity-
lates various OMM proteins (Chan et al., 2011; Narendra et al.,
2012; Sarraf et al., 2013), including VDAC, mitofusinl/2,
RHOT1/2(Miro), hexokinase I, and TOMM?20 (Gegg et al., 2010;
Geisler et al., 2010; Poole et al., 2010; Tanaka et al., 2010;
Ziviani et al., 2010; Rakovic et al., 2011; Wang et al., 2011; Liu
et al., 2012; Okatsu et al., 2012a; Bingol et al., 2014). As re-
ported independently by Ordureau et al. (2014), we can easily
imagine that Parkin catalyzes the formation of ubiquitin chains
on various OMM proteins, and that these ubiquitin chains func-
tion as substrates for PINK1 phosphorylation, which then re-
cruit and activate more Parkin molecules. This is a powerful
feed-forward mechanism that can explain why the E3 activity
of Parkin is required for efficient recruitment to depolarized
mitochondria (Fig. 2), namely that the E3 activity is not re-
quired for initiation of the signal but rather for amplification.
This model is also compatible with the confounding results
that show PINK1 targeting to a heterogeneous organelle (e.g.,
peroxisomes or lysosomes, where genuine PINK1 substrates
are not expected to exist) can recruit Parkin to the respective
organelles, even though PINKI is unlikely to be the Parkin
receptor (Lazarou et al., 2012). Ubiquitylation is commonly
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used as a signal for various organelle-specific signaling path-
ways, and thus there are many E3s and ubiquitylated cargo
proteins on every organelle. For example, on peroxisomes two
E3s (Pex2 and Pex10p—Pex12p complex) catalyze ubiquity-
lation for protein import into the peroxisomal matrix and Pex5
retrotranslocation (Platta et al., 2009; Okumoto et al., 2014).
A diverse number of membrane proteins are ubiquitylated in
the endosome-lysosome pathway for down-regulation (Clague
et al., 2012). The presence of these ubiquitylated proteins on
various organelles might be phosphorylated by ectopically tar-
geted PINK1, which then transmits the signal to Parkin. Simi-
larly, for Parkin recruitment on depolarized mitochondria, the
initiating signal for Parkin recruitment seems to be the already-
existing mitochondrial ubiquitylated proteins mediated by other
E3s. However, once the already-existing ubiquitylated protein is
phosphorylated by PINK1 on depolarized mitochondria, it acts
as a beacon for Parkin activation and recruitment, which then
triggers local phosphorylated-ubiquitin signal amplification via
a positive feedback loop (summarized in Fig. 8 H). However,
in our model many details remain to be refined; i.e., we cannot
exclude the possibility that Parkin preferentially incorporates
phosphorylated ubiquitin over unmodified ubiquitin to increase
the efficiency of this amplification process. Further analysis is
needed to clarify this issue. While our manuscript was under
review, Shiba-Fukushima et al. (2014) independently published
a paper with a similar conclusion.

In the present study, using a specific antibody for phos-
phorylated ubiquitin, and unique experimental procedures that
promote lysosomal targeting of phosphorylated ubiquitin, we
demonstrate that an ectopically localized phosphorylated poly-
ubiquitin chain can recruit Parkin to the corresponding organ-
elle. This is, to our knowledge, the first direct evidence that a
phosphorylated polyubiquitin chain is the Parkin receptor in
cells. We and others have reported that phosphorylated ubiquitin
functions as a Parkin activator by de-repressing autoinhibition
of Parkin E3 activity (Kane et al., 2014; Kazlauskaite et al.,
2014; Koyano et al., 2014), but unexpectedly, phosphorylated
ubiquitin also functions in the Parkin recruitment process. We
believe that ubiquitin phosphorylation enables us to understand
comprehensively how PINK1 regulates Parkin.

