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1. Abbreviations

ACN

AMBC

ARJP

Ash

ATP

CBB

CCCP

CMV

DMEM

DTT

FBS

GFP

HA

hAG

HEK293T

HECT

HKI

IBR

IP

IPTG

Adeno-associated virus

Acetonitrile

Ammonium bicarbonate

Autosomal recessive juvenile parkinsonism
homo-oligomerized protein assembly helper
Adenosine triphosphate

Coomassie brilliant blue

Carbonyl cyanide m-cholorphenylhydrazone
Cytomegalovirus

Dulbecco’s modified Eagle’s medium
Dithiothreitol

Fetal bovine serum

Green fluorescence protein

Hemagglutinin

Homo-tetramer azami-green

Human embryonic kidney 293T
Homologous to the E6-AP carboxyl terminus
Hexokinase |

In between ring

Immunoprecipitation

Isopropyl B-D-1-thiogalactopyranoside



KD

MEF

Mfn2

MtDNA

MTS

NEAA

NEM

N.S.

PAGE

PARL

PD

PEI

PINK1

PRM

PTEN

RBR

RING

ROS

S.D.

SEM

SDS

SUMO

TFA

Potassium acetate

Kinase dead

Mouse embryonic fibroblast
Mitofusin 2

Mitochondrial DNA
Mitochondrial targeting sequence
Non-essential amino acid
N-ethylmaleimide

Not significant

Polyacrylamide gel electrophoresis
Presenilin-associated rhomboid-like
Parkinson’s disease
Polyethylenimine

PTEN-induced putative kinase 1
Parallel reaction monitoring
Phosphatase and tensin homolog deleted from chromosome 10
Ring between ring

Really interesting new gene
Reactive oxygen species

Standard deviation

Standard error of the mean
Sodium dodecyl sulfate

Small ubiquitin-like modifier

Trifluoroacetic acid



TFAM

TMD

TOM

Ub

Ubl

VDAC

WT

Mitochondrial transcription factor A
Transmembrane domain

Translocase of outer mitochondrial membrane
Ubiquitin

Ubiquitin like domain
\oltage-dependent anion channels

Wild type



2. Abstract

PINK1 and PARKIN are causal genes for hereditary Parkinsonism. PINK1 is a Ser/Thr kinase
that specifically localizes on depolarized mitochondria, whereas Parkin is a ubiquitin ligase (E3)
that catalyzes ubiquitin transfer to mitochondrial substrates. Recent studies have shown that
PINK1 and Parkin play a pivotal role in the quality control of mitochondria, and that
dysfunction of either protein results in the accumulation of low-quality mitochondria that
triggers neuronal death and ultimately early-onset familial Parkinsonism. Since neurons are
destined to degenerate in PINK1/Parkin-associated Parkinsonism, it is imperative to investigate
the functions of PINK1 and Parkin in neurons. However, most studies investigating
PINK1/Parkin have utilized non-neuronal cell lines. Here | show that the principal PINK1 and
Parkin cellular events that have been documented in non-neuronal lines in response to
mitochondrial damage also occur in primary neurons. | found that dissipation of the
mitochondrial membrane potential triggers phosphorylation of both PINK1 and Parkin,
promoting that Parkin translocates to depolarized mitochondria. Furthermore, Parkin’s E3
activity is re-established concomitant with ubiquitin-ester formation at Cys431 of Parkin. As a
result, mitochondrial substrates in neurons become ubiquitylated. These results underscore the
relevance of the PINK1/Parkin-mediated mitochondrial quality control pathway in primary
neurons, and shed further light on the underlying mechanisms of the PINK1 and Parkin
pathogenic mutations that predispose Parkinsonism in vivo. Secondly, | further focused on
Parkin activation mechanism in the PINK1 and Parkin pathway. PINK1 acts as an upstream
factor for Parkin and is essential for activation of the latent E3 activity of Parkin and for
recruiting Parkin onto depolarized mitochondria. Recently, mechanistic insights into

PINK1/Parkin-mediated mitochondrial quality control have been revealed, and



PINK1-dependent phosphorylation of Parkin has been reported. However, PINK1 function was
not bypassed by phosphomimetic Parkin mutation, and how PINK1 accelerates the E3 activity
of Parkin on damaged mitochondria is still obscure. Here | report that ubiquitin is the genuine
substrate of PINK1. Ser65 of ubiquitin was phosphorylated by PINK1 in vitro and in cells, and a
Ser65 phosphopeptide derived from endogenous ubiquitin was only detected in cells in the
presence of PINK1 and following a decrease in mitochondrial membrane potential in
PINK1-expressing cells. Surprisingly, phosphomimetic ubiquitin made PINK1 dispensable for
activation of phosphomimetic Parkin mutant in cells, and phosphorylated recombinant ubiquitin
activated phosphomimetic Parkin in vitro. The phosphorylation-dependent interaction between
ubiquitin and Parkin suggests that phosphorylated ubiquitin unlocks autoinhibition for the
catalytic cysteine. These results show that PINK1-dependent phosphorylation of both Parkin
and ubiquitin are sufficient for full activation of Parkin E3 activity, and thus phosphorylated

ubiquitin is a Parkin activator.



3. Introduction

Mitochondrial homeostasis plays a pivotal role in the maintenance of normal healthy cells, in
particular post-mitotic cells such as neurons. Mitochondria are constitutively injured by
endogenous and exogenous stresses, such as reactive oxygen species (ROS) and mitochondrial
DNA (mtDNA) mutations. Defective mitochondria, if left unchecked, become an aberrant
source of oxidative stress due to the generation of excessive ROS and compromise healthy
mitochondria through inter-mitochondrial reciprocity via fusion and fission. Thus, to maintain
the integrity and quality of mitochondria, cells establish a mitochondrial quality control system
via the selective elimination of impaired mitochondrion *.

Parkinson’s disease (PD) is one of the most pervasive neurodegenerative diseases. Although
the cause of sporadic PD is likely complex, numerous evidences link mitochondrial dysfunction
to its pathogenesis. A moderate deficit in mitochondrial activity following exposure to pesticides
such as rotenone (a mitochondrial complex | inhibitor) and paraquat (an oxidative stressor)
predisposes to PD ?, and mutations/deletions of mtDNA in PD patients have repeatedly been
reported ®. PINK1 (PTEN-induced putative kinase 1) and PARKIN are causal genes for
hereditary (i.e., autosomal recessive) early-onset Parkinsonism and have been studied

thoroughly since their identification (Fig. 1) * °. Although the phenotype of the hereditary



early-onset Parkinsonism is not the same as sporadic PD completely, they share a major clinical
feature ®. Newly emergent evidences have shown that PINK1 and Parkin play a pivotal role in
the quality control of mitochondria, and dysfunction of either likely results in the accumulation
of low-quality mitochondria thereby triggering early-onset familial Parkinsonism (Fig. 2) ’ ®.
According to the most recently proposed model, PINK1 selectively localizes to low-quality
mitochondria by escaping mitochondrial membrane potential (A¥m)-dependent degradation and
subsequently undergoes autophosphorylation-dependent activation ° *°. Activated PINK1 then
recruits the latent form of Parkin from the cytosol to the same low-quality mitochondria ** *2 12 1°,
Concomitantly, Parkin is phosphorylated at Ser65 in a PINK1-dependent manner and the
ubiquitin ligase (E3) activity of Parkin is activated in part ** ** ** ®_ Although the molecular
mechanism underlying how a decrease in AWm activates Parkin has yet to be completely
elucidated, suppression of the auto-inhibitory mechanism '’ and ubiquitin-thioester formation at
Cys431 of Parkin ™ *® are thought to be critical steps for up-regulating the E3 activity of Parkin.
Once activated, Parkin ubiquitylates outer mitochondrial membrane substrates such as
hexokinase | (HKI), MitoNEET/CISD1, mitofusin (Mfn), miro, and voltage-dependent anion
Channel (VDAC) 1 19 20 21 22 23 24 25 26 27 28.

Ubiquitylation engages in the sequential transfer of an ubiquitin molecule through an

enzymatic cascade consisting of an ubiquitin-activating enzyme (E1), ubiquitin-conjugating



enzyme (E2) and ubiquitin ligase (E3), and so an isopeptide bond is formed between the
C-terminus of ubiquitin and e-amino group of a lysine residue of a substrate protein (Fig. 3a) %.
The E2-E3 combination controls the specificity of the target protein selected to be modified, the
site of attachment to the substrate protein, the length of the ubiquitin chain, and type of lysine
linkage (e.g. K11, 48, 63) made between the attached ubiquitin molecules. Four different classes
of E3 ubiquitin ligases have been identified namely HECT, RING, U-box, and RBR
(RING-IBR-RING) E3 ligases (Fig.3a right). The HECT E3 ligases play a direct role to
ubiquitylate substrates by forming a catalytic thioester intermediate between the cysteine
residue and C-terminus of ubiquitin. The RING and U-box E3 ligases function as scaffolds
allowing for efficient ubiquitin transfer to the target protein by trap of both ubiquitin-charged E2
and substrate. There is also an important group of E3 ligases known as RBR E3 ligases, e.g.
Parkin ¥ ¥ . The RBR E3 ligases retain an auto-inhibitory mechanism '’ and use a hybrid
mechanism that combines aspects from both RING and HECT E3 ligase functions to facilitate
the ubiquitylation reaction.

The outer mitochondrial membrane proteins are ubiquitylated (Fig. 3b). As a consequence,
damaged mitochondria become quarantined through decreased mitochondrial fusion, separated
from the destination (e.g. presynaptic terminal) by a pause in kinesin-dependent anterograde

trafficking, degraded via the proteasome and/or autophagy.



