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PINK1 is degraded through the N-end rule pathway
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E3 component n-recognin; PARL, presenilin-associated thomboid-like; MPP, matrix processing peptidase; DUBs, deubiquitinating

enzymes; MEF, mouse embryonic fibroblast; CCCP, carbonyl cyanide 7-chlorophenyl hydrazone; MTS, mitochondrial targeting

sequence; TOM, translocator of the outer membrane; TIMM23/TIM23, translocase of inner mitochondrial membrane 23
homolog (yeast); DHFR, dihydrofolate reductase; PK, proteinase K; MTX, methotrexate; TM, transmembrane;
OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; IMS, intermembrane space; KO, knockout;
TALEN, transcription activator-like effector nuclease; HTRA2/OMI, HtrA serine peptidase 2

PINK1, a mitochondrial serine/threonine kinase, is the product of a gene mutated in an autosomal recessive form of
Parkinson disease. PINK1 is constitutively degraded by an unknown mechanism and stabilized selectively on damaged
mitochondria where it can recruit the E3 ligase PARK2/PARKIN to induce mitophagy. Here, we show that, under steady-
state conditions, endogenous PINK1 is constitutively and rapidly degraded by E3 ubiquitin ligases UBR1, UBR2 and UBR4
through the N-end rule pathway. Following precursor import into mitochondria, PINK1 is cleaved in the transmembrane
segment by a mitochondrial intramembrane protease PARL generating an N-terminal destabilizing amino acid and then
retrotranslocates from mitochondria to the cytosol for N-end recognition and proteasomal degradation. Thus, sequential
actions of mitochondrial import, PARL-processing, retrotranslocation and recognition by N-end rule E3 enzymes for the
ubiquitin proteosomal degradation defines the rapid PINK1 turnover. PINK1 steady-state elimination by the N-end rule
identifies a novel organelle to cytoplasm turnover pathway that yields a mechanism to flag damaged mitochondria for

autophagic elimination.

Introduction

Two genes mutated in autosomal recessive forms of familial
Parkinson disease, PINKI and PARKIN have been suggested
to play a role in mitochondrial quality control. Genetic and cell
biological studies indicate that the mitochondrial kinase PINK1
acts in the same pathway as the cytosolic E3 ligase PARKIN'?
by recruiting PARKIN to dysfunctional mitochondria to induce
their elimination by autophagy.® PINK1 signals mitochondrial
damage by accumulating selectively on the outer mitochondrial
membrane (OMM) of depolarized mitochondria.>* However, the
expression of PINKI in healthy mitochondria is barely detect-
able following import into the inner mitochondrial membrane
(IMM) and sequential processing by the proteases MPP in the
matrix and PARL in the IMM.>" Although many studies have
focused on the subcellular and intramitochondrial localization of
PINKI under steady-state conditions,"*?! how it is eliminated is
still unknown.

Results

PARL-cleaved PINKI can form cytosolic aggregates with
SQSTM1/p62
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To understand PINKI1 localization and stability, we treated
HeLa cells expressing PINKI-YFP with dimethyl sulfoxide
(DMSO), valinomycin or MG132 (Fig. 1A). Normally, PINK1-
YFP expression in most cells is below the level of detection,
consistent with models of rapid PINK1 turnover.®*” However,
exposure to valinomycin, which disrupts the mitochondrial inner
membrane potential, induces PINKI accumulation on mito-
chondria. Although treatment of cells with the proteasome inhib-
itor MG132 also enhances the PINKI1-YFP signal, it is found in
dot-like structures, which are not colocalized with TOMM?20
but nicely merge with the cytosolic protein aggregate marker
SQSTMLI (Fig. 1A and B). Similar results were also observed
in HeLa and HCT116 cells stably expressing PINK1-YFP (Fig.
S1). Immunoblotting analysis confirmed that PINK1-YFP forms
aggregates upon MG132 treatment (Fig. 1C). In the absence of
valinomycin or MG132, two weak bands of PINKI-YFDP, the full-
length and the PARL-cleaved forms, were recovered in the super-
natant after solubilization with a detergent. The increased level of
full-length PINKI1-YFP generated by valinomycin was also col-
lected in the soluble fraction. However, MG132 treatment specif-
ically increased the PARL-cleaved form in a detergent-insoluble
fraction. While tubulin, actin and TOMM20 were collected
in the soluble fraction under all conditions tested, a fraction
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Figure 1. PARL-cleaved PINK1 can form
cytosolic aggregates. (A and B) Micro-
scopic analysis of Hela cells transiently
expressing PINK1-YFP treated with
DMSO, valinomycin (Val) or MG132 for
3 h. Cells were immunostained with
anti-TOMM20 (A) and with anti-SQSTM1
(B) antibodies. Line scan plots (taken
from the images along the white arrows
in (A) are shown in the right panel. Scale
bars: 10 wm. (C and D) Immunoblot-
ting of total cell lysate (T), supernatant
(S) and pellet (P) fractions after solubi-
lization with 2% Triton X-100 followed