Materials and methods

Plasmids and antibodies

Plasmids used in this study are summarized in Table S1. The following
primary antibodies were used. Mouse primary antibodies: anti-Ubiquitin
(clone PAD1, 1:500; Santa Cruz Biotechnology Inc.), anti-V5 (product num-
ber [PN] R960-25, 1:1,000; Life Technologies), anti-actin (clone AC-40,
1:500; Sigma-Aldrich), anti-Parkin (clone PRK8, 1:2,000; Sigma-Aldrich),
anti-DYKDDDDK (clone 2H8, 1:500; TransGenic Inc.), anti-GFP (clone
3E6, 1:1,000; Life Technologies), anti-Lamp1 (clone H4A3, 1:200; Santa
Cruz Biotechnology, Inc.), anti-HA (clone TANA2, 1:1,000; MBL), and
anti-VDAC (PN Ab-2, 1:1,000; EMD Millipore). Rabbit primary antibodies:
anti-Ubiquitin (PN Z-0458, 1:500; Dako), anti-Tom20 (PN FL-145, 1:250
for immunoblotting or 1:2,000 for immunostaining; Santa Cruz Biotechnol-
ogy, Inc.), anti-PINK1 (PN BC100-494, 1:1,000; Novus Biologicals), and
anti-K63-linked ubiquitin chain (clone Apu3, 1:250; EMD Millipore). Goat
primary antibodies: anti-LDH (PN ab2101, Abcam, 1:500) and anti-Hsp40
(PN sc1052, Santa Cruz Biotechnology, Inc., 1:250). To generate the anti-
phosphorylated ubiquitin antibody, rabbit was immunized by antigen pep-
tide C (for carrier protein conjugation)-NIQKE(pS)TLH, and the serum was
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subjected to affinity purification. The following secondary antibodies were
used: various mouse, rabbit, or goat antilgG antibodies conjugated with
alkaline phosphatase (1:5,000; Santa Cruz Biotechnology, Inc.) or with
horseradish peroxidase (1:5,000; Jackson ImmunoResearch Laboratories,
Inc.) for immunoblotting, and various mouse or rabbit anti-lgG antibodies
conjugated with Alexa Fluor 488, 568, and 647 (1:2,000; Life Technolo-
gies) for immunostaining. Anti-GFP mouse mAb-agarose (D153-8, MBL)
and anti-K48-linked ubiquitin chain rabbit antibody (clone Apu2; EMD
Millipore) were used for immunoprecipitation. Recombinant linear, K48-
linked, and K63-linked tetra-ubiquitin chains and ubiquitinconjugated aga-
rose beads were purchased from Boston Biochem.

Protein expression and purification from E. coli

Plasmids expressing GST-Parkin and GST-TcPINK1 were provided by J.F.
Trempe (McGill University, Montreal, Canada). E. coli BL21-CodonPlus(DE3)-
RIL (Agilent Technologies) were transformed with plasmids harboring the
T7 RNA polymerase promoter for GST-TcPINK 1, GST-Parkin(WT), or GST-
Parkin(S65E) expression, and cultured at 37°C until an optical density at
600 nm of ~0.5-0.8 was obtained. The cells were then cooled to 16°C
and treated with 100 pM (for GST-TcPINK1) or 25 pM (for GST-Parkin)
IPTG for 18 h at 16°C. For expression of GST-Parkin, 25 pM ZnCl, was
added to the culture medium. Cells were collected by centrifugation, resus-
pended in TBS (50 mM Tris-HCI, pH 7.5, 120 mM NaCl, 1 mM DTT, and
protease inhibitor cocktail) containing 0.5% Tween-20, and sonicated on
ice. Affer centrifugation to pellet cellular debris, the lysate was bound to
glutathione-Sepharose 4B (GE Healthcare) and recombinant GST-Hfused
proteins were eluted with TBS containing 20 mM glutathione.

Cells and transfection

Hela and U20S cells were cultured at 37°C with 5% CO, in DMEM
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (Equitech-BIO.
Inc.), 1x penicillin-streptomycin-glutamine (Life Technologies), 1x nonessen-
tial amino acids (Life Technologies), and 1x sodium pyruvate (Life Technol-
ogies). For U20S cells, tetracycline-free fetal bovine serum was used (see
the “Ubiquitin replacement in cells” section below for detailed informa-
tion). Cells were transfected with Fugene 6 (Roche and Promegal).

