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SUMMARY
PINK1 is activated by autophosphorylation and forms a high-molecular-weight complex, thereby initiating
the selective removal of damagedmitochondria by autophagy. Other than translocase of the outer mitochon-
drial membrane complexes, members of PINK1-containing protein complexes remain obscure. By mass
spectrometric analysis of PINK1 co-immunoprecipitates, we identify the inner membrane protein TIM23 as
a component of the PINK1 complex. TIM23 downregulation decreases PINK1 levels and significantly delays
autophosphorylation, indicating that TIM23 promotes PINK1 accumulation in response to depolarization.
Moreover, inactivation of the mitochondrial protease OMA1 not only enhances PINK1 accumulation but
also represses the reduction in PINK1 levels induced by TIM23 downregulation, suggesting that TIM23 facil-
itates PINK1 activation by safeguarding against degradation by OMA1. Indeed, deficiencies of pathogenic
PINK1mutants that fail to interact with TIM23 are partially restored byOMA1 inactivation. These findings indi-
cate that TIM23 plays a distinct role in activating mitochondrial autophagy by protecting PINK1.
INTRODUCTION

Genetic studies of familial Parkinson’s disease (PD) led to the

identification of more than 16 causal genes that are dominantly

or recessively inherited.1,2 Among the genetic alterations,

several mutations in the PARK6 gene encoding PTEN-induced

kinase 1 (PINK1) are highly associated with hereditary cases,

and pathogenic PINK1 variants have been well characterized

by genetic, biochemical, and molecular biological ap-

proaches,3–5 revealing that PINK1 has a central role as a sensor

in surveying mitochondrial quality. PINK1 is newly synthesized in

the cytosol, delivered to energized mitochondria, translocated

across the mitochondrial outer membrane (MOM) through trans-

locase of the outer mitochondrial membrane (TOM) machinery,

and inserted into the mitochondrial inner membrane (MIM) via

a translocase of the inner mitochondrial membrane complex

containing TIM23. The inner membrane protease PARL cata-

lyzes proteolytic cleavage of the PINK1 transmembrane domain,

resulting in retrotranslocational release of the truncated PINK1

from the mitochondria followed by its proteasomal degradation

in the cytoplasm.6,7
This is an open access article under the CC BY-N
In damaged mitochondria, dissipation of the mitochondrial

membrane potential (Dcm) impairs the insertion of PINK1 into

the MIM, compromising the subsequent proteolytic cleavage.

Consequently, PINK1 accumulates on the MOM and then,

together with the TOM complex, forms a protein complex with

a high molecular weight of more than 850 kDa, which leads to

the autophosphorylation required for its ubiquitin kinase activ-

ity.8–10 PINK1-mediated phosphorylation of ubiquitin conjugated

on MOM proteins triggers the mitochondrial recruitment of Par-

kin, a product of another causal gene (PARK2) associated with

familial forms of PD. Subsequently, the ubiquitin-like domain of

Parkin localized on the MOM is also phosphorylated by PINK1,

uncovering the hidden ubiquitin ligase activity of Parkin.11–13

PINK1- and Parkin-dependent modification of the phospho-

ubiquitin chains on MOM proteins enhances the mitochondrial

recruitment of Parkin, eventually inducing the NDP52- and opti-

neurin-mediated autophagy that selectively eliminates damaged

mitochondria.14,15

The TIM23 complex has an intrinsic function to promote both

the translocation of preproteins across the MIM and their inser-

tion into the MIM.16–18 TIM23 is a core subunit forming the
Cell Reports 42, 112454, May 30, 2023 ª 2023 The Author(s). 1
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channel pore and associates with respiratory chains in a TIM21-

dependent manner.19 The insertion of precursors into the MIM

requires a change in the Dcm across the MIM, and protein trans-

location into the matrix further requires an additional driving

force generated by the ATP-dependent presequence translo-

case-associated import motor.18 The Dcm, in addition to ma-

trix-targeting sequences, is necessary for activating the channel

formed by the TIM23 complex.16,17 Because TIM23-mediated

translocation and insertion depend exclusively on the Dcm, the

roles of TIM23 in mitochondria without the Dcm remain obscure.

Here, we demonstrated that TIM23 is incorporated into the

PINK1-containing protein complex, and some pathogenic

PINK1 mutations interrupt its association with TIM23. TIM23

knockdown (KD) decreased PINK1 levels and impaired PINK1

autophosphorylation. Furthermore, downregulation of OMA1, a

stress-activated protease, enhanced the accumulation of

PINK1 on the MOM and suppressed the decrease in PINK1

levels induced by TIM23 inactivation. Overall, these findings indi-

cate that TIM23 prevents OMA1 from rapidly degrading PINK1 in

mitochondria without Dcm, thereby promoting the selective

elimination of damaged mitochondria.

RESULTS

TIM23 is incorporated into the PINK1 complex in
response to mitochondrial depolarization
To identify proteins incorporated into the PINK1-containing pro-

tein complex in response to mitochondrial depolarization, cells

stably expressing PINK1-3FLAG were treated with or without

the protonophore carbonyl cyanide m-chlorophenyl hydrazone

(CCCP), moderately crosslinked with paraformaldehyde, and

immunoprecipitated with anti-FLAG antibody. The co-precipi-

tated proteins were analyzed by liquid chromatography-tandem

mass spectrometry (LC-MS/MS) (Figure 1A). Consistent with

previous reports,8,9 subunits of the TOM complex clearly co-

precipitated with PINK1-3FLAG upon CCCP treatment. Of the

ten most abundant proteins in the CCCP-treated samples, six

were TOM complex subunits (TOM40, TOM22, TOM20, TOM7,

TOM6, and TOM5) (Figure 1B and Table S1). Interestingly, three

of the remaining proteins were TIM23 complex subunits (TIM23,

TIM50, and TIM17B). TIM23 is a core subunit of the complex and

forms the channel pore for protein translocation across the

MIM;16,18 therefore, TIM23 was further investigated.

To confirm the interaction of PINK1 with TIM23 in depolar-

ized mitochondria, cells were transfected with expression plas-

mids for either PINK1-3HA or PINK1-3FLAG, incubated with or
Figure 1. Identification of TIM23 as a component of the PINK1 protein

(A) Scheme for LC-MS/MS analysis of co-immunoprecipitates with PINK1-3FLAG

moderately fixed with 0.1% paraformaldehyde, solubilized, immunoprecipitated

(B) Volcano plots represent abundance ratios plotted against the p value for three

3FLAG-expressing cells vs. control cells). Red, orange, green, and blue dots indic

respectively.