- TOMM20
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by centrifugation. Blue and red arrow-
heads represent the full-length and
PARL-cleaved forms, respectively.
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of the lipidated MAPILC3B/LC3B (LC3-II) and SQSTM1
proteins were found in the detergent-insoluble fraction in cells
treated with MG132 also supporting the microscopic observation
that PINKI-YFP forms aggregates colocalized with SQSTMI.
Notably, endogenous PINKI1 showed an aggregate distribution
pattern indistinguishable from that of PINKI-YFP (Fig. 1D).
Taken together, these results indicate that proteasome inhibi-
tion selectively increases the level of the PARL-cleaved form of
PINKI as aggregates in the cytosol, but not in mitochondria.
N-end rule pathway governs PINK1 degradation. To mimic
the PARL-cleaved PINKI expression in the cytosol, we made
truncated PINKI-YFP lacking the N-terminal 1 to 104 residues
(104A) (Fig. 2A). In contrast to endogenous or ecotopic full-
length PINKI1-YFP, recombinant 104A was surprisingly stable
in the cytosol without proteasome inhibition (Fig. 2B and E).
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cleaved PINKI is a substrate for the
N-end rule pathway, we constructed
PINKI1-YFP mutants where residue
F104 was replaced with other destabilizing residues (W, Y, I and
L for type-2 degrons) and stabilizing residues® (M, A, V, S and
G) (Fig. 2A). Wild-type (WT) PINKI-YEP (PINK1""-YFP)
was hard to detect both by fluorescent microscopy (Fig. 2E)
and by immunoblotting (Fig. 2B) and was stabilized by MG132
treatment (Fig. 2B and D). Similar results were obtained for
PINKI F104 mutants that generated other type-2 degrons (Fig.
2B and D; Fig. S2). By contrast, when PINK1-YFP was mutated
to yield stabilizing residues, their cleaved forms were stable with-
out MG132 treatment (Fig. 2B and D; Fig. S2). Microscopy
and subcellular fractionation assays indicated that PINK1-YFP
cleaved to yield stabilizing residues were mostly localized in the
cytosol while PINKI*®F-YFP, whose mutation abolishes process-
ing by PARL,’ was localized inside mitochondria (Fig. 2E-G;
Fig. S2). To rule out the possibility that PARL cleaves some
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Figure 2. N-end rule pathway governs PINK1 degradation. (A) Scheme of PINK1-YFP variants. Bold downward arrows indicate the cleavage sites of
PINK-YFP and Ub-PINK1-YFP by PARL and DUBs, respectively. (B and C) HelLa cells transiently expressing PINK1-YFP (B) or Ub-PINK1-YFP (C) variants were
treated with DMSO or MG132 for 3 h. Total cell lysates were analyzed by immunoblotting. Tubulin, actin and TOMM20 were used as loading controls.
(D) Proteasomal degradation efficiencies of cleaved forms of PINK1-YFP or Ub-PINK1-YFP variants prepared as in (B and C) were quantified. Data are
the mean + SD of three independent experiments. (E) Microscopy analysis of HeLa cells transiently expressing PINK1-YFP variants. Cells were immuno-
stained with anti-TOMM20. Scale bars: 20 wm. (F) Quantification of localization of the PINK1-YFP mutated to stabilizing residues. Dual means that cells
have a YFP signal both in mitochondria and in the cytosol. (G) Transfected cells as in (E) were fractionated. T, total fraction of post-nuclear supernatant;
S, post-mitochondrial supernatant; M, mitochondrial fraction. Blue and red arrowheads denote full-length (or MPP-cleaved for R98F) and PARL-cleaved
forms, respectively.

of the PINKI mutants at a false processing site, we also gener-  amino acid variants in the cytosol. Immunoblotting of Ub-fusion
ated cleaved forms of PINKI1-YFP by fusion to ubiquitin (Ub)  generated PINKI1 mutants showed that their sensitivities to
(Fig. 2A). This Ub fusion technique® enables the expression of  proteasome degradation were very similar to those of the cor-
PINKI-YFP cleaved by DUBs to generate the desired N-terminal  responding PARL-processed PINKI-YFED variants (Fig. 2C and
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D), strongly suggesting that PARL cleavage occurs after A103 in
all mutants. Furthermore, in order to identify the PARL cleavage
site of stabilizing mutant PINK1"™ by mass spectrometry, we
made a stable HCT116 cell line expressing PINK1"M-YFP. To
compare the expression level of PINK1"**M-YFP with that of WT
PINKI-YFP, we used the internal ribosome entry site (IRES)-
DsRed system, which directs coexpression of PINK1-YFP and
cytosolic DsRed under a single promoter. As shown in Figure
3A, fluorescent signals of PINK1"*M.YFP were clearly found
in the cytosol while those of WT PINKI1 were barely detect-
able, showing that F104M mutation increases protein stability
in the cytosol. After affinity purification of PINKIM**M-YFP
with beads conjugated with GFP-binding protein, three strong
coomassie blue-labeled bands were observed on SDS-PAGE (Fig.
3B). Mass spectrometry identified the upper and lower bands
as HSP90AA1/Hsp90 and CDC37, respectively, consistent with
previous reports.?”?¢ Furthermore, several tryptic peptides corre-
sponding to cleaved PINKI were identified from a band labeled
by the red arrowhead in Figure 3B, and identification of the pep-
tide MGLGLGLIEEK indicates that PARL cleaves PINK1704M_
YFP between A103 and M104 (Fig. 3C). Therefore, all these
results indicate that the new N-terminal amino acid generated
by PARL processing defines PINK1 stability in the cytosol cor-
relating with the N-end rule.