Immunofluorescence and TMRE staining

For immunofluorescence experiments, cells were fixed with 4% paraformal-
dehyde, permeabilized with 50 pg/ml digitonin, and then stained with the
primary and secondary antibodies described earlier in the Materials and
methods. To monitor the mitochondrial membrane potential, cells were
treated with 50 nM TMRE (Sigma-Aldrich) for 30 min, washed three times,
and subjected to live cell imaging to defect TMRE fluorescence at room
temperature. Cells were imaged using a confocal laser-scanning microscope
(LSM710 and LSM780; Carl Zeiss) with Plan-Apochromat 20x/0.8 NA
M27, 40x/0.95 NA Korr M27, and 63x/1.40 NA oil differential interfer-
ence confrast M27 objective lenses. The ZEN imaging software (Carl Zeiss)
was used for image acquisition. Image contrast and brightness were ad-
justed in Photoshop Elements version 10 (Adobe).

Mitochondria enriched fractionation

Cells were suspended in fractionation buffer (250 mM NaCl, 20 mM
Hepes-NaOH, pH 8, and protease and phosphatase inhibitor cocktail
[Roche]) and disrupted by 20 passages through a 25-gauge needle with a
1-ml syringe. Debris was removed by centrifugation at 1,000 g for 7 min,
and the supernatant was centrifuged (10,000 g, 4°C, 10 min) to precipi-
tate the mitochondria-rich fraction.

Phos-tag SDS-PAGE and immunoblotting

To detect phosphorylated proteins, SDS-PAGE with 50 pM Phos-tag acryl-
amide (Wako Pure Chemical Industries) and 100 pM MnCl, was used.
Mn?* was removed from the electrophoresed gels by gentle shaking in
transfer buffer with 0.01% SDS and 1 mM EDTA for 10 min. The gels were
then washed for another 10 min in transfer buffer with 0.01% SDS but lack-
ing EDTA according to the manufacturer’s protocol. Proteins were trans-
ferred to PVDF membranes and detected with the indicated antibodies.

Generation of PINK1 KO Hela cell line

PINKT KO Hela cells were established using the CRISPR/Cas? system
(GeneArt CRISPR Nuclease System; Life Technologies). The vector in this kit
encodes a Cas? nuclease expression cassette and a guide RNA cloning
cassette. The PINKT guide RNA (5-ACAAAGTGGCGGCCGATTGT-3')
was selected using a web site for CRISPR design (crispr.mit.edu). Hela
cells were transfected with the GeneArt CRISPR nuclease vector and a

pSilencer5.1-H1 Retro empty vector (for selecting puromycin resistant cells)
for 24 h. The cells were treated with 5 pg/ml puromycin for 48 h, then
maintained in fresh puromycinfree medium. Monoclonal cell lines were
generated through limiting dilutions. The putative PINK1 KO Hela cell lines
were validated by genomic DNA sequencing and assaying for Parkin re-
cruitment activity. To exclude the influence of offtarget effects, the Parkin
recruitment defect in the KO cell line was confirmed by complementation
with exogenous PINKT.

In vitro labeling of ubiquitin chains by y-[32P]ATP

For immunoprecipitation experiments, mitochondria from Hela cells stably
expressing PINK1-3xFlag were collected, resuspended in cell-free assay
buffer (20 mM Hepes-KOH, pH 7.5, 220 mM sorbitol, 10 mM KAc, and
70 mM sucrose), solubilized with 10 mg/ml digitonin (Wako) for 15 min
at 4°C, and reacted with anti-FLAG M2 agarose (Sigma-Aldrich) for 1 h
at 4°C. The resulting immunoprecipitates were washed repeatedly with
the same buffer and collected by centrifugation. The immunoprecipitated
PINK1 was then incubated with recombinant K48-linked or Ké3-linked
tetra-ubiquitin chains (2 pg; Boston Biochem) and 100 pM +-[*2P]ATP
(5 pCi) in 30 pl of kinase buffer (20 mM Tris-HCI, pH 7.5, 5 mM MgCl,,
and 1 mM DTT) for 30 min at 30°C. The reaction was stopped by adding
Laemmli’s sample buffer and boiling. One-third of the sample was sub-
jected to 17% SDS-PAGE and CBB staining. Phosphorylated proteins were
visualized by autoradiography.