(C) Cells transfected with expression plasmid carrying PINK1-3HA or PINK1-3FLA

(IP) with an anti-HA antibody, followed by immunoblot analysis. Input, 5% of sol

(D) Digitonin-solubilized mitochondrial fractions were prepared from CCCP-trea

bodies, and analyzed by CN-PAGE and immunoblotting with an anti-FLAG antib

taining protein complex. Double dagger represents an additional complex that d

See also Figure S1.
without CCCP, and solubilized by digitonin without paraformal-

dehyde pretreatment. The resulting solubilized samples were

immunoprecipitated with anti-HA antibody. In response to de-

polarization, PINK1-3HA, but not PINK1-3FLAG, clearly co-

precipitated with TIM23 (Figure 1C). Other subunits of the

TIM23 core complex (TIM50, TIM17A, and TIM17B) were also

detectable in the CCCP-treated cells, whereas components

of the TIM23-associated import motor (TIM44 and HSPA9)

were barely observed. TIM22, a core subunit of another trans-

locase complex across the MIM, and LETM1, a MIM protein,

were undetectable in the immunoprecipitated samples. ATP

depletion did not influence the interaction of PINK1 with

TIM23 (Figure S1A), consistent with the absence of ATP-

dependent import motor subunits (TIM44 and HSPA9). The re-

sults indicated that PINK1 bound specifically to TIM23 and the

other core subunits in depolarized mitochondria. Moreover, to

quantify protein levels of TIM23 co-precipitated by PINK1-

3HA in CCCP-treated cell lysates, the immunoprecipitated pro-

teins were digested by trypsin and subjected to absolute quan-

tification peptide-based quantitative MS analysis (Figure S1B

and Table S2). Three different peptides derived from the

precipitated TIM23 were detected in the range of 3.3–13.7

fmol, and three peptides derived from PINK1-3HA were recov-

ered in the range of 21.5–63.4 fmol. Considering the dissocia-

tion of TIM23 during the immunoprecipitation procedures and

the efficiency of trypsin digestion, the result suggests that inter-

actions between PINK1 and TIM23 in cells occur at a compara-

ble range of protein levels.

To examine whether MOM-localized PINK1 associated with

TIM23, we used a PINK1 fusion protein containing the tobacco

etch virus (TEV) protease-specific site (TEV site) between the

hemagglutinin (HA) tag and green fluorescent protein (PINK1-

3HA-TEV site-GFP) and a mitochondrial intermembrane space

protein MIC19-3HA fused to the TEV site and FLAG tag

(MIC19-3HA-TEV site-3FLAG; Figure S1C). The mitochondrial

fraction prepared from cells expressing both PINK1-3HA-TEV

site-GFP and MIC19-3HA-TEV site-3FLAG was subjected to

cleavage with TEV protease. PINK1-3HA-TEV site-GFP was

completely processed to PINK1-3HA, whereas most of the

MIC19-3HA-TEV site-3FLAG was resistant to TEV protease (Fig-

ure S1D), indicating that PINK1-3HA-TEV site-GFP is localized

on the MOM and usually exposed to the cytosol. Using the mito-

chondrial fraction treated with or without TEV protease, the

PINK1 fusion protein was immunoprecipitated. TEV-cleaved

PINK1-3HA efficiently co-precipitated with TIM23 (Figure S1E).

These results strongly showed that PINK1 localized on the
complex

. Control and PINK1-3FLAG-expressing cells treatedwith CCCP or DMSOwere

with an anti-FLAG antibody, and subjected to LC-MS/MS analysis.

independent experiments (upper panel, CCCP vs. DMSO; lower panel, PINK1-

ate TIM23, other TIM23 complex subunits, TOM complex subunits, and PINK1,

G were treated with CCCP, solubilized with digitonin, and immunoprecipitated

ubilized cell lysates.

ted cells stably expressing PINK1-3FLAG, incubated with the indicated anti-

ody. Asterisks indicate shifted bands. Arrow denotes the PINK1-3FLAG-con-

epends on the expression levels of PINK1-3FLAG.
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MOM, but not PINK1 present inside the mitochondria, interacts

with TIM23.

We further performed a native antibody-based mobility shift

(NAMOS) assay to evaluate whether the PINK1 complex con-

tained TIM23. Mitochondrial fractions prepared from PINK1-

3FLAG-expressing cells were solubilized with digitonin and incu-

bated with antibodies to either TIM23, PINK1, or enhanced GFP,

followed by clear-native polyacrylamide gel electrophoresis

(CN-PAGE) and immunoblot analysis. Multiple mobility shifts in

the PINK1 complexes were detected by adding anti-TIM23 anti-

body as well as anti-PINK1 antibody (Figure 1D, asterisks), indi-

cating that TIM23 is a component of the PINK1 complex.

TIM23 is required for PINK1 accumulation on
depolarized mitochondria
TIM23 plays a critical role in protein translocation into mitochon-

dria and is therefore indispensable for cell growth and embryo-

genesis.20,21 To investigate the role of TIM23 in mitochondrial

quality control, we carefully knocked down TIM23 expression

using four different small interference RNAs (siRNAs) (#a–#d).

Each siRNA decreased TIM23 protein at a steady-state level

(Figures 2A and S2A). In particular, two of the siRNAs (#a and

#b) induced a more than 91% reduction in TIM23 expression.

Transfection with each siRNA induced mitochondrial fragmenta-

tion and delayed cell growth to varying degrees (Figures S2D and

S2F). Next, we assessed the effect of the siRNAs on the TIM23

function by monitoring mitochondrial import of a matrix-targeted

GFP (mito-GFP) into energizedmitochondria. Strong inhibition of

mitochondrial import was observed when transfected with either

of two siRNAs (#a and #b). The other siRNAs (#c and #d) did not

significantly inhibit the mito-GFP translocation (Figures S2B and

S2C). In addition tomito-GFP, introduction of the siRNAs (#a and

#b) induced a significant accumulation of precursors of matrix

proteins (HSPD1 and ATP5A1) and slightly enhanced the proteo-

lytic processing of OPA1 (Figure S2H). The results indicated that

a more than 90% reduction in TIM23 levels was required to effi-

ciently interfere with TIM23-mediated protein import across the

MIM. Thus, even a small portion (�10%) of TIM23 protein in cells

may be sufficient to drive protein translocation.

Next, we evaluated the effect of TIM23 KD on PINK1 protein

levels in depolarizedmitochondria. Cells transfected with control
Figure 2. TIM23 is crucial for the accumulation and autophosphorylati

(A) Cells were transfected with siRNA for either luciferase (Luc), PINK1, or TIM23

analysis. Open and solid arrowheads denote phosphorylated and unphosphorylat

intensity of the corresponding TIM23 protein.

(B–D) Cells expressing GFP-Parkin were transfectedwith the indicated siRNAs, tre

of GFP-Parkin (B and C) or immunoblotting with anti-Parkin antibody (D). Ub

recruitment. Data represent the mean ± SEM of three independent experiments.

(E and F) The expression plasmid for wild-type (WT) or kinase-dead PINK1-3HA w

and subjected to analysis of the GFP-Parkin localization. Asterisks indicate transf

independent experiments. ***p < 0.0000001 (Student’s t test). Scale bars, 20 mm

(G) Cells stably expressing PINK1-3HA were transfected with siRNA for Luc or T

SDS-PAGE with or without Phos-tag and immunoblot analysis.

(H) Mitochondrial fractions were prepared from the cells described in (G), solu

chondrial fraction prepared from TIM23-KD cells was increased 7-fold to adjust to

solid arrowheads indicate phosphorylated and unphosphorylated forms of PINK

phosphorylated form (P) of PINK1-3HA against the unphosphorylated form (U). A

See also Figure S2.
siRNA (luciferase) or TIM23 siRNAs were treated with CCCP and

subjected to immunoblot analysis. Transfection with two of the

TIM23 siRNAs (#a and #b) drastically reduced PINK1 protein

levels, while transfection with the other two siRNAs induced no

significant change in the PINK1 amount (Figure 2A), consistent

with the results of mitochondrial import of mito-GFP, HSPD1,

and ATP5A1 (Figures S2B, S2C, and S2H). Quantitative PCR

analysis of PINK1 transcripts revealed that none of the TIM23

siRNAs significantly influenced PINK1mRNA levels (Figure S2E).