N-end stabilizing PINK1 mutant (F104M) can recruit
PARKIN to depolarized mitochondria followed by mitophagy

Uncoupling mitochondrial membrane potential shunts
PINKI1 from the IMM and PARL processing to the OMM
where it accumulates as a full-length form.” Although PARL-
processed PINK1M*M.YFP was more stable than WT PINKI-
YEP in the cytosol, the accumulation of full-length F104M
mutant on mitochondria induced by valinomycin was compa-
rable to that of WT PINKI1-YFP (Fig. 4A) and, when expressed
in pinkl'- MEFs, the F104M mutant could recruit PARKIN to
depolarized mitochondria with an efficiency similar to that of
WT PINKI-YFP (Fig. 4B and C). Therefore, the F104M muta-
tion affects stability following PARL cleavage, but not the sta-
bility on the OMM of damaged mitochondria. In order to assess
whether the PINK1"'*™ mutant can promote mitochondrial
autophagy, we looked at LC3B localization by microscopy. For
this purpose, we constructed pinkl KO HeLa cells by TALEN-
mediated gene editing (See Materials and Methods for details).
After 3 h valinomycin treatment, YFP-LC3B formed dotlike
structures on or near mitochondria in pinkl KO HelLa cells sta-
bly expressing mCherry-PARKIN only when WT PINK1104
or PINKI"M was expressed (Fig. 4D and E). Furthermore,
when we expressed WT PINKI1MF.YFP or PINK1"M.YFP
in pinkl KO cells and treated with valinomycin for 12 h, we
observed that 80% and 40% of the cells completely lost immu-
nostaining of TOMM?20 and a mitochondrial matrix protein
HSPA9/GRP75, respectively (Fig. 4F-I). These events were
PINK1 dependent because pinkl KO HeLa cells with control
vectors had neither LC3B translocation to mitochondria nor
mitochondrial protein degradation. Thus, the N-end stabiliz-
ing PINK1"*M mutant has the ability to promote PARKIN-
mediated mitophagy.

www.landesbioscience.com

UBR1, UBR2 and UBR4 are responsible for PINK1
recognition

To confirm N-end rule degradation, we examined the role of 3
cytosolic E3 ubiquitin ligases involved in N-degron recognition.
In mammals, E3 enzymes UBR1, UBR2 and UBR4 are impor-
tant for recognition of type-2 degrons such as the phenylalanine
motif on PARL-cleaved PINK1.” PINKI-YFP was transiently
expressed in ubrlubr2 double KO MEF cells stably expressing
firefly luciferase RNAi (ubrl"-ubr2-'"- Luc®™*) and the double KO
MEF cells stably expressing a Ubr4 short-hairpin RNAi (ubrl-'-
ubr2-"-Ubr4™~") (Fig. 5A). Strong and selective accumulation of
the cleaved form of PINK1 was observed as compared with that
in the corresponding W'T cells (Fig. 5B). We also monitored the
turnover and degradation of PINKI1 by pulse-chase experiments
(Fig. 5C and D). For this purpose, we utilized CCCP treatment
of cells to uncouple mitochondria in order to transiently accumu-
late PINK1 on mitochondria. When CCCP was washed out, the
accumulated full-length PINKI-YFP rapidly disappeared. On
the other hand, the PARL-cleaved form of PINKI1-YFP in ubrl~-
ubr2™"-Ubr4™~A' MEFs was significantly stabilized indicating that
N-end rule E3 ubiquitin ligases in the cytosol mediate the final
proteosomal degradation of PARL-cleaved PINKI.

PARL-cleaved PINKI1 retrotranslocates from mitochondria

Identifying mutants of PINKI stabilized in the cytosol allowed
us to explore how PINKI escapes the mitochondrion. As the
PINKI precursor contains an N-terminal MTS, newly synthe-
sized PINKI is imported into mitochondria. Typically, this class
of mitochondrial precursor proteins is imported via the TOM
and TIMM23 complexes, the translocators of the outer and inner
membranes, respectively, and is integrated into the IMM by a
stop-transfer mechanism.”®* To explore PINKI retrotransloca-
tion from mitochondria back to the cytosol, we performed in
vitro mitochondrial import assays. Isolated mitochondria were
incubated with ¥S-radiolabeled PINKI1 precursor. After import,
mitochondrial pellet (pel) and supernatant (sup) fractions were
separated by centrifugation. PARL-cleaved PINK1 was found
not only in the mitochondrial fraction, but also in the super-
natant (Fig. 6A). We also examined two control mitochondrial
substrates, IMS soluble protein HTRA2/OMI and the matrix
targeted Su9-DHEFR (fusion protein between the mitochondrial
presequence of Neurospora crassa subunit 9 of F -ATPase and
mouse dihydrofolate reductase). Mature forms of both HTRA2
and Su9-DHER were exclusively found in the mitochondrial frac-
tion (Fig. 6A). We performed PK protection assays to determine
the localization of the cleaved PINKI1 in the mitochondrial pel-
let. As shown in Figure 6B, the mitochondrial proteins MENI1
(a membrane integrated OMM protein), cytochrome ¢ (Cyt.c)
and HTRA2 (IMS soluble proteins) were not found in the super-
natant. While MFN1 was entirely degraded by 10 pg/ml of PK,
the IMS proteins were protected against any concentration of PK
tested, confirming that PK accessibility is limited to the surface of
the OMM. Although a high exposure image revealed that a very
minor portion of cleaved PINK1 in mitochondria was resistant
to PK, most of the cleaved PINK1 as well as nonimported full-
length PINK1 in both mitochondrial and supernatant fractions
were rapidly degraded by low concentrations of PK, suggesting

Autophagy 1761

©2013 Landes Bioscience. Do not distribute.