The cascading reactions underlying transduction of the “mitochondrial damage” signal
mediated by PINK1 and Parkin remain a topic of vigorous research. As described above, critical
elements of this signal have been recently elucidated; however, several caveats to the current
findings are worth highlighting. The most glaring shortcoming is that neuronal studies of PINK1
and Parkin have been limited with almost all aspects of the PINK1/Parkin pathway revealed
using non-neuronal cell types (e.g. HelLa cells, HEK cells, and MEFs). Moreover, a report by
Sterky et al. seriously undermined the relevance of mitochondrial quality control mediated by
PINK1/Parkin in neurons *. To address these issues, | examined whether the PINK1/Parkin
pathway reported in non-neuronal cells is also observed in primary neurons. Here | show for the
first time using mouse primary neurons that both PINK1 and Parkin are phosphorylated
following dissipation of AWm, and that the E3 activity of Parkin is up-regulated following
ubiquitin-ester formation®.

Besides, PINK1 is a Ser/Thr kinase that specifically localizes on depolarized mitochondria ** * ®
and is essential for activation of the latent E3 activity of Parkin ™. Recently, mechanistic
insights into PINK1/Parkin-mediated mitochondrial quality control have been revealed * 7 8
and PINK1-dependent phosphorylation of Parkin has been reported ** ** **. However, PINK1

function was not bypassed by phosphomimetic Parkin mutation *°, and how PINK1 accelerates

the E3 activity of Parkin on damaged mitochondria is still obscure. Here | report that ubiquitin



is the genuine substrate of PINK1 and phosphorylated ubiquitin functions as a Parkin

activator*.
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4. Materials and Methods

Lentivirus

HA-PARKIN, GFP-PARKIN, or PINK1-Flag genes were cloned into a lentiviral vector
(pLenti-CMV puro DEST, a kind gift from Dr. Eric Campeau at Resverlogix Corp.). Lentivirus
was prepared following Campeau's protocols *°. Briefly, lentiviral particles were produced in
HEK293T cells by transfection of the aforementioned lentiviral vectors using Lipofectamine
2000 (Life Technologies). A lentivirus-containing supernatant was collected 48 h after

transfection, and concentrated to 10 x by ultracentrifugation at 37,000 x g for 2 h.

Primary neuron culture

Mouse studies were approved by the Animal Care and Use Committee of Tokyo Metropolitan
Institute of Medical Science. Mouse fetal brains were taken from C57BL/6 wild type or
PARKIN™ mouse embryos at E15-16. After removing meninges, brain tissue was dissociated
into a single-cell suspension using a Sumilon dissociation solution (Sumitomo Bakelite, Japan).
Cells were plated at a density of 3-4 x 10° cells/ml on poly-L-lysine (Sigma)-coated dishes with
the medium containing 0.33x Sumilon nerve-culture medium (Sumitomo Bakelite), 0.67% FBS

(Equitech-bio, USA), 0.67x Neurobasal medium, 0.67x B27 supplements, 0.67x Glutamax
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(above three reagents are from Life Technologies), and 0.67% Pen-Strep. Three days after
plating (at day 4), neurons were infected with lentivirus containing HA-PARKIN, GFP-PARKIN
or PINK1-Flag. After 4 h of infection, the virus media were removed. Neurons were treated
with CCCP (30 uM) for 1-3 h at day 7, and then harvested for immunoblotting or subjected to

immunofluorescence.

Cells, plasmids, and transfections

Hela cells and MEFs were cultured at 32 - 37 °C with 5 % CO, in Dulbecco’s modified Eagle’s

medium (DMEM, Sigma) containing 1x nonessential amino acids (Gibco), 1x sodium pyruvate

/

(Gibco), and 10% fetal bovine serum (Gibco). PINK1™  MEFs stably expressing WT or mutant

PINK1 were established as reported previously *'. To generate HeLa cells stably expressing
PINK1-3xFlag, HelLa cells transiently expressing mCAT1 were infected with recombinant
retroviruses harboring PINK1-3xFlag. Recombinant retrovirus was made using PLAT-E cells as

reported previously *®. Plasmids for expressing WT or various mutants of Parkin and ubiquitin were

11 16

as described previously or were newly constructed by conventional methods. Plasmid

transfections were performed using the transfection reagent FuGene6 (Roche) for HeLa cells and

/

polyethylenimine (Polyscience) for PINK1™~ MEFs. To depolarize the mitochondria, cells were

treated with 15 -30 uM CCCP (Wako) for 2 - 3 hr.

12



Phos-tag assay

To detect phosphorylated proteins via SDS-PAGE, 7.5, 12.5 or 15 % polyacrylamide gels

containing 50 pM phos-tag acrylamide (Wako chemicals) and 100 uM MnClI, were used. After

electrophoresis, phos-tag acrylamide gels were washed with gentle shaking in transfer buffer

containing 0.01 % SDS and 1 mM EDTA for 10 min and then incubated in transfer buffer

containing 0.01 % SDS without EDTA for 10 min according to the manufacturer’s protocol.

Proteins were transferred to PVDF membranes and analyzed by conventional immunoblotting

as follows.

Preparation of recombinant ubiquitin proteins

For purification of recombinant His -ubiquitin, E. coli Rosseta2 (DE3) (Novagen) bacterial

cells transformed with plasmids encoding WT or mutant His -ubiquitin were pre-cultured

overnight at 37 °C in 20 mL of LB medium supplemented with 100 pg/mL ampicillin and 24

pg/mL chloramphenicol, and then transferred to 200 mL of fresh medium. After incubation for 2

hr at 37 °C, IPTG was added at a final concentration of 1 mM, and E. coli were further cultured

for 6 hr at 37 °C. The cells were harvested, suspended in 40 mL of 20 mM Tris-HCI pH 7.5, and

lysed by sonication. After centrifugation at 8,000 rpm for 10 min, the supernatant was

13



recovered and purified by conventional methods, dialyzed against buffer (50 mM Tris-HCI pH

7.5, 100 mM NacCl, and 10 % glycerol) and stored at -80 °C. Non-tagged ubiquitin,

HA-ubiquitin, Hisg-ubiquitin harboring C-terminal G75A,G76A mutation, and SUMO-1 were

purchased from Boston Biochem.

Immunoblotting (1B)

To observe autoubiquitylation of GFP-Parkin (an indicator for the re-establishment of the latent

E3 activity of Parkin) in 1B, lysates of primary neuron cells, HeLa cells or MEFs were collected

in TNE-N* buffer [150 mM NaCl, 20 mM Tris-HCI pH 8.0, 1 mM EDTA and 1 % NP-40] in the

presence of 10 mM NEM, which protects ubiquitylated proteins from deubiquitylase activity.

For phosphorylation analysis in 1B, lysates from primary neurons, MEFs or HelLa cells were

collected in the presence of PhosSTOP (Roche) to inhibit phosphatase activity. To detect

various proteins via IB, the anti-ubiquitin antibody P4D1 (Santa Cruz, 1:1,000), Z0458 (DAKO,

1:500), anti-SUMO-1 (GMP-1) antibody 21C7 (ZYMED, 1:500), anti-Parkin antibody PRK8

(Sigma, 1:1,000-2,000), CS2132 (Cell Signaling, 1:1,000), anti-Flag antibody 2H8 (Transgenic,

1:500), anti-Mfn2 antibody ab56889 (Abcam, 1:500), anti-Mirol antibody RHOT1 (Sigma,

1:500), anti-HKI antibody C35C4 (Cell Signaling, 1:1,000), anti-PINK1 antibody BC100-494

(Novus, 1:1,000), anti-GFP antibody ab6556 (Abcam, 1:500), anti-VDAC1 antibody ab2

14



(Calbiochem, 1:1,000), anti-FoF1 antibody (gift from Dr. T. Ueno, 1:1,000), and anti-Tom70

antibody (gift from Dr. Otera) were used.

Immunofluorescence (IF)

For IF experiments, Primary neurons and HelLa cells were fixed with 4 % paraformaldehyde,

permeabilized with 50 pg/mL digitonin, and stained with a primary antibody [anti-B-Tubulin

isotype 3 antibody SDL.3D10 (Sigma, 1:100), and. anti-GFP antibody ab6556 (Abcam, 1:500),

anti-Flag antibody 2H8 (Transgenic, 1:500), anti-Tom20 antibody FL-145 (Santa Crus Biotech.,

1:3,000), F-10 (Santa Crus Biotech., 1:200)] and a 1:2,000 dilution of the secondary antibody

[Alexa Fluor 488- 568- or 64 7- conjugated anti-mouse or -rabbit IgG antibody, (Invitrogen)].

Cells were imaged using a laser-scanning microscope (LSM510, 780; Carl Zeiss, Inc.) and

image brightness was adjusted in Photoshop (Adobe). For statistical analysis, subcellular

localization of Parkin and ubiquitin were analyzed in > 100 cells across three experiments, and

statistical significance was calculated using Student’s t-test.

Cell-free reconstitution of GFP-Parkin autoubiquitylation

HeLa cells expressing exogenous GFP-Parkin were suspended in cell-free assay buffer [20 mM

HEPES-KOH (pH 7.5), 220 mM sorbitol, 10 mM Potassium acetate (KAc), 70 mM

15



sucrose] supplemented with a protease inhibitor cocktail minus EDTA (Roche). Cells were

disrupted by passaging 30 times through a 25-gauge needle, and cell homogenates were

centrifuged at 800 x g for 10 min at 4 °C to obtain a post-nuclear supernatant. Cytosolic

fractions were collected by further centrifugation at 20,400 x g for 10 min at 4 °C. For isolation

of mitochondria, HelLa cells or MEFs expressing PINK1-3xFlag were treated with 15 — 30 puM

CCCP for 3 hr followed by homogenization in the aforementioned cell-free assay buffer.