Parkin is selectively recruited to depolarized mitochondria in

a PINK1-dependent manner.22,23 Although transfection with

each TIM23 siRNA moderately decreased the Dcm, the

decrease was not sufficient to induce obvious mitochondrial

localization of GFP-Parkin without CCCP treatment (Figure S2G).

Upon CCCP treatment, recruitment of GFP-Parkin to depolar-

ized mitochondria was clearly observed in control siRNA-trans-

fected cells. In contrast, transfection with either of two siRNAs

(#a and #b) strongly inhibited GFP-Parkin recruitment

(Figures 2B and 2C). We further analyzed the conjugation of pol-

yubiquitin chains onto GFP-Parkin because Parkin recruitment

to the MOM eventually unveils its latent enzymatic activity,23

i.e., autoubiquitination of GFP-Parkin is an indicator of mitochon-

drial localization. Autoubiquitination of GFP-Parkin clearly

decreased following transfection with the same siRNAs (Fig-

ure 2D). These results indicated that strong interference with

TIM23 function by these siRNAs led to a failure of PINK1 accu-

mulation on depolarized mitochondria and the mislocalization

of Parkin. Moreover, ectopic expression of siRNA-insensitive

TIM23-3HA suppressed the deficiency in mitochondrial recruit-

ment of GFP-Parkin in TIM23-KD cells (Figure S2I), indicating

that Parkin mislocalization is caused by gene silencing of

TIM23. A previous study reported that TIM23 KD did not signifi-

cantly influence Parkin recruitment in a cell line stably expressing

yellow fluorescence protein (YFP)-Parkin.24 Immunoblot analysis

showed that YFP-Parkin in the cell line used in the previous

report was adequately expressed compared with GFP-Parkin

in the cells we used (Figure S2J). Furthermore, transfection

with the TIM23 siRNAs (#a and #b) inhibited mitochondrial local-

ization of YFP-Parkin and reduced PINK1 protein levels

(Figures S2K, S2L, and S2M), confirming that severely impaired

TIM23 function causes a failure of Parkin recruitment regardless
on of PINK1 on damaged mitochondria

(#a–#d), treated with or without 10 mM CCCP, and subjected to immunoblot

ed forms of PINK1, respectively. Intensity represents normalized values of band

atedwith CCCP, and subjected to analysis of either the intracellular localization

i represents GFP-Parkin autoubiquitination as an index of its mitochondrial

**p < 0.0001 (ANOVA with Tukey’s post hoc test).

as introduced into cells transfected with TIM23 siRNA (#a), treated with CCCP,

ected cells that were DsRed positive. Data represent the mean ± SEM of three

.

IM23 (#a), treated with 10 mM CCCP for the indicated times, and subjected to

bilized with digitonin, and analyzed by CN-PAGE and immunoblotting. Mito-

the protein levels of PINK1-3HA in the control mitochondrial fraction. Open and

1, respectively. Ratio (P/U) represents the ratio of band intensity values of the

rrow denotes PINK1-3HA-containing protein complex.
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of the ectopic fluorescent proteins. The apparent discrepancy

with the previous study may be due to different procedures of

transfection with TIM23 siRNAs.

To further examine whether the decrease in PINK1 levels was

due to the disappearance of TIM23 protein or to functional

impairment of the TIM23 complex, the other core subunits

were downregulated. We first knocked down the expression of

TIM50, which plays an essential role in the mitochondrial import

of proteins with a presequence.25,26 Two TIM50-specific siRNAs

induced a more than 92% reduction in its expression (Fig-

ure S2N) and led to a strong inhibition of mito-GFP translocation

(Figures S2P and S2Q). TIM50 KD, however, caused no obvious

reduction in PINK1 protein levels (Figure S2N) or significant

changes in PINK1 mRNA levels (Figure S2O). In addition, mito-

chondrial recruitment of GFP-Parkin was usually observed in

the TIM50-KD cells (Figures S2R and S2S). Next, we downregu-

lated TIM17, an integral membrane protein involved in the regu-

lation of TIM23 translocase activity.27 Because two isoforms

(TIM17A and TIM17B) are ubiquitously expressed in human

cells,28 both TIM17 isoforms were knocked down simulta-

neously. Double knockdown (DKD) of TIM17 A/B resulted in a

more than 91% reduction in their protein levels (Figure S2T)

and severe impairment of mito-GFP translocation (Figures S2U

and S2V). In contrast, PINK1 accumulation and Parkinmitochon-

drial localization in response to depolarization were not affected

by TIM17 A/B DKD (Figures S2T, S2W, and S2X). These findings

suggest that loss of TIM23, rather than dysfunction of the TIM23

complex, results in a failure of PINK1 accumulation. Taken

together, TIM23 itself is required for PINK1 accumulation and

the subsequent Parkin recruitment to depolarized mitochondria.

TIM23 downregulation significantly delays
autophosphorylation of PINK1
To examine whether the decrease in PINK1 levels caused by

TIM23 inactivation was solely responsible for the mislocalization

of Parkin, wild-type and a kinase-dead mutant of PINK1-3HA

were exogenously expressed in TIM23-KD cells carrying GFP-

Parkin, followed by CCCP treatment. Ectopic expression of

wild-type PINK1, but not the kinase-dead mutant, suppressed

the deficiency in the mitochondrial recruitment of GFP-Parkin

(Figures 2E and 2F), suggesting that a reduction in the protein

levels of active PINK1, not a failure of mitochondrial delivery of

other proteins, primarily accounts for the Parkin mislocalization

caused by TIM23 downregulation.

In depolarized mitochondria, PINK1 is accumulated on the

MOM and autophosphorylated to enhance its kinase activity.29

Detection of the phosphorylated and unphosphorylated forms

of PINK1 in TIM23-KD cells upon treatment with CCCP was

equivalent (Figure 2A, TIM23-specific siRNA #a and #b). There-

fore, we examined whether TIM23 inactivation affected the

phosphorylation status of PINK1. Cells stably expressing

PINK1-3HA were transfected with control or TIM23-specific

siRNA (#a), treated with CCCP for different incubation times,

and analyzed by phosphate-affinity SDS-PAGE (Phos-tag

SDS-PAGE). At 2-h incubation with CCCP, the amount of phos-

phorylated PINK1-3HA (+Phos-tag, open arrowhead) detected

was equal to that of its unphosphorylated form (solid arrowhead)

in control cells, but the amount of the phosphorylated form was
6 Cell Reports 42, 112454, May 30, 2023
significantly smaller than that of the unphosphorylated form in

TIM23-KD cells (Figure 2G). Because PINK1 autophosphoryla-

tion tightly couples with the formation of its protein complex,29

we further analyzed the formation of PINK1 complexes using

CN-PAGE. To adjust the protein levels of PINK1-3HA, the mito-

chondrial fraction prepared from TIM23-KD cells was increased.

After 2-h incubationwith CCCP, a PINK1-3HA complex in control

cells had clearly assembled, whereas the complex in TIM23-KD

cells was faintly detected (Figure 2H). These results indicated

that TIM23 inactivation delayed PINK1 autophosphorylation.

Thus, TIM23 also provides qualitative support for PINK1 activa-

tion. Meanwhile, upon prolonged incubation with CCCP, the

amount of the PINK1-3HA complex in TIM23-KD cells was

roughly equivalent to that in control cells (Figure S2Y), indicating

that PINK1 eventually assembles into a protein complex even

when TIM23 is repressed. Together, TIM23 downregulation influ-

enced both the accumulation and phosphorylation of PINK1 but

not the formation of the PINK1 complex.