F104F

F104M

B beaég C

& ?‘“QQ
o o
191— 1 MAVRQALGRG LQLGRALLLR FTGKPGRAYG LGRPGPAAGC VRGERPGWAA
51 GPGAEPRRVG LGLPNRLRFF RQSVAGLAAR LQRQFVVRAW GCAGPCGRAV
97— 101 FLAMGLGLGL IEEKQAESRR AVSACQEIQA IFTQKSKPGP DPLDTRRLQG
HSP90AA1 151 FRLEEYLIGQ SIGKGCSAAV YEATMPTLPQ NLEVTKSTGL LPGRGPGTSA
tsn-‘——/ 201 PGEGQERAPG APAFPLAIKM MWNISAGSSS EAILNTMSQE LVPASRM
64 — : ' < 251 GEYGAVTYRK SKRGPKQLAP HPNIIRVLRA FTSSVPLLPG ALVDYPDVLP
301 S_RLHPEGLGH GRTLFLVMKN YPCTLRQYLC VNTPSPRLAA MMLLQLLEGV
51— 351 DHLVQQGIAH RDLKSDNILV ELDPDGCPWL VIADFGCCLA DESIGLQLPF
N\ 401 SSWYVDRGGN GCLMAPEVST ARPGPRAVID YSKADAWAVG AIAYEIFGLV
39— CDC37 451 NPFYGQGKAH LESRSYQEAQ LPALPESVPP DVRQLVRALL QREASKRPSA
501 RVAANVLHLS LWGEHILALK NLKLDKMVGW LLQQSAATLL ANRLTEKCCV
o8 — 551 ETKMKMLFLA NLECETLCQA ALLLCSWRAA 1 581
14
(kDa)

Figure 3. PARL cleaves PINK1F'**M-YFP between A103 and M104. (A) HCT116 cells stably expressing wild-type (F104F) and the F104M mutant of PINK1-
YFP-IRES-DsRed were immunostained with anti-TOMM?20. Scale bars: 10 pm. (B) HCT116 cells stably expressing PINK17%*M-YFP were solubilized with 0.5%
Triton X-100 and subjected to immunoprecipitation with GFP-Trap or control beads. Proteins were analyzed by SDS-PAGE followed by coomassie brilliant
blue staining. Red arrowhead represents PARL-cleaved F104M mutant. Mass spectrometry identified HSP90AA1 and CDC37 as interacting partners of
cleaved F104M mutant. (C) The protein band described by arrowhead in (B) was analyzed by LC/MS/MS, and the identified sequences of PINK17%" moi-
ety are underlined. Identifying the peptide corresponding to MGLGLGLIEEK indicates that PARL cleaves the PINK17%*" mutant between A103 and M104.

that most of the PARL-cleaved PINKI1 in the mitochondrial frac-
tion became exposed to the cytosolic face.® The folate analog
MTX tightly stabilizes DHFR folding thereby inhibiting Su9-
DHFR import through the narrow channel of the TOM complex
in the OMM and proteolytic processing by MPP (Fig. S3). In
contrast, the cleaved form of PINKI-DHFR was found in the
supernatant even in the presence of MTX (Fig. S§3), indicating

1762 Autophagy

that PARL processing of PINK1 on the IMM can occur while
the large C-terminal kinase domain of PINKI1 spans through the
TOM complex in the OMM into the cytosol.

To examine the effect of PARL on PINKI1 retrotranslocation,
we imported PINKI into mitochondria isolated from par/’-
MEFs. The mitochondria yielded only MPP-cleaved PINKI
(Fig. 6C, green arrowhead), but this band was not found in the
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Figure 4. PINK17*M mutant has the ability to recruit PARKIN to depolarized mitochondria followed by mitophagy. (A) Immunoblotting of HeLa cells
expressing PINK1-YFP variants (F104F, F104M and 104A) treated with or without valinomycin (Val) for 3 h. Blue and red arrowheads represent the full-
length and the cleaved forms of PINK1-YFP, respectively. (B and C) pink1~~ MEF cells were cotransfected with PINK1-YFP variants and mCherry-PARKIN.
After 12 h of transfection, cells were treated with DMSO or valinomycin for 4 h. (B) Cells were then immunostained with anti-TOMM?20. Scale bars:
10 wm. (C) Cells with mCherry-PARKIN on mitochondria were quantified. Error bars were calculated from three independent experiments. (D and E)
pink1 KO Hela cells stably expressing mCherry-PARKIN were cotransfected with YFP-LC3B and untagged either PINKT WT(F104F) or PINK1(F104M) or
pcDNA3.1(+) (vector). Cells were treated with valinomycin for 3 h, and immunostained with anti-TOMM20. (D) Scale bars: 10 um. (E) Cells with YFP-LC3B
on or near mitochondria were quantified. Error bars represent the results from three independent experiments. (F-1) pink1 KO HeLa cells stably express-
ing mCherry-PARKIN were transfected with WT PINK1-YFP (F104F), PINK17*M-YFP or pEYFP-C1 (vector). Cells were treated with valinomycin for 12 h, and
then immunostained with anti-TOMMZ20 or anti-HSPA9 antibodies. (F and H) YFP-positive cells are shown in white outlines. Scale bars: 10 wm. (Gand I)
Cells with complete degradation of TOMM20 or HSPA9 were quantified. Error bars represent the results from three independent experiments.
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Figure 5. UBR proteins are responsible for PINK1 recognition. (A) Immunoblotting of total cell lysates from wild type (#1), ubri”-ubr2”-Luc®™* (#2) and
ubri~-ubr2--Ubr4"™Ai (#3) MEFs. (B) Total cell lysates from MEF cells cotransfected with PINK-YFP and mito-YFP at a 20:1 DNA ratio were analyzed by im-
munoblotting with anti-GFP antibody. In order to monitor any transfection efficiency discrepancies between the different cell lines, we used mito-YFP
as an internal control, which was cotransfected with PINK1-YFP. The graph shows the relative amount of PARL-cleaved PINK1-YFP to mature mito-YFP, ex-
pressed as the mean + SD of three independent experiments. Blue and red arrowheads denote full-length and PARL-cleaved PINK1-YFP. p and m denote
precursor and mature forms of mito-YFP. (C) CCCP-treated MEF cells labeled with 3°S-methionine/cysteine after PINK1-YFP transfection were subjected
to CCCP-washout followed by chase for the indicated time periods. Immunoprecipitated PINK1-YFP was subjected to radioimaging. (D) Quantification
of amounts of PARL-cleaved PINKI1-YFP relative to full length PINK1-YFP at O time during the chase periods with the mean + SD of three independent
experiments. The amount of full-length PINK1-YFP at O time was set to 100%.

