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Choline dehydrogenase interacts with SQSTM1/
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CHDH (choline dehydrogenase) is an enzyme catalyzing the dehydrogenation of choline to betaine aldehyde in
mitochondria. Apart from this well-known activity, we report here a pivotal role of CHDH in mitophagy. Knockdown of
CHDH expression impairs CCCP-induced mitophagy and PARK2/parkin-mediated clearance of mitochondria in
mammalian cells, including Hela cells and SN4741 dopaminergic neuronal cells. Conversely, overexpression of CHDH
accelerates PARK2-mediated mitophagy. CHDH is found on both the outer and inner membranes of mitochondria in
resting cells. Interestingly, upon induction of mitophagy, CHDH accumulates on the outer membrane in a mitochondrial
potential-dependent manner. We found that CHDH is not a substrate of PARK2 but interacts with SQSTM1
independently of PARK2 to recruit SQSTM1 into depolarized mitochondria. The FB1 domain of CHDH is exposed to the
cytosol and is required for the interaction with SQSTM1, and overexpression of the FB1 domain only in cytosol reduces
CCCP-induced mitochondrial degradation via competitive interaction with SQSTM1. In addition, CHDH, but not the
CHDH FB1 deletion mutant, forms a ternary protein complex with SQSTM1 and MAP1LC3 (LC3), leading to loading of
LC3 onto the damaged mitochondria via SQSTM1. Further, CHDH is crucial to the mitophagy induced by MPP+ in
SN4741 cells. Overall, our results suggest that CHDH is required for PARK2-mediated mitophagy for the recruitment of

SQSTM1 and LC3 onto the mitochondria for cargo recognition.

Introduction

CHDH is an enzyme catalyzing the dehydrogenation of
choline to betaine aldehyde in the mitochondria." Betaine
aldehyde is subsequently converted to betaine, an important
methyl donor for the synthesis of methionine from homocyste-
ine.>” CHDH has been highlighted by Ma et al., who report
that CHDH is overexpressed in patients with a favorable out-
come associated with tamoxifen monotherapy in a cohort of
early-stage estrogen receptor-positive breast cancer paltients.4
In addition, a population-based study shows that CHDH
expression correlates with ESR (estrogen receptor) and HER2
status and is regulated by estrogen in an ESR-dependent man-
ner.” A recent study demonstrates that CHDH plays a pivotal
role in mitochondrial function in several tissues, with the most
striking effects in sperm of chdh™'~ mice.® Several single
nucleotide polymorphisms (SNPs) of CHDH are common in
humans. Between 38% and 42% of the population is carrying
one allele of the rs12676 SNP and they show liver and muscle
dysfunction when fed a choline-deficient diet.””® Moreover,
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this SNP affects the motility and mitochondrial morphology
of human sperm.’

Mitochondrial quality control is performed within certain
steps along with the level of damage.'® Cells must eliminate
mitochondria when they fail to repair their components using
proteolytic systems or ROS regulation. Autophagic machineries
are employed in this type of organellar-level mitochondrial degra-
dation, termed ‘mitophagy,” which is critical for the maintenance
of cellular homeostasis and survival."' Autophagy is responsible
for the initial flux of mitophagy, and the 2 processes share the
same pathway, including ULKI, ATG13,'*3 MAPI1LC3B/
LC3B (refer to LC3 hereafter), and BECN1/Beclin1'* with a
controversy in case of BECN1." Inhibition of MTORCI is also
required for autophagy and mitophagy.'® However, it remains
unclear which critical factor targets autophagic machineries to
the mitochondria. In recent years, PINK1/PARK6 (PTEN-
induced putative kinase 1) and PARK2/parkin (parkin RBR E3
ubiquitin protein ligase) have emerged as a pivotal paradigm of
mitophagic process. These genes are mutated in autosomal reces-

sive Parkinson disease (PD)'”"'® and contribute to regulation of
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mitochondrial integrity, including mitophagy.14 PINKI1 has a
short half-life and is rapidly degraded under steady-state condi-
tions by proteases located in the inner membrane (IM) of mito-
chondria. However, once the mitochondrial membrane potential
has dissipated, it becomes stable and recruits PARK2.'”* The
ubiquitin-ligase activity of PARK2 is then activated®' and pro-
motes ubiquitination of mitochondrial proteins, driving mitoph-
agy. Although the mechanism of mitophagy has been intensively
studied,??>%* the mitophagy-specific factors remain unclear.