The inner membrane protease OMA1 represses
hyperaccumulation of PINK1 in depolarized
mitochondria
PINK1 is delivered to mitochondria with the Dcm, processed by

PARL, and eventually degraded by proteasomes in the cyto-

plasm.7 We therefore examined whether the PINK1 decrease

by TIM23 inactivation depended on proteasome activities.

TIM23 siRNA-transfected cells were subjected to combined

treatment with CCCP and proteasome inhibitors (bortezomib

and MG132). In the absence of CCCP, the processed form of

PINK1 (red arrowhead) robustly accumulated following treat-

ment with the proteasome inhibitors in both control and

TIM23-KD cells (Figure 3A). Upon treatment with CCCP, phos-

phorylated PINK1 (open arrowhead) was clearly observed in

control cells but barely detected in TIM23-KD cells even in the

presence of proteasome inhibitors, suggesting that protea-

some-mediated cytoplasmic degradation is unnecessary for

the decrease in PINK1 levels induced by TIM23 inactivation.

We previously demonstrated that downregulation of the MIM

proteins MIC60 and MIC19 interfered with PINK1 accumulation

in response to depolarization.30 TIM23 downregulation, howev-

er, did not affect MIC60 and MIC19 protein levels (Figure S3A).

To further search for proteins involved in PINK1 accumulation

on depolarized mitochondria, we knocked down mitochondrial

proteases localized in the intermembrane space and/or MIM.

PARL mediates the proteolytic destabilization of PINK1 in ener-

gizedmitochondria, andmutations in HTRA2 are associated with

PD.6,31 Gene silencing of either PARL or HTRA2, however, did

not influence the PINK1 accumulation induced by CCCP treat-

ment (Figure 3B). Although the i-AAA-protease subunit YME1L

facilitates PARL-dependent proteolytic processing of PINK1,32

YME1L downregulation did not affect PINK1 levels in depolar-

ized mitochondria. In contrast, inactivation of the metallopro-

tease OMA1 led to a clear increase in PINK1 levels upon

CCCP treatment, consistent with findings froman earlier study.24

Downregulation of the m-AAA protease subunit AFG3L2 also

increased the PINK1 accumulation in depolarized mitochondria.

Interestingly, AFG3L2 downregulation induced not only the

disappearance of AFG3L2 but also OMA1 destabilization,



Figure 3. OMA1 is involved in PINK1 degradation in damaged mitochondria

(A) Cells transfected with siRNA for Luc or TIM23 (#a) were pretreated with 10 mM CCCP for 30 min, further incubated with 0.5 mM bortezomib (Bor) or 50 mM

MG132 (MG) for 4 h, and analyzed by immunoblotting. Open and red arrowheads indicate full-length and processed forms of PINK1, respectively.

(B) Cells were transfected with the indicated siRNA, treated with CCCP, and analyzed by immunoblotting.

(C) Cells were transfected with each possible pair of siRNA for Luc, OMA1, and AFG3L2, treated with CCCP, and analyzed by immunoblotting.

(D–F) Cells expressing GFP-Parkin were transfectedwith siRNA for OMA1, treatedwith 7 mM (D and E) or the indicated concentrations of CCCP (F), and subjected

to analysis of GFP-Parkin localization (D and E) or immunoblotting with anti-Parkin antibody (F). Scale bar, 20 mm. Data represent the mean ± SEM of three

independent experiments. *p < 0.05 (ANOVA with Tukey’s post hoc test).

See also Figure S3.
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suggesting that the PINK1 increase caused by AFG3L2 downre-

gulation was primarily due to reduced OMA1 expression.

Compared with single inactivation of AFG3L2, however, DKD

of OMA1 and AFG3L2 remarkably increased PINK1 levels (Fig-

ure 3C, lane 7 vs. lane 8), suggesting that OMA1 destabilization

caused by AFG3L2 downregulation is inadequate to increase

PINK1 levels. In comparison with OMA1 downregulation, simul-

taneous inactivation of OMA1 and AFG3L2 induced a slight in-

crease in PINK1 levels (Figure 3C, lane 6 vs. lane 8). Similar re-

sults were obtained using another AFG3L2-specific siRNA

(Figure S3B). Together, both OMA1 and AFG3L2 were respon-

sible for PINK1 degradation, and OMA1 contributed predomi-

nantly to PINK1 destabilization. Notably, a decrease in MIC19

levels was never observed by OMA1 inactivation (Figure 3B),

although a significant reduction in MIC19 levels was reported

in OMA1-knockout (KO) mouse embryonic fibroblasts.33

Because OMA1 and YME1L are reciprocally degraded,34 the

prolonged disappearance of OMA1may lead to the hyperactiva-

tion of other proteases, including YME1L, and subsequent

degradation in an OMA1-independent manner.

OMA1downregulation increased PINK1 protein levels on depo-

larizedmitochondria. Transfectionwith theOMA1siRNAs, howev-

er, did not cause significant changes in PINK1 mRNA levels or an

apparent decrease in theDcm (Figures S3C and S3D), suggesting

that PINK1 accumulation is due to the deficiency of OMA1-medi-

ated degradation. We next examined whether PINK1 accumu-

lated by OMA1 inactivation was active and enhanced Parkin

recruitment to depolarized mitochondria. Cells stably expressing

GFP-Parkin were transfected with OMA1-specific siRNA and

incubated with 7 mMCCCP, an amount that is usually inadequate

to induce an apparent recruitment of GFP-Parkin. After 90-min in-

cubation with CCCP, cytosolic localization of GFP-Parkin was still

observed in most of the control cells, whereas a significant num-

ber of cells (36%–40%) exhibited mitochondrial localization of

GFP-Parkin upon OMA1 inactivation (Figures 3D and 3E). More-

over, upon treatment with 7.5 mM CCCP, autoubiquitination of

GFP-Parkin was robustly detected in OMA1-KD cells but not in

control cells (Figure 3F). These findings indicated that OMA1

downregulation stimulatedParkin recruitment through an increase

in PINK levels and suggested that OMA1 played a critical role in

preventing an excessive accumulation of active PINK1 by mito-

chondrial depolarization.

OMA1 is responsible for PINK1 degradation and Parkin
mislocalization caused by TIM23 downregulation
To examine whether PINK1 reduction caused by TIM23 downre-

gulation depended on OMA1, we simultaneously knocked down
Figure 4. OMA1 inactivation restored the deficiencies in PINK1 accum

(A and B) Cells transfected with each possible pair of siRNA for Luc, OMA1, and

SDS-PAGE (B), and analyzed by immunoblotting. Asterisk represents the phosp

(C and D) Cells expressing GFP-Parkin were treated as described in (A) and subje

three independent experiments. **p < 0.005 (ANOVA with Tukey’s post hoc test)

(E) Mitochondrial fractions were prepared from cells treated as described in (A)

immunoblotting.