supernatant fraction. Microscopy observation also clearly revealed
that PINK1""M.YFP, whose cleaved form was stably localized in
the cytosol of WT MEFs, was arrested in the mitochondria of
parl”’- MEFs (Fig. 6D). These results show that cleavage within
the TM domain by PARL is essential for PINKI export from
mitochondria. Otherwise the PINKI precursor remains within
the mitochondria. To determine the PINKI region responsible
for retrotranslocation, we next constructed a chimeric protein
with the N-terminal 155 residues of PINKI fused to YFP (Fig.
6E). Whereas it has a weak fluorescent signal on mitochondria
(Fig. 6F), MG132 treatment increased expression of the PARL-
cleaved form (Fig. 6G) similar to that of endogenous PINKI1
(Fig. 1D). Furthermore, PINK1(1-155)"*M-YFP, a mutant with
an N-end stabilizing residue was stably localized in the cytosol
(Fig. 6F). However, YFP fused to the N-terminal 155 residues
of HTRA2, whose topology is quite similar to that of PINK1%
(Fig. 6E), was neither found in the cytosol nor responded by
MG132 treatment (Fig. 6F and G). These results indicate that
an N-terminal region (1-155 residues) of PINKI is sufficient to
yield export to the cytosol.

Discussion

We and others have previously found that newly synthesized
PINKI precursor accumulates on the outer membrane of depo-
larized mitochondria where it can recruit the E3 ubiquitin ligase
PARKIN from the cytosol to mitochondria (Fig. 7). This event
triggers elimination of damaged mitochondria by mitophagy.
Here, we show that in healthy mitochondria, the N-end rule
pathway has a prominent role in the rapid degradation of the
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cleaved PINKI1. Although many N-end substrates have been dis-
covered so far, PINKI1 is the first substrate we are aware of identi-
fied to target an intracellular organelle for N-terminal processing
and for subsequent degradation by the proteasome (Fig. 7). In
this model, PARL contributes not only to the retrotranslocation
of the PINKI precursor to the cytosol by cleavage of the mem-
brane spanning domain, but also to rapid proteasomal degrada-
tion by cleavage generation of an N-degron.

Upon identification of N-end rule mediated turnover of
PINKI1, we were able to introduce mutations that prevent pro-
teasomal degradation and, combined with in vitro and in vivo
analysis, we could investigate the mechanism of PINKI ret-
rotranslocation to the cytosol. What is the conceivable mecha-
nism of PINKI1 retrotranslocation? So far, one other protein,
yeast fumarase, is known to be released from mitochondria back
to the cytosol.?? After cleavage of the presequence by MPP dur-
ing cotranslational import, a population of the mature fumarase
retrotranslocates from mitochondria to the cytosol using folding
of the mature domain as a driving force for this movement. In
contrast, PINKI retrotranslocation does not necessarily depend
on the folding of the C-terminal kinase domain as only the
N-terminal 155 residues of PINKI1 are sufficient to export YFP
fused to the C terminus to the cytosol. Mitochondrial import of
classical MTS-containing precursor proteins occurs at a contact
site where the OMM and IMM are closely apposed and 50 to
60 amino acid residues of extended polypeptides are sufficient
to span both mitochondrial membranes.*** Therefore, the
extended C-terminal part of PINKI including the kinase domain
could be exposed to the cytosol when the TM of PINKI is
arrested in the TIMM23 complex. Many IMS or IMM-anchored
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Figure 6. PINK1 precursor retrotranslocates from mitochondria to the cytosol after cleavage by PARL. (A) In vitro synthesized 3°S-labeled proteins were
incubated with mitochondria with or without valinomycin (Val). The mitochondrial pellet (pel) and the supernatant (sup) fractions were separated by
centrifugation. 10% and 20% represent the amount of input of translation product. (B) PINK1 import samples were treated with PK and then the pel
and sup were separated. The samples were subjected to radioimaging (low and high exposures) for PINK1 or immunoblotting (IB). (C) PINK1 import
into parl”- mitochondria. Blue, green and red arrowheads indicate the full-length, MPP-cleaved and PARL-cleaved PINK1, respectively. (D) Microscopic
analysis of Parl*’* and parl~- MEF cells transiently expressing PINK17%M-YFP. Cells were immunostained with anti-TOMM20. Scale bars: 10 wm. Right panel
shows quantification of localization of PINK1-YFP wild-type (F104F), F104M and 104A mutants in Parl”* and parl~- MEF cells. Dual means YFP signal both
in mitochondria and in the cytosol. ND, not determined because of the low expression level. (E) Schematic representation of YFP-fusion proteins with N-
terminal 155 residues of PINK1 or HTRA2. Arrows indicate the cleavage site by PARL for PINK1-YFP variants and by an IMS protease for HTRA2(1-155)-YFP.
(F) Microscopic analysis of HelLa cells transiently expressing PINK1(1-155)-YFP, PINK1(1-155)F"%M-YFP and HTRA2(1-155)-YFP. Cells were immunostained
with anti-TOMM20. Scale bars: 10 um. (G) The transfected cells as in (F) were treated with or without MG132 for 3 h. Total cell lysates were analyzed by
immunoblotting with anti-GFP and anti-TOMM20 antibodies. Blue and red arrowheads represent precursor proteins and cleaved proteins, respectively.
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mitochondrial precursor proteins can laterally diffuse away from
the contact site between the TOM and the TIM23 complexes
soon after the TIM23 complex recognizes the hydrophobic TM
segment, thereby pulling the C-terminal domain into the IMS
using lateral diffusion as a driving force. Thus, the TM segment
of PINKI may be cleaved very rapidly by PARL after release
from or perhaps while within the TIM23 complex allowing the
cleaved PINKI to be released back to the cytosol with minimal or
no force driving export to the cytosol. Alternatively, other mito-
chondrial proteins such as CLPX/ClpXP or m-AAA proteases
may coordinate with PARL to facilitate PINKI retrotransloca-
tion and/or to preclude PINK1 import further into IMS."