Post-nuclear supernatants were then obtained by centrifugation as described above, and

mitochondria were pelleted by further centrifugation at 10,000 x g for 20 min at 4 °C. To

perform the cell-free ubiquitylation assay, HelLa cytosolic fractions containing exogenous

GFP-Parkin were incubated with isolated mitochondria supplemented with 5 mM MgCl,, 5 mM

ATP, 2 mM DTT, and 1% glycerol at 30 °C for 2 hr. To demonstrate that phosphorylated

ubiquitin activates Parkin, ubiquitin was phosphorylated beforehand using isolated

mitochondria, subjected to ultracentrifugation at 20,400 x g for 10 min at 4 °C to deplete

mitochondria, and treated at 90 °C for 10 min. HelLa cytosolic fractions containing exogenous

GFP-Parkin were incubated with non-phosphorylated or phosphorylated ubiquitin (final

concentration is 50 pg/ml) supplemented with 5 mM MgCl,, 5 mM ATP, 2 mM DTT, and 1%

glycerol at 30 °C for 2 hr.
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Immunoprecipitation (IP) of PINK1

For IP experiments, mitochondria from HelLa cells stably expressing-PINK1-3xFlag were

collected as described above, re-suspended in cell-free assay buffer [20 mM HEPES-KOH (pH

7.5), 220 mM sorbitol, 10 mM KAc, 70 mM sucrose], solubilized with 10 mg/mL digitonin

(Wako) for 15 min at 4 °C, and reacted with agarose (Protein G Sepharose 4 Fast Flow, GE Life

Sciences) conjugated with anti-Flag antibody 2H8 for 1 hr at 4 °C. The resulting

immunoprecipitates were washed repeatedly with the same buffer and collected by

centrifugation.

In vitro phosphorylation of ubiquitin

To phosphorylate ubiquitin with depolarized mitochondria in vitro, CCCP-treated mitochondria

were collected as described above and then incubated with recombinant Hisg-ubiquitin (final

concentration of 40 ng/ul) in cell-free assay buffer [20 mM HEPES-KOH (pH 7.5), 220 mM

sorbitol, 10 mM KAc, 70 mM sucrose] supplemented with 5 mM MgCl,, 5 mM ATP, 2 mM

DTT, and 1% glycerol at 30 °C for 1 hr. The supernatants were subsequently subjected to

centrifugation at 16,000 x g for 10 min to deplete mitochondria. To phosphorylate ubiquitin

with immunoprecipitated PINK1 in vitro, IP-PINK1 was added to the aforementioned assay

instead of depolarized mitochondria. For the in vitro kinase assay using [gamma-32P] ATP,

17



immunoprecipitated PINK1-3xFlag was incubated with HA-ubiquitin (10 pg) or Hisg-ubiquitin
(WT or S65A; 30 pg) and 100 pM [gamma-*2P] ATP (5 uCi) in 30 pl kinase buffer (20 mM
Tris-HCI, pH7.5, 5 mM MgCl,, and 1 mM DTT) for 30 min at 30 °C. The reaction was
stopped by adding Laemmli’s sample buffer and boiled. One-third of the sample was
subjected to 17% SDS-PAGE and CBB staining. Phosphorylated proteins were then visualized

by autoradiography.

LC-MS/MS analysis of ubiquitin

Mass spectrometric analyses were performed as reported previously ' ' 3¢ with
some modification. To identify ubiquitin phosphorylation sites, recombinant ubiquitin was
reacted with isolated mitochondria from CCCP-treated and -untreated cells. Recombinant
ubiquitin was then subjected to SDS-PAGE, stained with CBB, and in-gel trypsin digestion
was carried out as reported previously **. Gels were extensively washed with Milli-Q water
(Millipore), the bands of interest were excised, cut into 1 mm? pieces, and destained with 1 mL
of 50 mM ammonium bicarbonate (AMBC) buffer containig 50 % acetonitrile (ACN) with
agitation for 1 hr. A final 100 % ACN wash was performed to ensure complete gel dehydration.
Trypsinization solution (20 ng/uL) was prepared by diluting modified sequencing grade trypsin

(Promega) with 50 mM AMBC buffer, pH 8.0, containing 5 % ACN. The trypsin solution was

18



added to the gel pieces and incubated at 37 °C for overnight. Digests were quenched and

extracted by addition of 50 puL of 50 % ACN and 0.1 % trifluoroacetic acid (TFA) mixture

for 1 hr by shaking. The digested peptides were recovered into fresh Protein Lobind tubes and

an additional extraction was performed with 70 % ACN and 0.1 % TFA mixture for 30 min. The

extracted peptides were concentrated to 20 pL by speed-vac. The concentrated peptides were

prepared in 0.1 % TFA. The resultant peptides were analyzed on a nanoflow UHPLC instrument

[Easy nLC 1000, Q-Exactive MS and nanoelectrospray ion source (Thermo Fisher Scientific)]

with the raw data processed using Xcalibur (Thermo Fisher Scientific). MS spectra were

analyzed using Protein Discoverer software version 1.3 (Thermo Fisher Scientific). The

fragmentation spectra were searched against UniProt database with the MASCOT search engine.

To quantify the phosphorylation of endogenous ubiquitin following mitochondrial membrane

potential dissipation, PINK1-expressing or intact HelLa cells were treated with CCCP.

Whole cell lysates were collected in TNE-N" lysis buffer, subjected to SDS-PAGE and stained

with CBB. The high (> 55 kDa), middle (14-55 kDa)and low molecular weight

fraction (3 - 14 kDa) of the gels (as shown in Fig. 8g) were excised and cut into 1 mm? pieces.

In-gel digestion using trypsin and lysyl endopeptidase (Wako) was carried out as described

above. The absolute level of phosphorylated ubiquitin in PINK1-expressing or intact HeLa

cells was measured by parallel reaction monitoring (PRM), a MS/MS-based quantification

19



method *. The extracted peptides were spiked with 10 fmol AQUA peptides as standards
(ESTLHLVLR and EpSTLHLVLR, SIGMA) and analysed by Q Exactive in targeted MS/MS

mode. Data were processed by PinPoint software version 1.3 (Thermo Fisher Scientific).
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5. Results

PINK1 and Parkin are phosphorylated upon dissipation of mitochondrial
membrane potential (AP m) in mouse primary neurons

PINK1 and Parkin have been shown to cooperate in the identification, labeling,
and clearance of mitochondria with low AWm. Dysfunction of either appears to
cause an accumulation of low-quality depolarized mitochondria and production of
excessive reactive oxygen species (ROS), which trigger familial Parkinsonism 33 7 8,
The most upstream event during PINK1/Parkin-mediated quality control of
mitochondria is the discrimination of damaged mitochondria from their healthy
counterparts by PINK1 via quantitative and qualitative regulation. Specifically,
PINK1 accumulates following a decrease in AWm by escaping from the
AWm-dependent degradation pathway. Autophosphorylation of the accumulated
PINK1 promotes the efficient retrieval and co-localization of Parkin to damaged
mitochondria 1 12 10, | investigated whether PINK1 accumulates and undergoes
phosphorylation in response to a decrease of AWm in mouse primary neurons
similar to that described in non-neuronal cells. | first tried to detect the

endogenous mouse PINKI1, however, the currently available anti-PINK1

21



antibodies were unable to differentiate between PINKI1*+ and PINK1"- MEFs even

following carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment. | thus

used exogenous Flag-tagged human PINKI1. At 3 days after dissection, primary

neurons were infected with lentivirus encoding PINKI1-Flag. Primary neurons

expressing PINK1-Flag were then treated with 30 uM CCCP, which depolarizes

mitochondria by increasing inner-membrane permeability to H*. The exogenous

PINK1 was detected as a doublet in immunoblotting of conventional handmade

gels (Fig. 4a, upper panel). This higher molecular band appeared within 1 h of

CCCP treatment and persisted for 3 h. To demonstrate the phosphorylation of

PINK1 directly, | performed a phosphate-affinity SDS-PAGE using polyacrylamide

gels conjugated with a 1,3-bis (bis (pyridine-2-ylmethyl) amino) propan-2-oato

diMn (II) complex (referred hereafter as phos-tag). Phos-tag can capture

phosphomonoester dianions (ROPOs?) and thus acrylamide-pendant phos-tag

specifically retards the migration of phosphorylated proteins, which are visualized

as slower-migrating bands compared with the corresponding non-phosphorylated

proteins 37. Phos-tag PAGE demonstrated the phosphorylation of PINK1 in

response to AWm dissipation (Fig. 4a, lower panel) concomitantly with doublet

formation in normal gels (upper panel).
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Previously, several groups including ours reported that the N-terminal Ubl domain

of Parkin was also phosphorylated at Ser65 upon dissipation of AWm in cultured

cells 14 1516, T examine whether phosphorylation of Parkin also occurs in neurons,

HA-Parkin was exogenously introduced into mouse primary neurons by lentivirus

and the cells were treated with 30 uM CCCP for 1 to 3 h. Phos-tag PAGE confirmed

phosphorylation of Parkin within 1 h of treatment with the phosphorylation signal

increasing in intensity over time (Fig. 4b, lower panel). | next checked whether

Ser65 is the phosphorylation site utilized in Parkin. HA-Parkin containing either a

S65A or S656E mutation was introduced into PARKIN'" mouse primary neurons,

which were used to prevent confounding effects from endogenous Parkin. In both

mutant cell lines the more intense slower migrating band identified as

phosphorylated Parkin in Phos-tag PAGE was absent (Fig.4c, a red asterisk),

suggesting that Ser65 is the genuine Parkin phosphorylation site in mouse

primary neurons.