(F and G) Digitonin-solubilized mitochondrial fractions prepared from control (WT

subjected to CN-PAGE (F) or Phos-tag SDS-PAGE (G), followed by immuno

phosphorylated forms of PINK1, respectively. Arrow denotes PINK1-3HA-contai

See also Figure S4.
TIM23 and OMA1. Without CCCP, a reduction in PINK1 levels

was still observed, even in TIM23/OMA1-DKD cells. In the pres-

ence of CCCP, PINK1 levels were clearly recovered by DKD of

TIM23 and OMA1, compared with TIM23 KD (Figure 4A). Anal-

ysis using Phos-tag SDS-PAGE revealed that PINK1 recovered

by TIM23/OMA1 DKD was robustly phosphorylated (Figure 4B,

asterisk), indicating that OMA1 inactivation leads to the

recovery of active PINK1 in response to depolarization. Similar

results were obtained using another OMA1-specific siRNA

(Figures S3E and S3F). Moreover, the deficiency in Parkin

recruitment caused by TIM23 downregulation was significantly

suppressed by additive inactivation of OMA1 (Figures 4C and

4D). Treatment with proteasome inhibitors did not enhance the

recovery of PINK1 levels induced by OMA1 inactivation

(Figures S3H and S3I), confirming the dispensability of protea-

somes. These findings indicated that OMA1 was responsible

for PINK1 degradation and Parkin mislocalization caused by

TIM23 downregulation.

We also investigated the effects of other mitochondrial prote-

ases on PINK1 degradation caused by TIM23 inactivation.

Downregulation of neither PARL nor YME1L influenced the

PINK1 decrease in TIM23-KD cells, regardless of CCCP

(Figures S3L and S3M). As expected, AFG3L2 inactivation in

TIM23-KD cells induced an increase in PINK1 levels upon

CCCP treatment (Figure S3J). Interestingly, PINK1 reduction

caused by TIM23 downregulation was also suppressed by addi-

tive inactivation of HTRA2 (Figure S3K), despite the fact that

inactivation of HTRA2 alone did not affect PINK1 accumulation

(Figure 3B). A similar result was observed using another

HTRA2-specific siRNA. The results suggest that HTRA2

does not usually contribute to PINK1 degradation but may

be enzymatically activated by the loss of TIM23. Overall,

AFG3L2 and HTRA2, in addition to OMA1, are directly and/or

indirectly involved in PINK1 degradation caused by TIM23

downregulation.

TIM23 plays a distinct role in PINK1 activation
independently of TOM7
Ablation of TOM7, a subunit of the TOM complex, leads to a

decrease in PINK1 levels that is suppressed by OMA1 inactiva-

tion (Figure S4A).24 To address the possibility that the decrease

in PINK1 levels by TIM23 downregulation was due primarily to a

loss of TOM7, we quantified TOM7 levels when TIM23 expres-

sion was repressed. In addition to immunoblot analysis, parallel

reaction monitoring (PRM), an MS/MS-based targeted quantifi-

cation method, was applied to measure TOM7 levels as it is

more suitable for quantifying a small and mostly hydrophobic
ulation and Parkin recruitment induced by TIM23 downregulation

TIM23 (#a) were treated with CCCP, subjected to SDS-PAGE (A) or Phos-tag

horylated form of PINK1 in TIM23/OMA1-DKD cells.

cted to analysis of GFP-Parkin localization. Data represent the mean ± SEM of

. Scale bar, 20 mm.

, digitonin-solubilized, and subjected to SDS-PAGE or CN-PAGE followed by

) and TOM7-KO cells transfected with siRNA for Luc (L) or OMA1 (OMA) were

blotting. Open and solid arrowheads indicate the phosphorylated and un-

ning protein complex.
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protein. PRM analysis showed that steady-state protein levels of

TOM7 remained mostly unchanged irrespective of TIM23 (Fig-

ure S3G). Furthermore, TIM23 levels were also unaltered even

upon TOM7 ablation (Figure S4A). These findings indicated

that TIM23 and TOM7 were separately required for PINK1 accu-

mulation on depolarized mitochondria.

PINK1 recovered by OMA1 inactivation in TIM23-KD cells

enabled Parkin to be recruited to depolarized mitochondria

(Figures 4C and 4D), whereas PINK1 restored by OMA1 inactiva-

tion in TOM7-KO cells fails to induce Parkin recruitment.24 To

further investigate functional differences in these PINK1 proteins

recovered by OMA1 inactivation, the formation of the PINK1

complex was analyzed by CN-PAGE. Mitochondrial fractions

prepared from cells expressing PINK1-3HA were utilized

because of the reduction in endogenous PINK1 levels caused

by downregulation of TIM23 or TOM7. As expected, assembly

of the PINK1 complex was observed upon TIM23 and OMA1

inactivation (Figure 4E), consistent with the phosphorylation sta-

tus of PINK1 in TIM23/OMA1-DKD cells (Figure 4B). On the other

hand, PINK1 prepared from TOM7-KO cells failed to form a pro-

tein complex regardless of OMA1 (Figure 4F). Consistently, anal-

ysis using Phos-tag SDS-PAGE showed that PINK1 remained

unphosphorylated in TOM7-KO cells irrespective of OMA1 (Fig-

ure 4G). Similar results were obtained by analysis of endogenous

PINK1 protein (Figures S4B and S4C). These results strongly

indicated that TIM23 had a distinct function in PINK1 activation

independent of TOM7 function.

OMA1 facilitates the degradation of pathogenic PINK1
mutants that fail to interact with TIM23
To investigate the pathophysiological aspects of the association

with TIM23, we searched for pathogenic PINK1 mutations that

disrupt or weaken the interaction with TIM23 by immunoprecipita-

tion of PINK1-3HA (Figure S5A). Among 24mutations in the PINK1

gene, three of the pathogenic variants (A78V, R98W, and L347P)

barely co-precipitated with TIM23, but they were significantly

associated with TOM40 (Figure 5A). Immunofluorescence anal-

ysis showed that three PINK1 mutants were normally transported

into depolarized mitochondria (Figure S5B). Localization of a

PINK1 (R98W) mutant in energized mitochondria was confirmed

because it is insensitive to PARL-proteolytic cleavage and eventu-

ally imported into the matrix of mitochondria with the Dcm.6,35

These observations suggest that impaired association of these

PINK1 mutants with TIM23 is not due to their mislocalization but

rather to the failure of a specific interaction with TIM23. These

PINK1 mutants exhibited lower expression even upon CCCP
Figure 5. Analysis of pathogenic PINK1 variants that fail to interact wi

(A) Cells transfected with expression plasmids carrying wild-type (WT) or the ind

precipitated with an anti-HA antibody, and subjected to immunoblot analysis. In

independent experiments. *p < 0.05, ***p < 0.0001 (ANOVA with Dunnett’s post

(B) Cells were treated as described in (A) and subjected to immunoblotting analy

(C) Cells expressing the indicated pathogenic variants of PINK1-3HA were tran

blotting.

(D and E) PINK1-KO cells were co-transfected with GFP-Parkin and the indicated

analysis of GFP-Parkin localization. Data represent the mean ± SEM of three ind

(F) Schematic model of TIM23 for safeguarding PINK1. See discussion for descr

See also Figure S5.
treatment (Figure 5B), andOMA1 inactivation induced an increase

in their protein levels (Figure 5C). Furthermore, OMA1 downregu-

lation significantly stimulated the mitochondrial localization of

GFP-Parkin inPINK1-KOcells expressing either of twoPINK1mu-

tants (A78V and R98W) (Figures 5D and 5E). PINK1(L347P)-

mutant-dependent recruitment of Parkin was not observed

because its recombinant mutant protein completely loses the ki-

nase activity.36 Taken together, OMA1 inactivation increased the

expression of PINK1 mutants that barely interacted with TIM23

and consequently stimulated themitochondrial localization of Par-

kin, suggesting that OMA1 facilitates selective degradation of

pathogenic PINK1 variants dissociated from TIM23.