The ephemeral life of PINKI1 enables this sophisticated sensor
to monitor and regulate dysfunctional mitochondrial through a
well-orchestrated proteolytic cascade.

Materials and Methods

Cell culture and transfection

HeLa and MEF cells were cultured in Dulbecco’s modified
Eagles medium (DMEM) (GIBCO, 31053028) supplemented
with 10% (v/v) fetal calf serum, 10 mM HEPES buffer, 1 mM
sodium pyruvate, | mM glutamine and nonessential amino acids.
HCT116 cells were cultured in McCoy’s 5A medium (GIBCO,
16600082) supplemented with 10% (v/v) fetal calf serum, I mM
glutamine and nonessential amino acids. Cells were cultured at
37°Cina 5% CO, incubator. To transfect HeLa and par/”’- MEF

with Fugene HD (Promega, E2311) at a 1:3 ratio in Opti-MEM
(GIBCO, 31985070). After 10 min incubation, the complex was
added to each well containing cells and medium. For pinkl-'-
MEFs, Lipofectamine LTX (Invitrogen, 15338100) was used
according to the manufacturer’s instruction. Valinomycin, car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP), and MG132
were used at final concentrations of 10 wM, 20 WM, and 10 uM,
respectively. Stable cell lines were established by recombinant ret-
rovirus infection as follows. DNA fragments encoding wild-type
or F104M mutant PINKI1-YFP were cloned into NotI/Clal sites
of a pRetroX-IRES-DsRed-Express vector. Vector particles were
produced in HEK293T cells grown in poly-lysine coated plates
by cotransfection with Gag-Pol, VSV-G and the aforementioned
plasmid. After 12 h of transfection, the media were changed and
the cells were further incubated for 24 h. The viral supernatants
were then infected into HCT116 or HeLa cells grown in 6-well
plates with 8 pg/ml polybrene (Sigma, 107689).

Antibodies

The following antibodies were used for immunoblotting:
rabbit anti-GFP (Invitrogen, A-11122), mouse anti-SQSTM1
(clone 2C11, Novus Biologicals, H00008878-MO01), rabbit anti-
LC3B (Sigma, L7543), mouse anti-a-Tubulin (clone B-5-1-2,
Invitrogen, 32-2500) and mouse anti-Actin (clone AC-40, Sigma,
A4700), rabbit anti-TOMM?20 (Santa Cruz Biotechnology, Inc.,
sc-11415), rabbit anti-PINK1 (Novus Biologicals, BC100-494),
mouse anti-TIMMZ23 (clone 32, BD Transduction Laboratories,
611222), mouse anti-Cytochrome ¢ (clone 7H8.2C12, BD

cells for immunoblotting and microscopy, plasmids were mixed — Transduction Laboratories, 556433), rabbit ant-HTRA2/
N-end rule pathway
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Figure 7. Schematic model of PINK1 trafficking to damaged or healthy mitochondria. Newly synthesized PINK1 precursor is accumulated on the outer
membrane of damaged mitochondria, which can induce PARKIN recruitment from the cytosol to mitochondria. On the other hand, the N-terminal part
of PINK1 precursor can be imported into the inner membrane of healthy mitochondria via TOM and TIMM23 translocator complexes. The N-terminal
MTS and TM segment are cleaved by MPP and PARL, respectively. Subsequently, the cleaved PINK1 is released to the cytosol where the N-end rule spe-
cific E3 enzymes UBR1, UBR2 and UBR4 recognize the destabilizing N-terminal phenylalanine residue of cleaved PINK1 for proteasomal degradation.
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Omi (R&D Systems, AF1458), rabbit anti-MFN1 (generated
as described previously®), rabbit anti-UBR4 (abcam, ab86738),
rabbit anti-UBRI and chicken anti-UBR2 (kind gifts from Dr
Yong Tae Kwon®*%). The following antibodies were used for
immunostaining: guinea pig anti-SQSTM1 (Progen, GP62-C),
rabbit anti-HSPA9/GRP75 (Cell Signaling, 3593) and rabbit
anti-TOMM?20 (Santa Cruz Biotechnology, Inc., sc-11415).