Parkin is recruited to depolarized mitochondria and its latent E3 activity is

up-regulated upon a decrease in mitochondrial membrane potential in neurons

Parkin is selectively recruited to dysfunctional mitochondria with low membrane

23



potential in mammalian cell lines 2%. Moreover, our group previously demonstrated

that the E3 function of Parkin in cultured cells (e.g. HeLa cells and MEFs) is

activated upon dissipation of AWm 1. Parkin translocation onto neuronal

depolarized mitochondria, however, is controversial. Mitochondrial transcription

factor A (TFAM) is an essential protein that is an indispensable part of the basal

transcription machinery for mtDNA. In addition, TFAM also regulates mtDNA

copy number. Loss of TFAM results in mtDNA depletion and abolishes mtDNA

expression, causing serious respiratory chain deficiency. Sterky et al and Van

Laar et al reported that Parkin failed to localize on depolarized mitochondria

following CCCP treatment 3° or by the loss of TFAM 3!, whereas Cai et al and

Joselin et al reported that Parkin relocates to depolarized mitochondria in

primary neurons % 4, | thus first examined whether Parkin is recruited to mouse

primary neuron mitochondria following CCCP treatment. Neurons were infected

with lentivirus encoding GFP-Parkin, and the subcellular localization of Parkin

was examined in conjunction with immunofluorescence staining of Tom20 (a

mitochondrial outer membrane marker) and B-tubulin isotype 3 (a neuron-specific

marker). Under these experimental conditions, Parkin dispersed throughout the

cytoplasm under steady-state conditions, whereas Parkin greatly co-localized with
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depolarized mitochondria (t= ~3 h) after treatment with CCCP (Fig. 5a). | next

assessed the E3 activity of Parkin in primary neurons. GFP-Parkin can be

ubiquitylated as a pseudosubstrate by Parkin in cells 42 11, This electrophoretic

pattern 1is characteristic of the autoubiquitylation of GFP-Parkin. As a

consequence, autoubiquitylation of GFP-Parkin can be used as an indicator of

Parkin E3 activity. As shown in Fig. 5b, autoubiquitylation of GFP-Parkin clearly

increased following a decrease in AWm, suggesting that latent E3 activity of

Parkin is activated upon mitochondrial damage in neurons as previously reported

in cultured cell lines (e.g. HeLa cells).

Pathogenic mutations impair the E3 activity of Parkin and inhibit localization to

depolarized mitochondria

To further verify that the events shown in Fig. 5 are etiologically important, |

selected six pathogenic mutants of Parkin (K211N, T240R, R275W, C352G, T415N,

and G430D) and examined their subcellular localization and E3 activity. To

eliminate the effect of endogenous Parkin, | used primary neurons derived from

PARKIN' mice in these experiments. The six GFP-Parkin mutants were serially

introduced into PARKIN’ primary neurons using a lentivirus and assayed for
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their sub-cellular localization following CCCP treatment. Parkin mitochondrial

localization was compromised by the K211N (mutation in RINGO domain), T240R

(in RING1 domain), C352G (in IBR domain), T415N and G430D (both in RING2

domain) mutations (Fig. 6a). The defects seen with the K211N, T240R, C352G, and

G430D mutants (Fig. 6b) were statistically significant (7<0.01). T415N seems to

show a variation when compared to WT, although it was not statistically

significant because of high divergence (P>0.01). The R275W mutation had no effect

on mitochondrial localization following CCCP treatment. The E3 activity of the

mutants was also assessed. The K211N, T240R, C352G, T415N and G430D

mutations exhibited deficient autoubiquitylation activity in PARKIN' primary

neurons (Fig. 6c¢). The R275W mutant had weak but reproducible

autoubiquitylation activity following CCCP treatment. Because this mutant

showed partial mitochondrial localization following CCCP treatment even in HeLa

cells 43 18 it is not surprising that the R275W mutant localizes to neuronal

depolarized mitochondria and possesses weak E3 activity. Unexpectedly, the

R275W mutant also localized to mitochondria even in the absence of CCCP

treatment. Although the significance of R275W localization to healthy

mitochondria is unknown, | propose that the R275W mutation causes unstable
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structure and maintains Parkin in an inactive state (as suggested by Fig. 6c)

because functional, phosphorylated PINK1 has not been reported on normal

mitochondria. In most of the pathogenic Parkin mutants, translocation to damaged

mitochondria and conversion to the active form were compromised following a

decrease in AWm (Fig. 6), suggesting the etiological importance of these events in

neurons.

Parkin forms an ubiquitin-thioester intermediate and ubiquitylates mitochondrial

outer membrane proteins in mouse primary neurons

Klevit’s group recently reported that Cys357 in the RING2 domain of RBR-type E3

HHARI is an active catalytic residue and forms a ubiquitin-thioester intermediate

during ubiquitin ligation 3°. Parkin is also a RBR-type E3 with Parkin Cys431

equivalent to HHARI Cys357. Various groups including us recently independently

revealed that a Parkin C431S mutant forms a stable ubiquitin-oxyester upon

CCCP treatment in non-neuronal cell lines, suggesting the formation of an

ubiquitin-thioester intermediate 18 16, To examine whether Parkin forms a

ubiquitin-ester intermediate in neurons as well, | again used a lentivirus to

express HA-Parkin with the C431S mutation, which converts an unstable
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ubiquitin-thioester bond to a stable ubiquitin-oxyester bond. The HA-Parkin

C431S mutant specifically exhibited an upper-shifted band equivalent to an

ubiquitin-adduct following CCCP treatment (Fig. 7a, lane 4). This modification

was not observed in wild type HA-Parkin (lane 2) and was absent when HA-Parkin

with C431F pathogenic mutation which could not form ester-bond (lane 6). It

suggests that Parkin is activated through its ubiquitin-oxyester formation when

neurons are treated with CCCP

Next, | examined whether specific mitochondrial substrates undergo

Parkin-mediated ubiquitylation in primary neurons. The ubiquitylation of Mfn1/2,

Miro1l, Tom20, Tom70, VDAC1, and hexokinase I (HKI) 19 20 44 21 22 23 45 46 24 24 26 33 27

28 were evaluated by Western blotting. In initial experiments using primary

neurons, detection of the ubiquitylated mitochondrial substrates (e.g. Mfn) was

minimal. | thus changed various experimental conditions and determined that

ubiquitylation of mitochondrial substrates became detectable when the primary

neurons were cultured in media free of insulin, transferrin, and selenium

(described in detail in Materials and Methods). Although these compounds are

routinely added to the neuronal medium as antioxidants to reduce excessive ROS

in primary neurons, their exclusion facilitated the detection of ubiquitylated
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mitochondrial substrates (see Discussion). Higher molecular mass populations of

endogenous Mfn1/2, Mirol, HKI, and VDAC1 were observed following CCCP

treatment, this was particularly evident in neurons expressing exogenous Parkin

(Fig. 7b). The modification resulted in a 6-7 kDa increase in the molecular weight,

implying ubiquitylation by Parkin, as has been reported previously in

non-neuronal cells. Moreover, in PARKIN " primary neurons, the modification of

Mfn2 was not observed following CCCP treatment (Fig. 7c, compare lane 2 with 4),

confirming that Mfn undergoes Parkin-dependent ubiquitylation in response to a

decrease in AWm.

Ubiquitin Ser65 is phosphorylated when AW m is decreased

As aforementioned, mechanistic insights into PINKI1/Parkin-mediated

mitochondrial quality control have recently been revealed, however, one of the

most poorly understood events is how the E3 activity of Parkin is accelerated by

damaged mitochondria. PINK1 is essential for both the activation of latent E3

Parkin activity 1! and recruiting Parkin onto mitochondria following a decrease in

AWm 11122013 22 Because PINK1 is a Ser/Thr protein kinase, the simplest model is

that PINK1-dependent phosphorylation of Parkin accelerates its enzymatic
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activity. Consistent with this model, our group and other researchers showed that

Parkin 1is phosphorylated at Ser65 following a decrease in AWm in a

PINK1-depending manner 4 15 16, Furthermore, a phosphorylation-deficient

mutation (S65A) of Parkin hindered the ubiquitin-ester intermediate formation

necessary for Parkin activation, whereas a phosphomimetic mutation (S65E)

partially bypassed the phosphorylation-dependency of Parkin activation 6.

However, the prerequisite for PINK1 was not bypassed by the phosphomimetic

Parkin. I thus speculated that Parkin is not the sole PINK1 substrate and that

phosphorylation of other PINK1 substrate(s) is imperative.

The structure of the N-terminal Parkin Ubl (ubiquitin-like) domain resembles that

of ubiquitin 47, and Ser65, the PINK1 phosphorylation site, is conserved in both

proteins (Fig. 8a). Moreover, ubiquitin is a major component in the PINK1/Parkin

pathway, and physical interactions between Parkin and ubiquitin have been

suggested 17 48, Namely, Zheng X et al. confirmed the interaction by the pull down

assay 8, and Changule V K et al verified it by the peptide array method 7. | thus

examined whether ubiquitin is phosphorylated by PINK1. To detect a potentially

phosphorylated ubiquitin, | performed phosphate-affinity (Phos-tag) PAGE in

which the phosphorylated form of ubiquitin can be easily distinguished from the
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non-phosphorylated form as a slower migrating band 37. When PINK1-expressing

HeLa cell lysates treated with CCCP were subjected to Phos-tag PAGE and

immunoblotted using an anti-ubiquitin antibody, one retarded-mobility band with

a small molecular weight was specifically observed in the CCCP-treated cell lysate

(Fig. 8b), suggesting ubiquitin phosphorylation. To test whether depolarized

mitochondria possess ubiquitin-phosphorylation activity, recombinant ubiquitin

was incubated with ATP and Mg?* in the presence of isolated mitochondria from

CCCP-treated or untreated cells. Ubiquitin phosphorylation was specifically

observed in the reaction containing CCCP-pretreated mitochondria (Fig. 8c, lane 4).