DISCUSSION

PINK1 assembles together with the TOM complex into a protein

complex with a high molecular weight on native PAGE.8,9 Other

components of PINK1 complexes besides TOM complex sub-

units, however, have remained unidentified. Using LC-MS/MS

analyses and a NAMOS assay, we identified MIM protein

TIM23 as a member of the PINK1-containing protein complex.

Complex assembly of PINK1 with the TOM complex occurs in

the MOM.8,9 Interactions with TIM23 present in the MIM allow

the PINK1 complex to preferentially localize to a contact site be-

tween the outer and inner boundary membranes, which is sup-

ported by reports that PINK1 interacts with MIC60 and SAM50,

components of the mitochondrial intermembrane space-

bridging complex present at the contact site.30,37 Exogenously

overexpressed PINK1 is utilized in numerous studies because

of the low expression of endogenous PINK1, giving rise to con-

cerns about the indirect effects of excess amounts of PINK1.

In most of our experiments, we quantified endogenous PINK1

using monoclonal antibodies that specifically recognize the pro-

tein even without uncouplers and demonstrated that TIM23 facil-

itates the accumulation of PINK1 on the MOM in response to

mitochondrial depolarization. This finding is consistent with a

previous report that a lipopeptide produced by the fungi Strepto-

myces inhibits TIM23-mediated protein translocation and atten-

uates PINK1 accumulation upon treatment with the uncoupler.38

Furthermore, we discovered three pathogenic PINK1 mutations

(A78V, R98W, and L347P) that disrupt interactions between

PINK1 and TIM23. The L347P mutation is considered to indi-

rectly affect TIM23 association through conformational changes

because it is found in the cytosolic kinase domain. Two other

mutations (A78V and R98W) are mapped to a segment facing

the intermembrane space and transmembrane domain of
th TIM23

icated pathogenic variants of PINK1-3HA were treated with CCCP, immuno-

put, 3% of solubilized cell lysates. Data represent the mean ± SEM of three

hoc test).

sis.

sfected with siRNA for OMA1, treated with CCCP, and analyzed by immuno-

pathogenic variants of PINK1-3HA, treated with 7 mMCCCP, and subjected to

ependent experiments. **p < 0.005 (Student’s t test). Scale bar, 20 mm.

iption.
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PINK1, respectively. These regions carrying the mutations differ

from themitochondrial targeting sequence (MTS), and the PINK1

variants were normally translocated to depolarized mitochon-

dria, suggesting that the MTS of the PINK1 variants retains the

ability to interact with at least the TOM complex. Thus, the path-

ogenic mutations would not interfere with targeting to the mito-

chondria but rather with the subsequent association with

TIM23 in depolarized mitochondria.

Investigations of TIM23 function to date were performed only

using energized mitochondria, due to the requirement of the

Dcm for TIM23-mediated protein translocation.16–18 Our results

revealed TIM23-dependent PINK1 stabilization and OMA1-

mediated PINK1 degradation in depolarized mitochondria, sug-

gesting that TIM23 protects PINK1 from OMA1 activated by the

Dcm loss. OPA1, an MIM protein that facilitates fusion between

MIMs, is a well-characterized substrate for stress-induced pro-

cessing by OMA1 and is proteolytically cleaved to interrupt

membrane fusion during dissipation of the Dcm.39,40 Unlike

OPA1, PINK1 must be stabilized in depolarized mitochondria

where OMA1 is activated. Therefore, TIM23 would be present

in the PINK1 complex to sequester PINK1 from stress-activated

proteases including OMA1 (Figure 5F), despite not participating

directly in assembling the PINK1 complex. The pathogenic mu-

tations found in this study weakened the interactions between

PINK1 and TIM23. Consequently, OMA1-dependent degrada-

tion of the PINK1 mutants in depolarized mitochondria would

be accelerated (PD mutations in Figure 5F). Crystal structure an-

alyses suggest that autophosphorylation at Ser228 of human

PINK1 occurs in trans in a protein complex containing

two PINK1 molecules.41,42 Together with our finding that

TIM23 inactivation significantly delays the autophosphorylation

of PINK1, attenuation of PINK1 phosphorylation by TIM23 down-

regulation may result from misalignment in a vertical direction

between PINK1 molecules present in a protein complex

(DTIM23 in Figure 5F). Thus, in addition to safeguarding PINK1,

TIM23 may ensure the correct position for efficient trans

autophosphorylation.

OMA1 is an MIM protease that governs stress-induced degra-

dation of a variety of MIM proteins including OPA1, YME1L,

DELE1, and respiratory chain subunits.34,39,40,43–45 OMA1 also

controls PINK1 degradation upon TOM7 ablation.24 Combined

with our finding that a loss of TOM7 caused a failure of assembly

of the PINK1 complex, unassembled PINK1 appears to be a sub-

strate for degradation by OMA1. Furthermore, OMA1 inactiva-

tion stimulated PINK1 accumulation in depolarized mitochon-

dria, indicating that PINK1 is usually degraded by OMA1

irrespective of TOM7. Taken together, these findings suggest

that OMA1 prevents PINK1 from being hyperaccumulated by

the rapid removal of PINK1 disassociated from the protein com-

plex, and TIM23 might determine the maximum amount of the

PINK1 complex by protecting assembled PINK1.

In energized mitochondria, PINK1 targets the TOM complex,

reaches to the TIM23 complex, is cleaved by PARL, and is

then degraded by cytoplasmic proteasomes.6,7 In addition to

proteasomes, our results indicated that OMA1, in cooperation

with AFG3L2, promoted PINK1 degradation in energized mito-

chondria. In active mitochondria, a large number of mitochon-

drial precursors pass through the TIM23 complex, leading to a
12 Cell Reports 42, 112454, May 30, 2023
consecutive occupation of TIM23 by the precursors. Conse-

quently, PINK1 would be kept away from the TIM23 complex

and barely subjected to PARL cleavage. Thus, in the mitochon-

dria where translocation via the TIM23 complex consecutively

occurs, OMA1/AFG3L2, rather than PARL, may contribute to

the rapid removal of PINK1 and prevent unnecessary initiation

of mitochondrial elimination. The discovery of TIM23 in PINK1

protein complexes illuminates another aspect of the mitochon-

drial translocase and has begun to unveil its Dcm-independent

role in the activation of mitochondrial autophagy, providing a

clue to understanding the regulation of mitochondrial surveil-

lance through PINK1 proteostasis mediated by mitochondrial

proteases.

Limitations of the study
Our strategy of gene silencing using RNA interference tech-

niques for investigating the functions of TIM23, which is indis-

pensable for cell growth, may limit interpretations as a conse-

quence of indirect effects of the compromised translocase

activity. In addition to immunoprecipitation techniques, complex

purification and in vitro reconstitution would be necessary for

determining the stoichiometry of the PINK complexes and eluci-

dating the physiological interactions of PINK1 and TIM23.