In this study, we assess the role of CHDH in PARK2-medi-
ated mitophagy. Beyond its well-known role in betaine produc-
tion, we demonstrate that CHDH is required for mitophagy in
which CHDH interacts with SQSTM1, a mitophagic adaptor
molecule, and subsequently facilitates the recruitment of LC3
into the mitochondria.

Results

CHDH is required for PARK2-mediated mitophagy

First, we examined the necessity of CHDH for mitophagy
induced by carbonyl cyanide m-chlorophenylhydrazone (CCCP),
a mitochondrial uncoupler that triggers mitochondrial depolariza-
tion and mitophagy.*” By using CHDH shRNA, we generated sta-
ble HeLa cells that showed reduced expression of CHDH (HeLa-
shCHDH cells) (Fig. 1B, upper). As has been previously
reported,”® immunofluorescence analysis revealed that CCCP
treatment induced the degradation of TOMM20-positive mito-
chondria in the presence of PARK2 in control Hela cells
(Fig. 1A, left), which contain no endogenous PARK2. However,
knockdown of CHDH expression impeded the degradation of
mitochondria (Fig. 1A, right). Mitochondrial degradation did
not occur in the absence of PARK2, consistent with the previous
report.'"*” When flow cytometry analysis was employed to mea-
sure the total fluorescence intensity of Mito-RFP, the results of
CCCP exposure showed that clearance of Mito-RFP-positive
mitochondria was also retarded in HeLa-shCHDH cells (Fig. 1C).
Similarly, quantification of the degradation of mitochondrial
DNA and proteins revealed that quantities of M7-CYB/cytochrome
b DNA and mitochondrial proteins, such as SOD2/MnSOD and
TOMM?20, were less reduced in HeLa-shCHDH cells than in con-
trol cells during mitophagy (Fig. 1D and E). These results indi-
cate that CHDH is required for the proper functioning of
PARK2-mediated mitophagy in HeLa cells.

Given that PARK2-mediated mitophagy is related to PD, we
also examined the role of CHDH in mitophagy of SN4741 neu-
ronal cells, a clonal substantia nigra dopaminergic neuronal
murine cell line which expresses PARK2.%® Using western blot
analysis, we confirmed the expression of PARK2 in SN4741 cells
(data not shown). Exposure of SN4741 cells to CCCP resulted
in clearance of Mito-RFP-positive mitochondria (Fig. 1F and
G). On the contrary, knockdown of CHDH expression signifi-
cantly impaired the clearance of Mito-RFP-positive mitochon-
dria in SN4741 cells (Fig. 1F and G), suggesting that CHDH is
required for PARK2-mediated mitophagy not only in HeLa cells
but also in SN4741 dopaminergic neuronal cells.
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We also examined the effect of CHDH overexpression on
mitophagy. When Hela cells expressing PARK2 were
exposed to CCCP, colocalization of GFP-LC3 and Mito-RFP
was enhanced by CHDH overexpression (Fig. 2A). Interest-
ingly, CHDH overexpression followed by CCCP treatment
also increased the colocalization of mitochondria and LC3.
When we analyzed mitochondrial DNA and protein quanti-
ties following CCCP treatment, we found that clearance of
MT-CYB DNA and mitochondrial COX4I1/COX-IV protein
was accelerated by CHDH overexpression (Fig. 2B and C).
Consistent with this result, the fluorescence intensity of
Mito-GFP was rapidly dissipated by CHDH overexpression
in HEK293T cells during mitophagy, which is almost equiva-
lent to that by PINK1 overexpression (Fig. 2D). These results
indicate that CHDH overexpression enhances CCCP-induced
clearance of mitochondria. However, expression level of
CHDH did not affect the stability of PINKI1 protein,
although CCCP treatment stabilized PINK1 in mitochondria
as previously reported (Fig. SIA and S1B).*>° In addition,
PINKI1 knockdown attenuated CCCP-induced mitophagy in
both control cells and cells overexpressing CHDH. However,
the overexpression of CHDH still enhanced mitophagy in
PINK1 knockdown cells (Fig. S1C).