In contrast, the small ubiquitin-related modifier-1 (SUMO-1) protein, which has a

ubiquitin-fold structure, was not phosphorylated by depolarized mitochondria (Fig.

8c, lane 8), suggesting that phosphorylation of ubiquitin is specific.

To determine the phosphorylation site, the phosphorylated ubiquitin obtained as

Fig. 8c was trypsinized and subjected to LC-MS/MS analysis. Two phosphorylated

ubiquitin peptides, 55-72 (TLSDYNIQKEpSTLHLVLR) and 64-72 (EpSTLHLVLR)

were identified with high confidence, suggesting Ser65 of ubiquitin is

phosphorylated (Fig. 8d). These phosphorylated peptides were not detected in

control reactions containing mitochondria without CCCP treatment. To confirm
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this, | purified recombinant 6xHis-tagged ubiquitin in which Ser65 was

substituted with either Ala or Asp. When these ubiquitin mutants were subjected

to Phos-tag PAGE following incubation with depolarized mitochondria in vitro,

their phosphorylation was completely compromised by the Ser65 mutations (Fig.

8e). Mutating Ser65 of Flag-ubiquitin to Ala also prevented the band shift

following CCCP treatment in Phos-tag PAGE (Fig. 8f). Importantly, when

whole-cell extracts of PINK1-expressing HeLa cells were subjected to LC-MS/MS

analysis, the non-phosphorylated ESTLHLVLR peptide of endogenous ubiquitin

was detected in all conditions whereas the Ser65 phosphopeptide (EpSTLHLVLR)

was detected only in CCCP-pretreated cells (Fig. 8g), confirming that Ser65 of

ubiquitin is phosphorylated in cells. The absolute levels of phosphorylated

ubiquitin of PINK1-expessing HeLa cell lysates were then determined using

absolute quantification (AQUA) peptides as internal standards. Absolute

quantification revealed that approximately 3% of total endogenous ubiquitin in low

fraction was phosphorylated in PINK1-expressing cells following a decrease in

mitochondrial membrane potential (AWm).

PINK1 phosphorylates ubiquitin
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| next investigated whether PINK1, which accumulates and is activated by CCCP

treatment 11 12 27 49 ig involved in ubiquitin phosphorylation. When mitochondria

derived from PINK1 knockout (PINK1") mouse embryonic fibroblasts (MEFs) 5

were used, ubiquitin phosphorylation was completely impeded even following

CCCP pretreatment (Fig. 9a, lane 2). Expression of wild type (WT) PINK1 followed

by CCCP treatment to trigger PINKI1 activation 10 49 10 complemented the

phosphorylation of ubiquitin (lane 4), confirming that PINK1 is essential for this

process. Mitochondria from PINK1 MEFs harboring PINK1 mutants with loss of

or decreased kinase activities [kinase-dead (KD), A168P, and G386A] 1 did not

support phosphorylation of ubiquitin (Fig. 9a, lanes 6, 8, and 10). To demonstrate

PINK1-catalyzed ubiquitin phosphorylation more convincingly, PINK1

immunoprecipitated from CCCP-treated and digitonin-solubilized mitochondria

was tested in vitro. Immunoprecipitated PINK1 (referred to as IP-PINK1

hereafter) was free from obvious contamination of other mitochondrial proteins

tested such as VDAC, mitofusin2, and FoF1 ATPase (Fig. 9b). Ubiquitin

phosphorylation following incubation with the purified PINK1 was equivalent to

that of CCCP-pretreated mitochondria (Fig. 9c). Moreover, when recombinant

ubiquitin was incubated with IP-PINK1 and [gamma-32P] ATP, incorporation of 32P
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was detected in the recombinant WT ubiquitin (Fig. 9d) but not the S65A ubiquitin

mutant (Fig. 9e, lane 4). Taken together, these results demonstrate that PINK1

can directly phosphorylate ubiquitin at Ser65 without involvement of other protein

kinases.

Mass-spectrometry-based absolute quantification of phosphorylated ubiquitin in

intact HeLa cells

Because the data presented above were derived from PINK1-overproducing cells, |

next quantified ubiquitin phosphorylation in intact HeLa cells (Fig.10) and

revealed that 0.05% of total endogenous ubiquitin in low fraction is phosphorylated

(Fig. 10b, low fraction). Although the absolute level was very low, such a small

fraction might be a significant pool dedicated to the PINK1 and Parkin pathway,

as ubiquitin is pleitropic.

Phosphomimetic ubiquitin activates phosphomimetic Parkin

| next investigated the role of phosphorylated ubiquitin. PINK1 is essential for

both activation of the latent E3 activity of Parkin ! and recruiting Parkin onto

depolarized mitochondria 1! 12 20 13 22 If ybiquitin is the genuine PINK1 substrate,
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a phosphomimetic ubiquitin mutant would be expected to bypass the

PINK1-dependency of the aforementioned events. To monitor restoration of the

latent E3 activity of Parkin, autoubiquitylation of GFP-Parkin was used as an

index . In my first trial, expression of phosphomimetic ubiquitin mutant S65D led

to neither mitochondrial localization (Figs. 11a, b) nor autoubiquitylation of

GFP-Parkin (Fig. 11c, lane3). However, the CCCP treatment control triggered both

mitochondrial localization (Fig. 11a) and autoubiquitylation (Fig. 11c, lane 4-6) of

GFP-Parkin. Because PINK1 phosphorylates Parkin 14 15 16 in addition to ubiquitin,

| used a phosphomimetic Parkin mutant Parkin(S65E) 6 in case both

phosphorylation events are imperative. Even when the phosphomimetic

GFP-Parkin(S65E) mutant was used, its cytoplasmic localization remained

unchanged following co-expression with the phosphomimetic ubiquitin(S65D)

mutant (Figs. 11d and 11e), whereas CCCP treatment stimulated translocation of

GFP-Parkin(S65E) to mitochondria (Fig. 11d). In sharp contrast, phosphomimetic

ubiquitin(S65D) promoted autoubiquitylation of GFP-Parkin(S65E) even in the

absence of CCCP treatment (Fig. 11f lane 3). Because phosphomimetic

ubiquitin(S65D) and Parkin(S65E) did not localize on mitochondria (Fig. 11g),

phosphomimetic ubiquitin stimulates the E3 activity of Parkin in the absence of
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mitochondrial localization. Moreover, overproduction of phosphorylation deficient

ubiquitin (Ser65Ala) delayed CCCP-triggered Parkin activation as compared with

phosphorylatable wild-type ubiquitin, suggesting that the unphosphorylatable

ubiquitin mutant competed with endogenous ubiquitin and thus exerted a

dominant-negative effect (Fig.11h). Recently, it was noted that the Parkin W403A

mutation weakened auto-inhibition and accelerated E3 activity 5. When

GFP-Parkin(W403A) was co-expressed with ubiquitin(S65D), its

autoubiquitylation was also observed even without CCCP treatment (Fig. 11i, lane

3). These results suggest phosphorylated ubiquitin functions as a Parkin activator;

otherwise Parkin is a unique E3 that exclusively recognizes phosphorylated

ubiquitin for conjugation and thus catalyzes phospho-ubiquitylation. To

investigate this, | replaced the phosphomimetic C-terminal diglycine motif, which

is crucial for formation of the thioester intermediate during the cascading

ubiquitylation reaction, with either Val or Ala (G75V/G76V and G75A/G76A). As

shown in Fig. 11j, phosphomimetic ubiquitin with the diglycine mutations still

triggered the E3 activity of GFP-Parkin(S65E) and GFP-Parkin(W403A) (Fig. 11j,

lanes 5, 6, 11, 12; note that ubiquitylation bands in lanes 4 and 10 are slightly

shifted upward by conjugation of exogenous Flag-ubiquitin(S65D), whereas bands
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in lanes 5, 6, 11, and 12 are downward because only endogenous ubiquitin can

conjugate). Moreover, Parkin catalyses conjugation of phosphorylation-deficient

ubiquitin (S65A) to depolarized mitochondria following CCCP treatment as well as

WT ubiquitin (Figs. 11k.1), indicating that Parkin does not exclusively recognize

phospho-ubiquitin for ubiquitylation. Meanwhile, phosphomimetic ubiquitin could

be conjugated to mitochondria and mitofusin-2 (Figs. 12a,b) in a CCCP-dependent

manner. Thus, Parkin seems to conjugate both unphosphorylated and

phosphorylated ubiquitin to the substrate.

| further confirmed the hypothesis that phosphorylated ubiquitin functions as a

Parkin activator in a cell-free assay using GFP-Parkin and purified mitochondria

16 18 Autoubiquitylation of GFP-Parkin in intact cell extracts was specifically

observed when incubated with CCCP-pretreated mitochondria, and was never

observed in the reaction containing undamaged mitochondria or CCCP-pretreated

mitochondria derived from PINKI1" MEFs 16 18 Consistent with our previous

results, autoubiquitylation of GFP-Parkin was not observed in the absence of

depolarized mitochondria (Fig. 13a, lanes 2). In contrast, autoubiquitylation of

GFP-Parkin mutants harboring the S65E or W403A mutations was clearly

observed when incubated with recombinant phosphomimetic ubiquitin(S65D) in
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the absence of depolarized mitochondria (Fig. 13a, lanes 12 and 18). WT ubiquitin

and the phosphorylation-deficient S65A mutant did not support autoubiquitylation

of Parkin S65E or W403A (lanes 7-10 and 13-16), and ubiquitin(S65D) did not

accelerate autoubiquitylation of WT GFP-Parkin (lane 6). To rule out the possible

effect of PINK1 contamination, | repeated the experiments using GFP-Parkin

prepared from PINKI" MEFs. Autoubiquitylation of both S65E and W403A

mutants of GFP-Parkin were again observed (Fig. 13b), further supporting that

phosphomimetic ubiquitin makes PINK1 dispensable for phosphomimetic Parkin

activation.