Further studies will help to validate alternative roles of TIM23 in

mitochondrial surveillance.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PINK1 LSBio Cat#LS-C96472; RRID:AB_10559463

PINK1 Cell Signaling Technology Cat#6946; RRID:AB_11179069

TIM23 BD Biosciences Cat#611223; RRID:AB_398755

TIM23 Abgent Cat#AP14103b;RRID:AB_10892283

TIM22 Sigma-Aldrich Cat#T8954; RRID:AB_1858017

TIM17A Proteintech Cat#11189-1-AP; RRID:AB_2271661

TIM17A Ishihara and Mihara46 N/A

TIM17B Proteintech Cat#11062-1-AP; RRID:AB_2201995

TIM50 Proteintech Cat#22229-1-AP; RRID:AB_2879039

TIM44 Proteintech Cat#13859-1-AP; RRID:AB_2204679

TOM40 Proteintech Cat#18409-1-AP; RRID:AB_2303725

OMA1 Proteintech Cat#17116-1-AP; RRID:AB_2299053

AFG3L2 GeneTex Cat#GTX102036; RRID:AB_11171320

HTRA2 Proteintech Cat#15775-1-AP; RRID:AB_2122835

PARL Proteintech Cat#26679-1-AP; RRID:AB_2880599

YME1L Proteintech Cat#11510-1-AP; RRID:AB_2217459

MIC19 Sigma-Aldrich Cat#HPA042935; RRID:AB_10794538

TOM7 ABclonal Cat#A17711; RRID:AB_2772682

LETM1 Sigma-Aldrich Cat#HPA011029; RRID:AB_1852804

ATP5A1 Thermo Fisher Cat#43-9800; RRID:AB_2533548

HSPA9 Thermo Fisher Cat#MA3-028; RRID:AB_325474

Actin Wako Pure Chemicals Cat#013-24553

Tubulin Wako Pure Chemicals Cat#014-25041; RRID:AB_2650453

HA tag Wako Pure Chemicals Cat#014-21881

HA tag Roche Cat#11867423001; RRID:AB_390918

DYKDDDDK tag (FLAG tag) Cell Signaling Technology Cat#14793; RRID:AB_2572291

Parkin Santa Cruz Biotechnology Cat#sc-32282; RRID:AB_628104

Chemicals, Peptides, and Recombinant Proteins

CCCP Sigma-Aldrich Cat#C2759

MG132 Peptide Institutes Cat#3175-v

Bortezomib Selleck Chemicals Cat#S1013

TMRM Sigma-Aldrich Cat#115532508

MitoBright TL Deep Red Dojindo Cat#MT12

Lipofectamine 2000 Thermo Fisher Cat#11668019

FuGENE HD Promega Cat#E2312

PINK1: AFTSSVPLLPGALVDYPDVLPS[heavy]R This study N/A

PINK1: APGAPAFPLAI[heavy]K This study N/A

PINK1: LEEYLIGQSIG[heavy]K This study N/A

TIM23: YLVQDTDEFILPTGAN[heavy]K This study N/A

TIM23: ETQNMAWSKP[heavy]R This study N/A

TIM23: GAEDDLNTVAAGTMTGMLY[heavy]K This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

MS analysis of immunoprecipitated proteins from HeLa

cells expressing PINK1-3FLAG

This study Table S1; ProteomeXchange:

JPST002109

Absolute quantification peptide-based quantitative

MS analysis of PINK1-3HA and TIM23

This study Table S2; ProteomeXchange:

JPST002110

Experimental Models: Cell Lines

GFP-Parkin HeLa cell line Matsuda et al.23 N/A

YFP-Parkin HeLa cell line Narendra et al.47 N/A

PINK1-3FLAG HeLa cell line Koyano et al.11 N/A

PINK1-3HA HeLa cell line This study N/A

TOM7-KO HeLa cell line Sekine et al.24 N/A

PINK1-KO HeLa cell line Igarashi et al.48 N/A

Oligonucleotides

siRNA sequences This study Table S3

Recombinant DNA

pEF1-TIM23-3HA This study N/A

pEF1-PINK1-3HA Akabane et al.30 N/A

pEF1-PINK1(kinase dead)-3HA This study N/A

pCMVTNT-PINK1-3HA This study N/A

pCMVTNT-PINK1(A78V)-3HA This study N/A

pCMVTNT-PINK1(R98W)-3HA This study N/A

pCMVTNT-PINK1(L347P)-3HA This study N/A

pCMV(d1)TNT-PINK1-3HA Okatsu et al.10 N/A

pCMV(d1)TNT-PINK1(A78V)-3HA This study N/A

pCMV(d1)TNT-PINK1(R98W)-3HA This study N/A

pCMV(d1)TNT-PINK1(L347P)-3HA This study N/A

pEGFP-N1-PINK1-3HA-TEV This study N/A

p3xFLAG-CMV14-MIC19-3HA-TEV This study N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Toshihiko

Oka (toka@rikkyo.ac.jp).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
The proteomics data have been deposited at the ProteomeXchange Consortium via the jPOST partner repository and are publicly

available as of the date of publication. Accession numbers are listed in the key resources table. This paper does not report original

code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HeLa cell lines used in this study are summarized in this paper’s key resources table. All cell lines were maintained at 37�C in

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS) and 4.5 mg/mL glucose. For inhibition of

proteasome activities, cells were treated for 4 h with either 50 mM MG132 (Peptide Institutes) or 0.5 mM bortezomib (Selleck

Chemicals).
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Vital staining of mitochondria
For mitochondrial staining, cells were stained with either 50 nM TMRM (tetramethylrhodamine methyl ester; Sigma-Aldrich) or 1 mM

MitoBright TL Deep Red (Dojindo Inc) in the DMEM medium. Live fluorescent images of mitochondrial morphology were obtained

using a confocal laser-scanning microscope LSM800 (Carl Zeiss Inc.).

Analysis of Parkin intracellular localization
For mitochondrial depolarization, cells were treated with 7 or 10 mM CCCP (carbonyl cyanide m-chlorophenylhydrazone; Sigma-

Aldrich) and then subjected to immunoblot and microscopic analysis. Intracellular localization of GFP-Parkin was scored under a

fluorescence microscope without cell fixation. Data represent the mean ± SEM of three independent experiments; >100 individual

cells were counted. Statistical analyseswere performed by either one-tailed Student’s t test or one-way ANOVAwith Tukey’smultiple

comparisons test using GraphPad Prism software.

DNA and siRNA transfection
The plasmids and siRNA duplexes used in this study are summarized in key resources table. DNA transfection was performed using

FuGENE HD (Promega) according to the manufacturer’s instructions. After incubation for 48 h, the cells were harvested and used for

immunoblot analysis. All siRNA duplexes were transfected into cells using Lipofectamine 2000 (Thermo Fisher) according to theman-

ufacturer’s instructions. Cells were transfected twice with the same siRNA at a 48-h interval, incubated further for 48 h, and then sub-

jected to immunoblot analysis and GFP-Parkin recruitment analysis.

RNA preparation and quantitative PCR
Cells were transfected with the indicated siRNAs, and total RNAs were extracted from the cells with TRIzol reagent (Thermo Fisher),

according to the manufacturer’s instructions. cDNAs were synthesized from the total RNAs using a ReverTraAce qPCR RT Kit

(TOYOBO Life Science). Quantitative PCR was performed as described previously.48 Data represent the mean ± SEM of three inde-

pendent experiments. Statistical analyses were performed by one-way ANOVA with Dunnett’s multiple comparisons test using

BellCurve for Excel version 4.03 (Social Survey Research Information Co., Ltd).

Immunoblot
Immunoblotting was performed as described previously.49 For detection of PINK1 phosphorylation, proteins were electrophoresed

with acrylamide gels containing 25 mM Phos-tag acrylamide (Wako Pure Chemicals) and 50 mM MnCl2. Before transferring to poly-

vinylidene difluoride (PVDF) membranes (MerckMillipore), the gels were incubated for 10min with buffer (20%methanol, 25mMTris,

192 mM glycine, and 0.01% SDS) containing 1 mM EDTA, and then washed for 10 min with the same buffer without EDTA. After

immunoblotting, the PVDF membranes were incubated with the indicated antibodies, and proteins were detected within a linear

detection range using the Novex AP Chemiluminescent substrate (Thermo Fisher) by either ImageQuant 800 (Cytiva) or FUSION

Solo 6S EDGE (Vilber Bio Imaging). Antibodies used in this study are summarized in key resources table.