In vitro kinase assay and ubiquitin—Parkin interaction analysis

Recombinant ubiquitin and polyubiquitin chains (60 pM) were incubated
with GST-TePINKT (2 pM) in kinase reaction buffer 1 (50 mM Tris-HCI,
pH 7.5, 100 mM NaCl, 10 mM MgSO,, 2 mM ATP, 2 pM DTT, and
1% glycerol) for 30 min at 30°C. The reaction was stopped by boiling
for 5 min at 98°C. The reacted ubiquitin and polyubiquitin chains were
subjected to Phostag PAGE. To examine the physical interaction between
GST-Parkin and phosphorylated ubiquitin, polyubiquitin chain-conjugated
agarose beads (15 pM) were incubated with TcPINKT (0.5 pM) in ki-
nase reaction buffer 2 (50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM
MgSO., 2 mM ATP, and 1% glycerol) for 1 h at 30°C to promote phos-
phorylation and then boiled for 10 min at 90°C to deactivate TcPINK1.
The resulting phospho-ubiquitin chain—conjugated agarose beads (0.36 pM)
were then incubated with recombinant GST-Parkin(WT) or phosphomimetic
GST-Parkin(S65E) in reaction buffer (50 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 1% glycerol, 1 mM DTT, and 0.2% Triton X-100) for 1 h at 4°C.
The phosphorylated ubiquitin-conjugated agarose beads were collected by
cenfrifugation, washed three times, and boiled at 98°C for 5 min with SDS
buffer. Captured GST-Parkin was detected by immunoblotting.

Liquid chromatography-tandem MS (LC-MS/MS) analysis of ubiquitin
Mass spectrometric analysis was performed as previously reported
(Koyano et al., 2014}, with some modification. To identify endogenous S65
phosphorylated ubiquitin with a K63-GlyGly branch, whole cell lysates of
intact PINK1-expressing Hela cells + CCCP treatment were subjected to
SDS-PAGE and stained with CBB, then in-gel trypsin digestion was per-
formed. Gels were extensively washed with MilliQ water (EMD Millipore),
the low (<14,000)-, middle (14,000-55,000}-, or high (>55,000)-molecular-
weight fractions of gels were excised, cut info 1-2 mm pieces, and
destained with 1 ml of 50 mM ammonium bicarbonate (AMBC) buffer con-
taining 50% acetonitrile (ACN) with agitation for 1 h. A final 100% ACN
wash was performed to ensure complete gel dehydration. In-gel digestion
was prepared by diluting modified sequencing grade trypsin (Promega)
and lysyl endopeptidase (Wako Pure Chemical Industries) with 50 mM
AMBC buffer, pH 8.0, containing 5% ACN. The digestion solution was
added to the gel pieces and incubated overnight at 37°C. Digests were
quenched and extracted by addition of 50 pl of 50% ACN containing
0.1% trifluoroacetic acid (TFA) solution for 1 h by shaking. The digested
peptides were recovered into fresh Protein LoBind tubes and an additional
extraction was performed with 70% ACN containing 0.1% TFA solution for
30 min. The extracted peptides were concentrated to 20 pl using a Speed-
Vac system (Thermo Fisher Scientific). The concentrated peptides were pre-
pared in 0.1% TFA. The resultant peptides were analyzed on a nanoflow
UHPLC instrument (Easy nLC 1000, Q-Exactive MS and nano electrospray
ion source; Thermo Fisher Scientific) with the raw data processed using
Xcalibur (Thermo Fisher Scientific). MS spectra were analyzed using Pro-
tein Discoverer software version 1.3 (Thermo Fisher Scientific). The frag-
mentation spectra were searched against the UniProt database with the
MASCOT search engine. Data were prepared with PinPoint software ver-
sion 1.3 (Thermo Fisher Scientific).
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LC-MS/MS analysis of immunoprecipitated K48-linked