Finally, | used phosphorylated ubiquitin to more directly confirm Parkin activation.

Ubiquitin was phosphorylated by incubation with depolarized mitochondria, then

subjected to ultracentrifugation to deplete mitochondria, and finally treated at

90 °C for 10 min. Ubiquitin is a rare heat-stable protein and resistant to 90 °C

treatment 52, whereas any contaminating PINK1 would be inactivated under these

conditions. The phosphorylated ubiquitin induced clear autoubiquitylation of

GFP-Parkin(S65E) and GFP-Parkin(W403A) (Fig. 13c, lanes 4 and 6), indicating

that phosphorylated ubiquitin activates Parkin in vitro. Similarly, when ubiquitin

harboring the G75A/G76A mutation was phosphorylated beforehand and
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incubated with a GFP-Parkin(S65E)-containing lysate, autoubiquitylation of

GFP-Parkin(S65E) was observed (Fig. 13d, lane 6; note that mutant ubiquitin

cannot conjugate to Parkin, the conjugation-competent endogenous ubiquitin is

supplied in the Parkin-containing lysate), whereas ubiquitin(G75A/G76A) without

phosphorylation did not promote autoubiquitylation (lane 4). These results

confirmed that phosphorylated ubiquitin activates Parkin(S65E) independent of

its conjugation activity (Fig. 11j). | next examined whether phosphorylated

ubiquitin interacts physically with Parkin. Using the FluoPPI (fluorescent-based

technology detecting protein-protein interactions) technique, in which the

protein-protein interaction is detectable as foci formation in living cells, |

demonstrated a clear interaction between Parkin and ubiquitin in cells.

Importantly, Parkin with an intact Ubl domain failed to interact with

phosphomimetic ubiquitin, whereas Parkin with a phosphomimetic (Ser65Glu) Ubl

mutation could (Fig. 13e). This result suggests that the interaction between Parkin

and phosphorylated ubiquitin competes with the intact Parkin Ubl domain,

whereas phosphorylation of the Ubl domain releases this inhibitory effect.

In this study, | report that ubiquitin is the genuine substrate of PINK1. Ser65 of

ubiquitin was phosphorylated by PINK1 in vitro and in cells, and a Ser65
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phosphopeptide of endogenous ubiquitin was detected following a decrease in

mitochondrial membrane potential. Unexpectedly, phosphomimetic ubiquitin

bypassed PINK1-dependent activation of phosphomimetic Parkin mutant in cells,

and phosphorylated recombinant ubiquitin activated phosphomimetic Parkin in

vitro. These results show that, for the first time, PINKI1-dependent

phosphorylation of both Parkin and ubiquitin is sufficient for full activation of

Parkin E3 activity, and thus phosphorylated ubiquitin is a Parkin activator.
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6. Discussion

Recently, many reports on PINK1 and Parkin have contributed signficantly to

our understanding of their in vivo functionality. Most of these studies, however,

have utilized non-neuronal cultured cell lines such as HelLa and HEK cells. To

elucidate the physiological role of PINK1 and Parkin underlying the onset of

hereditary Parkinsonism, evaluation of their role under more physiological

conditions such as in neurons is imperative. | therefore sought to establish a mouse

primary neuron experimental system to address this issue.

To isolate primary neurons from mouse brains, I first tried to dissociate neurons

by 2.5% trypsin and treated with 1% DNasel using previously reported protocol

with minor modifications. Using this method, ~107 cells were collected from fetal

brains. In order to isolate more efficiently, I dissociated neurons by papain and

suspended in culture medium using Sumilon dissociation solution. Collected

neurons were dramatically increased to ~108cells. I succeeded in isolating neurons

from brains stably and quickly with this method. Besides, primary neurons from

adult brains failed to attach to the dish bottom and were unable to elongate their

dendrites. Neurons should be handled very quickly and be kept cold to be collected
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efficiently. Three days after plating neurons (corresponds to the birth period),

contaminated latent proliferative cells (e.g. glial cells) were increasingly expanded.

To avoid outgrowth of those populations, I treated with FUDR/uridine.

Unexpectedly, both neurons and glial cells were severely damaged. Therefore, I

started assay using primary neurons before proliferative cells expanded. Because

isolated primary neurons tend to detach from the dish-bottom, I optimized the dish

coating materials. As a result, gelatin and collagen did not exhibit any effect. The

polyethylenimine- and poly-L-lysine- coated dish showed great impact to attach

neurons to the dish-bottom. In general, it is well known that the gene transfection

efficiency is extremely low in primary cells compared to cultured cells. I tried to

optimize the transfection method for primary neurons. Firstly, I used the calcium

phosphate and lipofectamine LTX (Life technologies) to transfect isolated primary

neurons with GFP-plasmid, however they showed unstable and transient gene

expression patterns. Also these compounds had toxicity to neurons. Secondly, I

tried the electroporation methods using Neon transfection system (Life

technologies) and NEPAGENE. Unfortunately, they were unable to introduce

GFP-plasmid to primary neurons. Next, I used the GFP-integrated adenovirus or

adeno-associated virus (AAV). Those viruses were prone to infect with glial cells
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rather than neurons. Finally, I concluded that lentivirus showed the best

transfection efficiency in primary neurons.

In my initial experiments, ubiquitylation of mitochondrial substrates (e.g. Mfn)

in primary neurons following CCCP treatment was below the threshold of

detection. | thus changed various experimental conditions including the

composition and inclusion of supplementary factors to the culture medium. |

determined that detection of ubiquitylation was improved when the primary

neurons were cultured in media free of insulin, transferrin, and selenium.

Transferrin plays a role in the reduction of toxic oxygen radicals, while selenium in

the medium accelerates the anti-oxidant activity of glutathione peroxidase. Thus a

weak oxidative stress to neuronal mitochondria seems to accelerate the

ubiquitylation of mitochondrial substrates by Parkin. Because oxidative stress is

assumed to be a primary stress for neuronal mitochondria in vivo 53, this

mechanism is thought to be critical for efficiently rescuing abnormal mitochondria

under physiological conditions. Moreover, it has also been reported that oxidative

stress helps Parkin exert for mitochondrial quality control in neurons 4. Although

the molecular mechanism underlying how weak oxidative stress accelerates

Parkin-catalyzed ubiquitylation remains obscure, | speculate that deubiquitylase
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activity in neuronal mitochondria conceals the ubiquitylation signal under steady

state conditions. This activity is downregulated by oxidative stress 5¢ 55 56,

Intriguingly, the Mfn2 ubiquitylation-derived signal in primary neurons remained

fainter than that observed in cultured cells even using antioxidant-free media 9 2,

In this respect, | speculate that differences in the intracellular metabolic pathways

between primary neurons and cultured cell lines affects ubiquitylation of

mitochondrial substrates. Van Laar et al reported that Parkin does not localize to

depolarized mitochondria in cells forced into dependence on mitochondrial

respiration e.g. galactose-cultured HeLa cells 39. If so, ubiquitylation of

mitochondrial substrates by Parkin would be less efficient because neurons have a

higher dependency for mitochondrial respiration than other cultured cells.

In contrast to the ubiquitylation of mitochondrial substrates, | obtained clearer

results concerning the other principal PINK1 and Parkin events following

dissipation of AWm, i.e. phosphorylation of PINK1 and Parkin (Fig. 4),

translocation of Parkin to the depolarized mitochondria, and reestablishment of

Parkin’s E3 activity towards pseudo-substrates concomitant with ubiquitin-ester

formation at Cys431 (Fig. 4-7). These data are consistent with what have been

reported using non-neuronal cultured cells. In neurons, though the translocation of
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Parkin onto damaged mitochondria is controversial. Initial efforts failed to detect

Parkin localization to damaged neuronal mitochondria 3! 39, Subsequent studies,

however, by two different groups in addition to me have successfully demonstrated

the translocation event %0 41, | suggest that methodological differences likely

account for the seemingly conflicting observations. The study by Sterky et al. used

adeno-associated virus encoding mCherry-Parkin that was delivered by

stereotactic injections to midbrain dopaminergic neurons of Tfam-loss mice

(MitoPark mice; genotype 7TfamioxPlosP;DAT-cre;ROSA26+1ox-StoploxmitoYFP) 31 wwhile

Van Laar et al used Lipofectamine 2000 to transfect wild type rat primary cortical

neurons with human Parkin 3. In contrast, | used primary neurons derived from

PARKIN'" mice infected with a lentivirus encoding GFP-Parkin to examine

translocation of Parkin to damaged mitochondria. It is possible that the respective

transfection efficiencies varied or that the methodological differences affected the

neuronal cellular conditions, which may have impaired the behavior of exogenous

Parkin. Alternatively, the presence of endogenous neuronal Parkin may account

for the discrepancies. During my immunofluorescence experiments, | determined

that mitochondrial localization of GFP-Parkin was more robust in PARKIN

neurons than wild type (PARKIN **) neurons suggesting that endogenous Parkin
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is more efficiently translocated by the cellular machinery to

depolarized-mitochondria than exogenous Parkin. Intriguingly, both the E3

activity and translocation of Parkin toward depolarized mitochondria were

attenuated by disease-relevant Parkin mutations in primary neurons (Fig. 6).

These results underscore the relevance of mitochondrial quality control mediated

by PINK1/Parkin in neurons, and shed light on the mechanism by which

pathogenic mutations of PINK1 and Parkin predispose to Parkinsonism in vivo.