Human PINK1 plasmid construction

Wild-type PINK1-YFP, PINKI1**"-YFP and PINK1"*¥-YFP
plasmids were described previously.”’ Other PINKI1 mutations
(F104X)YFP X =Y, L L, M, A, V, S, and G) were introduced
by PCR-based site-directed mutagenesis using appropriate primer
pairs. PINK1(105-581)-YFP was made as follows. A DNA frag-
ment encoding PINK1(105-581) and 5'-portion of EYFP was
amplified by PCR using Hind-PINK1(105)-F (5-ggccAAGCTT
gccaccATGG  GGCTAGGGCT GGGCCTCATC  GA-3")
and Long-EGFP-Rv (5-GTGGCCGTTT ACGTCGCCGT
CCAGCTCGAC CAG-3") as primers and PINKI1-YFP as a tem-
plate. The amplified PCR products were treated with HindIII and
BamHIand introduced into the samessites of EYFP-N1. Ub-fusion
plasmids were constructed as follows. The amplified DNA frag-
ments encoding PINK1(105-581) by using EcoR-PINK1(105)-F
(5-GGCCgaattc GGGCTAGGGC TGGGCCTCAT-3") and
Long-EGFP-Rv as primers were treated with EcoRI and BamHI
and inserted into EcoRI/BamHI sites of EYFP-N1 to make EcoRI-
PINK1(105-581)-YFP. Ubiquitin DNA fragments amplified by
PCR using primers HindIII-Ub-Fw (5'-ggccAAGCTT gccac-
cATGC AGATCTTCGT GAAGACTCT-3") and Ub-EcoRI-Rv
(5-GGCCgaattc CCCACCTCTG AGACGGAGTA-3") were
inserted into HindIII/EcoRI sites of EcoRI-PINK1(105-581)-
YFEP. Finally, Ub-X (X=F, W, Y, L, M, A, V, S, and G) muta-
tions were introduced by PCR-based site-directed mutagenesis
using appropriate primer pairs. Introduction of mutations was
confirmed by DNA sequencing. For in vitro protein synthesis,
the appropriate DNA fragments were cloned into pI'NT vector.

Construction of pinkl KO Hela cell line

pinkl KO HeLa cell was generated by TALEN technology with
targeting site as following: GTTGCTTCCA GGGAGAGG CC
CAggtaccAG TGCACCAGGA GAAGGGCAGG AGCGAG
(underlined sequences and lower-case sequences indicate the tar-
get sites for left and right TALEs and Kpnl restriction enzyme
site). 16-mer left and right TALEs were assembled according to
Huang et al.*® and cloned into a final TALEN vector modified
from Miller et al.* 0.8 g of left and right TALEN constructs
were cotransfected with 0.4 pg pEYFP-CI vector in Hela cells
and YFP-positive cells were FACS sorted and plated into 96-well
plates two days after transfection. Single colonies were picked
and screened by PCR with Kpnl digestion. Finally pinkl KO of
positive clones were confirmed by immunoblotting with anti-
PINK1 antibody.

Immunocytochemistry and confocal imaging

Cells grown on 2-well coverglass chamber slides were fixed
with 4% paraformaldehyde in PBS for 25 min at room tempera-
ture. Fixed cells were permeabilized with 0.15% Triton X-100
in PBS for 15 min, and blocked with 10% BSA in PBS for
30 min. Indicated primary antibodies and corresponding
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secondary antibodies (Alexa Fluor 594 goat anti-rabbit IgG
(A11012), Alexa Fluor 647 goat anti-rabbit IgG (A21244) and
Alexa Fluor 647 goat anti-guinea pig IgG (A21450) purchased
from Invitrogen) were added for immunostaining. The images
of immunostained cells were captured using an inverted confocal
microscope (LSM510 Meta, Carl Zeiss) with a 63x /1.4 NA oil
differential interference contrast Plan-Apochromat objective lens.
For image analysis, Volocity (PerkinElmer) and/or Photoshop
(Adobe) software were used.

Separation of soluble and insoluble proteins

Transfected cells treated with DMSO, valinomycin, or MG132
were solubilized with 2% TX-100 buffer (25 mM HEPES-KOH
pH 7.5, 300 mM NaCl, 2% (v/v) Triton X-100, protease inhibi-
tor cocktail [PIC] [Roche, 04693159001]) on ice for 15 min, and
then subjected to centrifugation at 20,800 x g for 10 min at 4°C
to separate soluble supernatants and insoluble pellet fractions.
The supernatants were precipitated with trichloroacetic acid
(TCA).