Clear native PAGE
Clear-native PAGE was performed as described previously.30 For the native antibody-based mobility shift (NAMOS) assay, the digi-

tonin-solubilized mitochondrial proteins were incubated at 4�Cwith the indicated antibody, and then subjected to electrophoresis on

4%–16% gradient gels (Thermo Fisher) in the running buffer (50 mM tricine [pH 7.0] and 7.5 mM imidazole) containing 0.05% sodium

cholate (Dojindo Laboratories) and 0.01% n-heptyl-b-D-thioglucoside (Dojindo Laboratories). After electrophoresis, proteins in the

gels were denatured at 60�C for 20 min with buffer (20 mM Tris-HCl [pH 6.8], 1% SDS, and 0.1 M b-mercaptoethanol), transferred

to PVDF membranes, and then subjected to immunoblot analysis.

Immunoprecipitation
Cells were harvested, washed with phosphate-buffered saline and solubilized at 4�C for 30 min in buffer A (20 mM Tris-HCl [pH 8.0],

100mMNaCl, and 10% glycerol) containing 1% digitonin. After removal of cell debris by centrifugation, the solubilized proteins were

subjected to immunoprecipitation using anti-HA beads (WakoPure Chemicals) at 4�C for 120min. The beadswerewashed twicewith

buffer A containing 0.25% digitonin, and then washed once with buffer A. The precipitates were subjected to immunoblot analysis.

Intensity of bands was quantified using the image analysis software ImageQuant TL version 8.2 (Cytiva). Data represent the mean ±

SEM of 3 independent experiments. Statistical significance was determined by one-way ANOVA with Dunnett’s multiple compari-

sons test using GraphPad Prism software.

For ATP depletion, mitochondrial fractions were incubated at 10�C for 20 min with 25 units/ml apyrase, and then solubilized

in buffer A containing 1% digitonin. After immunoprecipitating using anti-HA beads, the precipitates were analyzed by

SDS-PAGE and immunoblot. For digestion by TEV protease, mitochondrial fractions were prepared from cells expressing both

PINK1-3HA-TEV-GFP and MIC19-3HA-TEV-3FLAG, and incubated at 4�C for 60 min with TEV protease (333 units/ml) in buffer B
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(50 mM Tris-HCl [pH 8.0], 0.5 mM EDTA, 0.3 M Trehalose). After washing, mitochondrial fractions were solubilized, immunoprecip-

itated using anti-HA beads, and subjected to immunoblot analysis.

LC-MS/MS analysis
Control parental HeLa cells and HeLa cells stably expressing PINK1-3FLAG were treated with or without 10 mM CCCP for 3 h, incu-

bated with 0.1% paraformaldehyde for 10 min at room temperature, and then quenched with 100 mM glycine-NaOH (pH7.5) for

4 min. After washing twice with 20 mM HEPES-NaOH (pH7.4) and 137 mM NaCl, the cells were solubilized on ice for 10 min in

RIPA buffer (20 mM HEPES-NaOH [pH 7.5], 150 mM NaCl, 1mM MgCl2, 1 mM EGTA, 0.05% SDS, 0.25% sodium deoxycholate,

1%NP-40) supplemented with a protease inhibitor cocktail and 50 unit/ml Benzonase (MerckMillipore), and then subjected to centri-

fugation (20,0003 g) at 4�C for 15 min. The resultant supernatants were incubated at 4�C for 1 h with anti-FLAGM2Magnetic Beads

(Sigma-Aldrich). The beads were washed 4 times with RIPA buffer and then twice with 50 mM ammonium bicarbonate. Proteins on

the beads were digested by adding 200 ng trypsin/Lys-C mix (Promega) at 37�C overnight. The digests were reduced, alkylated,

acidified, and desalted with GL-Tip SDB (GL Sciences). The eluates were evaporated and dissolved in 0.1% trifluoroacetic acid

and 3% acetonitrile. LC-MS/MS analysis of the resultant peptides was performed on an EASY-nLC 1200 UHPLC connected to a

Q Exactive Plus mass spectrometer through a nanoelectrospray ion source (Thermo Fisher). The peptides were separated on

a 75-mm inner diameter x 150 mm C18 reversed-phase column (Nikkyo Technos) with a linear 4%–32% acetonitrile gradient for

0–150 min followed by an increase to 80% acetonitrile for 15 min and finally held at 80% acetonitrile for 15 min. The mass spectrom-

eter was operated in data-dependent acquisition mode with the top 10 MS/MS method. MS1 spectra were measured at a resolution

of 70,000, an automatic gain control target of 1e6, and a mass range from 350 to 1500 m/z. HCDMS/MS spectra were triggered at a

resolution of 17,500, an automatic gain control target of 5e4, an isolation window of 2.0m/z, amaximum injection time of 60ms, and a

normalized collision energy of 27. Dynamic exclusion was set to 10 s. Raw data were directly analyzed against the SwissProt data-

base restricted to Homo sapiens using Proteome Discoverer 2.4 (Thermo Fisher) with the Sequest HT search engine. The search pa-

rameters were as follows: (a) trypsin as an enzyme with up to 2 missed cleavages; (b) precursor mass tolerance of 10 ppm;

(c) fragment mass tolerance of 0.02 Da; (d) carbamidomethylation of cysteine as a fixed modification; and (e) acetylation of protein

N-terminus and oxidation of methionine as variable modifications. Peptides and proteins were filtered at a false discovery rate (FDR)

of 1% using the Percolator node and Protein FDR Validator node, respectively. Label-free quantification was performed based on

intensities of precursor ions using the Precursor Ions Quantifier node. Normalization was performed such that the total sum of abun-

dance values for each sample over all peptides was the same.

To quantify TIM23 and PINK1-3HA in the immunoprecipitates, control or PINK1-3HA-expressing HeLa cells were treated with

CCCP and subjected to immunoprecipitation with anti-HA antibody bound to magnetic beads. After spiking with 200 fmol stable

isotope-labeled AQUA peptides (Cosmo Bio Co Ltd) as standards, proteins on the beads were digested with 400 ng trypsin/LysC

mixture at 37�Covernight. The digests were reduced, alkylated, acidified, desalted, evaporated, and dissolved in 0.1% trifluoroacetic

acid and 3% acetonitrile. The absolute amounts of tryptic peptides derived from TIM23 and PINK1-3HA were measured by PRM.

Targeted MS/MS scans were acquired by a time-scheduled inclusion list at a resolution of 70,000, an AGC target of 2e5, an isolation

window of 2.0 m/z, amaximum injection time of 300ms, and a normalized collision energy of 27. Time alignment and quantification of

the transitions of three biological replicates were performed using Skyline software.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Statistical analyses were performed using three biological replicates with either GraphPad Prism software or BellCurve for Excel. The

data represent the mean ± SEM. Statistical significance was analyzed by one-way ANOVA with either Tukey’s multiple comparisons

test or Dunnett’s multiple comparisons test. For comparison between two groups, data were analyzed with one-tailed Student’s t

test. p values (<0.05) were considered significant.
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