In the present study, | also demonstrated — to my knowledge, for the first time -

that Parkin activation in response to mitochondrial damage proceeded following

ubiquitin phosphorylation by PINK1 in neurons. Previously, our group revealed that

Parkin is kept latent under steady—state conditions 1. Consistent with the model in

this study, the structure of Parkin 5! 57 58 59 pevealed that the catalytic cysteine

(Cys431) is occluded by the RINGO domain. The E3 activity of Parkin is usually

repressed via auto-inhibition 1! 51 57 58 hut is specifically liberated by PINKI1 in a

unique two-step phosphorylation-dependent manner; 1ie., one step 1is

phosphorylation of the Ubl domain of Parkin 4 15 16 agnd another step is

unexpectedly phosphorylation of ubiquitin (determined in this work).

To confirm the dependency of Parkin activation on ubiquitin phosphorylation, I
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collaborated with Drs. Y. Tamura, T. Endo, and Y. Kimura and attempted to replace

genomic ubiquitin with a phosphorylation-deficient mutant. However, this type of

experiment is challenging because ubiquitin is encoded at four loci as fourteen

copies in the human genome, and synthesized as a fusion protein with essential

ribosomal subunits. As an alternative, we used a yeast system in which all the

genomic-ubiquitin genes are disrupted, the fused ribosomal-proteins (.40 and S31)

are complemented, and ubiquitin is expressed from a plasmid. So we introduced the

S65A mutation into the yeast ubiquitin plasmid and co-expressed it with PINK1

and GFP-Parkin (note that yeast lack PINK1 and Parkin homologues). GFP-Parkin

in yeast cells harboring WT ubiquitin underwent autoubiquitylation when

co-expressed with WT PINK1, but lacked the modification when expressed with a

kinase-dead (KD) PINK1 mutation or pathogenic Parkin mutations (Drs. Y. Tamura,

T. Endo, and Y. Kimura; data not shown). In contrast, even when co-expressed with

WT PINK1, GFP-Parkin did not show this modification in yeast only expressing the

mutant ubiquitin (S65A) (data not shown). Taken together, the results obtained

using this stringent heterologous cellular system strongly argue that ubiquitin

phosphorylation at Ser65 is indeed essential for Parkin activation 3¢ In addition, I

also collaborated with Drs. E.A. Fon and J-F. Trempe to define the molecular
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mechanism by which phosphorylated ubiquitin activates Parkin. We confirmed that

phosphorylated ubiquitin was charged on UbcH7 as readily as non-phosphorylated

ubiquitin, indicating a similar efficiency of conjugation by E1 and E2. We then

examined whether phosphomimetic and phosphorylated ubiquitin accelerates

discharging of UbcH7~unmodified ubiquitin in the presence of Parkin in vitro (note

that the reaction does not contain E1 and ATP, thus free phosphorylated ubiquitin

cannot enter into the conjugation pathway). Both phosphomimetic and

phosphorylated  ubiquitin  accelerates  discharging of ubiquitin from

UbcH7~ubiquitin depending on catalytic cysteine (Cys431) of Parkin in wvitro,

revealing that the activation mechanism is strictly allosteric (Drs. E.A. Fon and J-F.

Trempe; data not shown) 34 .

Together with the results presented in this study, | speculate that phosphorylation

of both ubiquitin and Parkin Ubl domain unlocks repression of the catalytic cysteine

by the RINGO domain for ubiquitin-thioester linkage, thereby converting Parkin to

its fully-active form (Fig. 13g). To gain further insights in the mechanism, I

collaborated with Dr. T. Hirokawa and generated two structural models by

computational modeling that support binding of phosphorylated ubiquitin or

phosphorylated Ubl domain facilitates accessibility to Cys431 as shown in (Dr. T.
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Hirokawa; data not shown) 34,

As mitochondrial dysfunction, especially complex I deficiency, has long been

associated with sporadic PD ¢, a complete understanding of the molecular

mechanism underlying Parkin activation is expected to clarify the pathogenesis of

not only hereditary but also more common sporadic forms of PD. PD-related

pathogenic PINK1 mutants which lost its kinase activity failed to phosphorylate

ubiquitin. Without phosphorylated ubiquitin in cells, Parkin is not fully activated,

and the impaired mitochondria are accumulated in neurons leading to the onset of

PD. This study suggests that phosphorylated ubiquitin has a role to block PD.

Moreover, although thousands of papers studying ubiquitin have been published,

this work to my knowledge is the first to reveal ubiquitin phosphorylation and its

significance.
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8. Legends to the figures

Figure 1: A history of PINK1/Parkin study

Figure 2: Mitochondrial energetic mechanism and the quality control system

Mitochondria homeostasis plays a pivotal role in the maintenance of healthy cells.

Mitochondria are constitutively injured by endogenous and exogenous stresses,

such as reactive oxygen species (ROS) and mitochondrial DNA (mtDNA) mutations.

Defective mitochondria become an aberrant source of oxidative stresses due to the

generation of excessive ROS and compromise healthy mitochondria. Thus, to

maintain the integrity and quality of mitochondria, cells establish a mitochondrial

quality control system via the selective elimination of impaired mitochondrion.

Because PINK1/Parkin, the products of PD causal genes, play an important role in

elimination of damaged mitochondria, the deletion or mutation in PINK1/PARKIN

genes cause the accumulation of damaged mitochondrion in cells. As a consequence,

it is thought that the accumulation of unhealthy mitochondrion in neurons leads to

the onset of PD.

Figure 3: Ubiquitylation and proteolysis systems
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a, The ubiquitin-activating enzyme (E1) activates ubiquitin in an ATP-dependent

manner to form a thioester bond between the C-terminal carboxyl group of

ubiquitin and the catalytic cysteine of the E1. The ubiquitin is then transferred to

an ubiquitin-conjugating enzyme (E2) by transthiolation reaction to form a

thioester bond between the C-terminus of ubiquitin and the conserved catalytic

cysteine residue in the E2. The HECT E3 ligases interact with the

ubiquitin-charged E2 via E2 N-terminal region and perform another

transthiolation reaction to form a thioseter bond between the C-terminus of

ubiquitin and the conserved catalytic cysteine residue in the C-terminal region of

the HECT E3s. This HECT~ubiquitin intermediates is then prepared for the

subsequent transfer of ubiquitin to a substrate. The RING E3 ligases, the

ubiquitin-charged E2 interacts with the RING domain of the E3, subsquently the

ubiquitin transfers to a substrate protein. The RBR E3 ligases (e.g. Parkin) use a

combination of the RING and HECT mechanisms (RING-HECT hybrid). In this

mechanism, the RING1 engages with the ubiquitin-charged E2 in a similar

manner to the RING E3s, while the RING2 acts in a similar fashion to the

C-terminal region of the HECT E3s by performing a transthiolation reaction to

form a thioester bond between the C-terminus of ubiquitin and the catalytic
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cysteine in the RING2 domain of RBR E3s.

b, The outer mitochondrial membrane proteins are ubiquitylated and degraded via

the proteasome and/or autophagy.

Figure 4: PINK1 and Parkin are phosphorylated following a decrease in AWYm in

mouse primary neurons.

Neurons were infected with lentivirus encoding PINK1-Flag (a), wild type

HA-Parkin (b), or HA-Parkin with either the S65A or S65E mutation (¢). Cells

were treated with the mitochondrial uncoupler CCCP (30 uM) for 1 to 3 h and

subjected to SDS-PAGE in the absence or presence of 50 uM phos-tag. Note that

mobility does not reflect the molecular weight of proteins in Phos-tag PAGE ¢! and

thus molecular weight markers are not shown in the bottom gels. The red asterisks

in (b) and (c) indicate phosphorylation of Parkin at Ser65.

Figure 5: Parkin is recruited to depolarized mitochondria and is activated in

neurons.

a, Mouse primary neurons were infected with lentivirus encoding GFP-Parkin and

then subjected to CCCP treatment (30 uM) for 3 h. Neurons were immunostained
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with the indicated antibodies. Insets (white boxes) in the Parkin, Tom20, and

B-tubulin 3 co-immunostained images have been enlarged to better show

co-localization. b, The E3 activity of Parkin was monitored using

autoubiquitylation of GFP-Parkin as an indicator. As reported previously 11,

Parkin ubiquitylates a pseudosubstrate (N-terminally fused GFP) only when the

mitochondrial membrane potential decreases. Ub, ubiquitin.

Figure 6: Disease-relevant Parkin mutations impair mitochondrial localization

and E3 activity following CCCP treatment.

a, The subcellular localization of GFP-Parkin with pathogenic mutations in the

isolated neurons from PARKIN knock-out (PARKIN ) mice. Primary neurons

were infected with lentivirus encoding GFP-Parkin containing various

disease-relevant mutations and then treated with CCCP (30 pM) for 3 h, followed

by immunocytochemistry, as in Figure 5a. b, The number of neurons with

GFP-Parkin-positive mitochondria was counted. Error bars represent the mean +

S.D. values of two experiments. Statistical significance was calculated using

analysis of variance with a Student's #test. ¢, The E3 activity of Parkin with

disease-relevant Parkin mutations. PARKIN ' primary neurons expressing
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pathogenic GFP-Parkin were treated with CCCP for 3 h, and subjected to

immunoblotting with an anti-Parkin antibody.

Figure 7:@ Several outer-membrane mitochondrial proteins underwent

Parkin-dependent ubiquitylation following a decrease in the AWm.

a, Ubiquitin-oxyester formation on Parkin (shown by the red asterisk) was

specifically observed in the Parkin C431S mutant following CCCP treatment in

primary neurons. This modification was not observed in wild type Parkin or the

C431F mutant. b, Intact primary neurons or primary neurons infected with

lentivirus encoding Parkin were treated with CCCP and then immunoblotted to

detect endogenous Mfn2, Mirol, HKI, VDAC1, Mfn1, Tom70, and TomZ20. The red

arrowheads and asterisks indicate ubiquitylated proteins. ¢, Ubiquitylation of

Mfn2 following mitochondrial depolarization (shown by the red asterisk) is

prevented by PARKIN knock-out in primary neurons.