Mitochondrial isolation and in vitro protein import assay

HCT116 cells grown in two 150 mm cell culture dishes
were homogenized using a Teflon pestle (Thomas Scientific)
in 4 ml of 20 mM HEPES-KOH pH 7.4, 220 mM mannitol,
70 mM sucrose, 1 mM EDTA, 2 mg/ml BSA and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF). Cell homogenates were
then centrifugated at 800 x g at 4°C for 10 min. The superna-
tants were subjected to centrifugation at 10,000 x g at 4°C for
20 min to obtain mitochondria-rich pellets. Radiolabeled pre-
cursor proteins were synthesized in vitro by coupled transcrip-
tion/translation rabbit reticulocyte lysates (Promega, 1.2080) in
the presence of [*S]methionine/cysteine protein-labeling mix
(PerkinElmer, NEG072007MC). After incubation at 30°C for
90 min, radiolabeled translation products were incubated with
isolated mitochondria in import buffer [250 mM sucrose, 20 mM
HEPES-KOH pH 7.4, 80 mM KCl, 5 mM ATP, 10 mM sodium
succinate, 5 mM MgClz, 1 mM methionine and 2 mM dithioth-
reitol (DT'T)] at 24°C for the indicated times. Mitochondria and
supernatants were separated by centrifugation at 15,000 x g at
4°C for 5 min. Mitochondrial pellets were washed once with SH
buffer (250 mM sucrose and 20 mM HEPES-KOH pH 7.4) and
the supernatants were precipitated with TCA. Proteins were ana-
lyzed by SDS-PAGE and detected by Phosphorimager (STORM
840, Amersham Biosciences). To disrupt the mitochondrial
membrane potential in vitro, 1 wM valinomycin was added to
the import buffer prior to import reactions. For protease treat-
ment, samples were incubated on ice for 15 min with indicated
concentrations of Proteinase K (Sigma, P6556), and the reactions
were stopped by addition of 1 mM PMSF. To fold the DHFR
moiety with methotrexate (MTX) (Sigma, M9929), in vitro syn-
thesized DHFR fusion proteins were preincubated with 10 wM
MTX and 10 puM NAPDH (Sigma, N5130) at 24°C for 10 min,
and then import reactions were performed in the presence of
10 pM MTX and 10 wuM NAPDH.

Immunoblotting

For preparation of total cell lysate, cells were washed twice
with cold PBS and lysed with NuPAGE LDS sample buffer
(Invitrogen, NP0008) supplemented with 80 mM DTT and
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PIC. For Figure 5A, collected cells were solubilized with 2%
CHAPS buffer (25> mM HEPES-KOH pH 7.5, 300 mM NaCl,
2% (w/v) CHAPS, PIC) on ice for 30 min and then protein con-
centrations were determined. Soluble fractions precipitated with
TCA were lysed with sample buffer. The appropriate amounts
of proteins were applied and separated on 4-12% Bis-Tris SDS-
PAGE (Invitrogen, NP0322BOX and NP0323BOX) with MES
or MOPS SDS running buffer (Invitrogen, NP0O001 or NP0002).
After transfer to PVDF membranes, blocking and incubation
with primary antibodies, proteins were detected using horserad-
ish peroxidase-coupled secondary antibodies (GE Healthcare Life
Sciences, NA9340V and NA9310V) and ECL Plus western blot-
ting detection reagents (GE Healthcare Life Sciences, RPN2132).

Subcellular fractionation

Transfected HeLa cells cultured in 100 mm dishes were
washed with PBS twice before harvest. Cells were homogenized
in 1 ml of 20 mM HEPES-KOH pH 7.4, 220 mM mannitol,
70 mM sucrose, 500 mM NaCl, 1 mM EDTA and 0.5 mM
PMSF. Cell homogenates were centrifugated at 800 x g at 4°C
for 10 min. The post-nuclear supernatants were then split in half
and one half was TCA-precipitated as a total fraction. The other
half was further centrifuged at 10,000 x g at 4°C for 20 min. The
supernatant and pellet fractions were used as a post-mitochon-
drial supernatant and mitochondria-rich fractions, respectively.

Pulse-chase of PINK1-YFP

PINKI-YFP transfected MEF cells grown in 6-well plates
were preincubated for 20 min in DMEM lacking methionine
and cysteine (GIBCO, 21013024) supplemented with 10% (v/v)
dialyzed fetal calf serum, 10 mM HEPES buffer, ] mM sodium
pyruvate, 1 mM glutamine, nonessential amino acids, and
20 wM CCCP and labeled with Expre®S*S protein labeling
mix (PerkinElmer, NEG072007MC) for 60 min at a concentra-
tion of 4 MBq/ml. The cells were washed with 1 ml of normal
DMEM three times, and then incubated in DMEM during the
chase time. After washing twice with cold PBS, cells were solu-
bilized with 500 wl of 0.5% lysis buffer (10 mM Tris-HCL pH
7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% (v/v) Triton X-100,
PIC) on ice for 20 min. After centrifugation at 20,000 x g at
4°C for 10 min, the supernatant, whose volume was adjusted
to 1 ml with wash buffer (10 mM Tris-HCL pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, PIC) were subjected to immunoprecipita-
tion. Ten microliters of 50% (v/v) equilibrated GFP-Trap beads

4, Narendra D, Tanaka A,

(Allele Biotechnology, ACT-CM-GFA0050) were added to each
sample and mixed gently for 1 h at 4°C. The beads were washed
three times with 1 ml of wash buffer and then resuspended with
40 pl of 2x LDS sample buffer. The immunoprecipitated pro-
teins were dissociated by heating at 99°C for 10 min, and ana-
lyzed by SDS-PAGE and radioimaging.

Mass spectrometry

The excised protein bands were alkylated and then incubated
with 10 pl of 12.5 ng/pl trypsin in 50 mM NH,HCO, over-
night at 37°C. The resultant tryptic peptides were extracted
from the gel by successive incubation with (1) 50% CH,CN/5%
trifluoroacetic acid and (2) 75% CH,CN/0.1% trifluoroacetic
acid. The extracts from each step were pooled and dried in a
SpeedVac. For LC/MS/MS experiments we used a LTQ XL ion
trap mass spectrometer (Thermo Fisher Scientific, USA) with an
ADVANCE ion max source (Michrom Bioresources) coupled to
Surveyor HPLC system with a Micro AS autosampler (Thermo
Finnigan). A reverse-phase capillary column (Magic C18, 0.2 x
150 mm) purchased from Michrom BioResources, USA was used
to separate the peptides injected. The MS spectra and MS/MS
spectra data were collected using Xcalibur software. The data
were searched against NCBInc. Human database using Sequest
software.
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