polyubiquitin chains

Lysates of Hela cells stably expressing PINK1-3xFlag were incubated
with Apu2 (a rabbit mAb for the K48-linked polyubiquitin chain) or anti-
SAMMS50 (a rabbit mAb serving as a control IgG) coupled to 10 pl of
protein G-Sepharose 4FF for 2 h at 4°C. The beads were washed three
times with TNE-N* buffer and boiled in SDS sample buffer. Immuno-
precipitated proteins were resolved by SDS-PAGE and stained with CBB. The
high-molecular-weight fractions (>60,000) in the gel were excised, and in-
gel digestion using trypsin and lysyl endopeptidase (Wako Pure Chemical
Industries) was performed as described previously (Koyano et al., 2014),
with some modification. In detail, gels were washed with MilliQ water. The
bands were then cut into 1-mm? pieces and destained with 25 mM AMBC
buffer containing 50% ACN with agitation for 10 min. A final 100% ACN
wash was performed to ensure complete gel dehydration. In-gel digestion
solution was prepared by diluting modified sequencing-grade trypsin and
lysyl endopeptidase with 50 mM AMBC buffer containing 5% ACN. The
solution was added to the gel pieces and incubated overnight at 37°C.
Digests were quenched and extracted by addition of 50% ACN and 1%
formic acid mixture for 30 min by shaking. The digested peptides were re-
covered into fresh Protein LoBind tubes (Eppendorf). The extracted peptides
were concentrated and prepared in 2% ACN and 0.1% TFA mixture. The
resultant peptides were analyzed on a UHPLC system coupled to a Q Ex-
active mass spectrometer (Thermo Fisher Scientific). To generate extracted
jon chromatograms, the raw data were processed using Xcalibur software
(Thermo Fisher Scientific) and directly analyzed against the SwissProt data-
base using Proteome Discoverer (Thermo Fisher Scientific) with the Mascot
search engine (Matrix Science).

Ubiquitin replacement in cells

To replace genomic ubiquitin with a phosphorylation-deficient S65A
mutant in mammalian cells, we modified the cellular system established by
Z.). Chen (Xu et al., 2009). Ubiquitin knockdown U20S cells and the WT
ubiquitin rescue plasmid were provided by Z.J. Chen (University of Texas
Southwestern Medical Center, Dallas, TX). In brief, U20S cells were stably
infegrated with a tetracycline-inducible shRNA vector for all four ubiquitin
genes RPS27A, UBA52, UBB, and UBC (referred to as U20S-shUb cells
hereafter). Target sequences for shRNA are ACACCATTGAGAATGTCAA
(UBA52 and UBC) and AGGCCAAGATCCAGGATAA (RPS27A and
UBB). Because the Ub shRNA vector harbors a puromycin resistance gene,
the U20S-shUb cells were selected accordingly. The cells were then trans-
fected with a rescue plasmid harboring a neomycin resistance gene and
an shRNA-resistant ribosomal subunitfusion ubiquitin (WT or S65A) that is
induced by fetracycline. The cDNAs harboring silent mutations were sub-
cloned into a modified pcDNA3 vector in which two TetO; sites were in-
serted between the CMV promoter and the start codon. The rescue plasmids
contained two expression cassettes in which RNAi-resistant WT or S65A
ubiquitin was expressed under the control of the tetracycline-inducible pro-
moter. The second ubiquitin fusion gene is driven by the IRES (internal ribo-
somal entry site) sequence and contains an N-terminal HA epitope. The
RNAi-resistant mutations in the transgenes are ATACAATCGAAAACGT-
CAA (Uba52) and AAGCTAAAATTCAGGACAA (RPS27A). After selec-
tion with G418 (400 pg/ml; Sigma-Aldrich), U20S-shUb cells with the
shRNA-resistant ubiquitin (WT or S65A) were treated with doxycycline
(1 pg/ml), and used in experiments.

Immunoprecipitation

Hela cells expressing GFP-Parkin proteins were lysed with TNE-N+ buffer
(20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and
protease and phosphatase inhibitor cocktail [Roche]). The lysates were
centrifuged at 16,500 g for 10 min, and the GFP-fused protein in the su-
pernatant was purified by immunoprecipitation with anti-GFP mAb-agarose
(MBL). Immunoprecipitation of the K48-linkged polyubiquitin chain was
performed as well using an Apu2 antibody (EMD Millipore).

Online supplemental material

Fig. S1 shows MS-based analysis of K48- and K6é3-linked polyubiquitin
chains, supporting our conclusion that they are phosphorylated by PINK1
in cells. Fig. S2 indicates that tandem tetra-ubiquitin chain targeting to
mitochondria is stabilized by treatment with the proteasome inhibitor MG-
132. Fig. S3 shows the colocalization between phosphomimetic Parkin and
phosphomimetic tetra-ubiquitin chain targeting to mitochondria. Fig. S4
shows the evidence for generation of a PINK1 KO Hela cell line. Fig. S5
shows immunocytochemical data indicating recruitment of LC3 and p62 by
a mitochondrial ubiquitin chain, and suggesting recruitment of Parkin by
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mitochondrial phosphorylated ubiquitin chain. Table S1 lists the plasmids
used in this study. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201410050/DC1.
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