Figure 8: Ubiquitin Ser65 is phosphorylated when AWm is decreased.

a, Sequence comparison between human ubiquitin and the Parkin Ubl domain. b,

HeLa cells stably expressing PINK1 following protonophore (CCCP) treatment
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were subjected to Phos-tag PAGE and immunoblotted with an anti-ubiquitin

(Ub) antibody. Red asterisk; putative phosphorylated ubiquitin. Ubn:

ubiquitylated proteins. ¢, Recombinant ubiquitin was phosphorylated by

depolarized mitochondria prepared from PINK1-expressing HeLa cells in vitro, but

recombinant SUMO was not. Red asterisk indicates phosphorylated ubiquitin. d,

Mass spectrometric (MS) analysis of the tryptic phosphopeptide from ubiquitin

that was phosphorylated by depolarized mitochondria in vitro. The MS/MS data

indicated that phosphorylation occurs at Ser65. e and f, Mutation of Ser65

prevents ubiquitin phosphorylation by damaged mitochondria in vitro (e) and

following protonophore treatment in cells (f). Experiments were performed as in ¢

and b, respectively. g, Portion of the gel corresponding to high, middle and low

molecular weight fractions of whole-cell extracts used for MS analysis is shown

(upper left panel). Absolute quantification of ESTLHLVLR and EpSTLHLVLR

peptides in PINK1-expressing cells was calculated across three experiments (lower

left graph and right graphs). Error bars represent the mean + SEM values.

Statistical significance was calculated using a one-tailed paired ¢- test. (significant

if P <0.05).
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Figure 9: PINK1 phosphorylates ubiquitin.

a, PINK1 on depolarized mitochondria and its kinase activity are essential for

ubiquitin phosphorylation in vitro. b, PINK1 was immunoprecipitated, and its

purity was confirmed by immunoblotting with antibodies against other

mitochondrial membrane proteins. ¢, Immunoprecipitated PINK1 (IP-PINK1)

phosphorylates ubiquitin in vitro equivalent to depolarized mitochondria. d and e,

Ubiquitin was labeled with 32P by IP-PINK1 prepared from CCCP-treated

mitochondria (d), whereas the ubiquitin(S65A) mutant was not (e). Black asterisks

indicate heavy and light chains of immunoglobulin in the IP-PINK1 preparations.

Figure 10: Mass-spectrometry-based absolute quantification of phosphorylated

ubiquitin in intact HeLa cells.

a, Because the signal intensity is low, the original data and chromatogram of

EpSTLHLVLR peptide are also shown. b, Whole cell lysates of intact HeLa cells =

CCCP treatment were subjected to SDS-PAGE, and the high (>55 kDa), middle-

(14-55kDa), or low (<14 kDa) molecular-weight fractions were collected. The

absolute quantities of ESTLHLVLR and EpSTLHLVLR peptides in each fraction

were then determined using AQUA peptides as standards in three experiments.
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Error bars represent mean = SEM and statistical significance was calculated

using a one-tailed paired #test. ¢, The light signal (derived from endogenous

EpSTLHLVLR peptide), which shows a similar ionized pattern and the identical

elution time as the heavy signal (derived from internal AQUA EpSTLHLVLR

control peptide), was observed only in CCCP-pretreated cells (red arrows).

Figure 11: Phosphomimetic ubiquitin activates phosphomimetic Parkin.

a, Localization of WT Parkin co-expressed with WT or phosphomimetic

ubiquitin(S65D). Bars indicate 10 um. b, The rate of mitochondrial Parkin

localization without CCCP treatment was 0% when calculated in 100 cells across

three experiments. ¢, Autoubiquitylation of GFP-Parkin was not observed by

co-expression of phosphomimetic ubiquitin (red vertical bars). d and e, Localization

of the phosphomimetic Parkin(S65E) mutant co-expressing with WT or

phosphomimetic ubiquitin. Immunocytochemistry (d) and statistical analysis (e)

were performed as in a and b. f, Autoubiquitylation of phosphomimetic

GFP-Parkin(S65E), evidence for the re-establishment of its E3 activity, was

observed by co-expression of phosphomimetic ubiquitin(S65D) even in the absence

of CCCP treatment (lane 3). g, Phosphomimetic ubiquitin (Ser65Asp) stimulates
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the E3 activity of Parkin in the absence of mitochondrial localization. Example

figures indicative of cytoplasmic localization of both phosphomimetic Parkin and

ubiquitin are shown. Mitochondrial localization was 0% of 100 cells in two

independent experiments. Bars indicate 10um. h, co-expression of

phosphorylation-deficient ubiquitin (Ser65Ala) mutant delayed CCCP-dependent

activation of WT Parkin. i, Phosphomimetic ubiquitin(S65D) induced

autoubiquitylation of GFP-Parkin(W403A). j, The C-terminal diglycine motif (GG)

is dispensable for Parkin activation. Red asterisks indicate autoubiquitylation of

the GFP-Parkin(S65E) and GFP-Parkin(W403A) mutants. k, Parkin mediated

mitochondrial localization of phosphorylation-deficient ubiquitin(S65A) following a

decrease in AWm. 1, The rate of Flag-Ub on mitochondria was calculated as a

percentage using 100 cells across three experiments. Error bars represent the

mean + SEM values. N.S; not significant (2> 0.05) in one-tailed Student’s #test.

Figure 12: Subcellular localization of phosphomimetic or phosphorylation-deficient

ubiquitin under various experimental conditions.

a, Mitochondrial accumulation of phosphomimetic or phosphorylation-deficient

ubiquitin depending on Parkin and CCCP treatment (3h). b, Phosphomimetic
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ubiquitin (Ser65Asp) is conjugated to the Parkin substrate mitofusin-2. Red bars

indicate ubiquitylation of mitofusin-2 with phosphomimetic Flag-ubiquitin (lane 2)

or phosphorylation-deficient Flag-ubiquitin (lane4).

Figure 13: Phosphorylated ubiquitin activates Parkin in vitro.

a, Recombinant phosphomimetic ubiquitin(S65D) converts GFP-Parkin(S65E) and

GFP-Parkin(W403A) mutants to the active form. b, GFP-Parkin mutants prepared

from PINK1"™ MEFs still undergo autoubiquitylation following incubation with

phosphomimetic ubiquitin(S65D). ¢, Recombinant ubiquitin, which was

phosphorylated beforehand in vitro, was incubated with WT, S65E, and W403A

GFP-Parkin from mitochondria-intact cells. d, Phosphorylated

ubiquitin(G75A/G76A) lacking conjugation activity promoted autoubiquitylation of

Parkin(S65E). e, FluoPPI assay revealed a physical interaction between

phosphomimetic Parkin and phosphomimetic ubiquitin. A Cys431 Ala mutation of

Parkin and a Gly75 Ala/Gly76 Ala mutation of ubiquitin prevented a

ubiquitylation-derived pseudo positive signal. hAG-Ub, hAG (homo-tetramer

Azami-Green)-tagged ubiquitin; Ash-Parkin, Ash (homo-oligomerized protein

assembly helper)-tagged Parkin. f, Foci-containing cells were calculated in 100
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cells across three experiments. Error bars represent the mean = SEM and

statistical significance was calculated using a one-tailed paired #test. g, A model

for Parkin activation. PINK1 activates latent Parkin via two phosphorylation steps

at Ser65 in both the Parkin Ubl domain and ubiquitin. Phosphorylation of each

singly is insufficient for activity. Instead, both phosphorylation events are thought

to de-repress the RINGO domain and relieve the catalytic cysteine (Cys431) of

Parkin.

Table 1: A list of the ubiquitin peptides used in parallel monitoring assay to

quantify phosphorylated ubiquitin

For each peptide, the optimal precursor ion and product ions are shown.
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Figure 1. A history of PINK1/Parkin study
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Figure 2. Mitochondrial energetic mechanism and the quality control system
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Figure 3 Ubiquitylation and proteolysis systems
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Figure 4.
PINK1 and Parkin are phosphorylated following a decrease in AYm in mouse primary neurons.
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Figure 5. Parkin is recruited to depolarized mitochondria and is activated in neurons.
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Figure 6.
Disease-relevant Parkin mutations impair mitochondrial localization

and E3 activity following CCCP treatment.
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Figure 7.

Several outer-membrane mitochondrial proteins

underwent Parkin-dependent ubiquitylation following a decrease in the AWYm.
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Figure 8. Ubiquitin Ser65 is phosphorylated when AWm is decreased.
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Figure 9. PINK1 phosphorylates ubiquitin.
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Figure 10.

Mass-spectrometry-based absolute quantification of phosphorylated ubiquitin in intact HeLa cells.
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Figure 11. Phosphomimetic ubiquitin activates phosphomimetic Parkin.
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Figure 12.

Subcellular localization of phosphomimetic or phosphorylation-deficient ubiquitin
under various experimental conditions.
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Figure 13. Phosphorylated ubiquitin activates Parkin in vitro.
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Table 1.

A list of the ubiquitin peptides used in parallel monitoring assay to quantify phosphorylated ubiquitin

Peptide sequence Precursor m/z (charge state) Product ions for PRM
ESTLHLVLR 534.314 (+2) V3 Y Y5 Ve yr
ESTLHLVL [Heavy] R 537.823 (+2) v Ve, Y5 Y6 Vi
EpSTLHLVLR 574.297 (+2) ys' et s ye, v
EpSTLHLVL [Heavy] R 577.806 (+2) va' v, ¥s ' Ve Vi
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