Mitophagic activity of CHDH is independent of enzyme
activity

We next examined whether this mitophagic activity of
CHDH is related to its enzymatic activity that converts cho-
line to betaine aldehyde. We constructed a series of CHDH
deletion mutants based on bioinformatic analysis (materials
and methods). CHDH appears to have a mitochondria-tar-
geting sequence at its N-terminus (residues 1 to 38) and 3
functional domains, named FAD/NAD(P)-binding domain 1
(FB1, residues 39 to 326), FAD-linked reductase domain
(RD, residues 333 to 515) and FAD/NAD(P)-binding
domain 2 (FB2, residues 511 to 574) (Fig. 2E). Expression
of these constructs was confirmed by western blot analysis
(Fig. S2A). Overexpression of the CHDH-RDA or CHDH-
FB2A mutants induced colocalization of GFP-LC3 with
Mito-RFP as effectively as wild-type CHDH, but the
CHDH-FB1A mutant failed to do so (Fig. S2B; Fig. 2F),
indicating that the FB1 domain of CHDH is critical for its
mitophagy-stimulating activity. However, enzyme activity
assays using these mutants illustrated that all of these CHDH
mutants exhibited impaired activity of the enzyme that gener-
ates betaine aldehyde; the FB1 and FB2 domains were crucial
for this activity, as was the RD domain, which was less
important but still required (Fig. 2G). Further, when we
tested the mitophagic activity of betaine, the product of
CHDH and betaine aldehyde dehydrogenase, which is
involved in many biochemical pathways,”’ we discovered that
betaine did not affect the colocalization of LC3 with mito-
chondria (Fig. S3). Overall, it appears that the mitophagy-
stimulating function of CHDH is independent of its well-
known enzymatic activity and enzymatic product.
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Figure 1. CHDH is required for CCCP-induced and PARK2-mediated mitophagy. (A and B) Hela-Control (Ctrl) and HelLa-CHDH knockdown (Hela-
shCHDH) stable cells were transfected with FLAG-Ctrl or FLAG-PARK2 and then exposed to DMSO or 10 M CCCP for 24 h. After staining with TOMM20
antibody and Hoechst 33258 dye, cells were examined under a confocal microscope. Scale bar: 10 wm (A). Expression of CHDH in HelLa-Ctrl and Hela-
shCHDH cells was assessed using western blot analysis (B, upper). The signal intensity of TOMM20 in HeLa-Ctrl and HeLa-shCHDH cells (n > 50) exposed
to CCCP and expressing PARK2 in (A) were quantified using the ImageJ program and are represented as bars with the mean + SD, *P < 0.05 (B, lower).
(€) HeLa-Ctrl and HeLa-shCHDH cells were transfected with PARK2 and Mito-RFP and treated with DMSO or 10 wM CCCP. After 24 h, cells were fixed and
subjected to flow cytometry analysis, as described in Materials and Methods. (D and E) HelLa-Ctrl and HelLa-shCHDH cells were transfected with PARK2
and then left untreated or exposed to 10 wM CCCP for 24 h. Mitochondrial DNA and proteins were extracted and subjected to PCR analysis using syn-
thetic primers for cytochrome b (MT-CYB) and ACTB (D), and western blot analysis using SOD2 and TOMM20 antibodies (E), respectively. (F and G)
SN4741 cells were transiently transfected with Mito-RFP and either pSuper (Ctrl) or CHDH shRNA and then exposed to DMSO or 20 wM CCCP. After 24 h,
cells were stained with Hoechst 33258 dye and examined under a confocal microscope. Scale bar: 10 wm (F). The signal intensities of Mito-RFP in CCCP-
treated control and CHDH knockdown cells were quantified as in (B) and are represented as% of cells (n > 50) with cleared mitochondria. Bars represent
the mean £ SD, *P < 0.001 (G). TUBA, tubulin, c.
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Figure 2. Overexpression of CHDH accelerates mitochondrial clearance independent of its enzymatic activity. (A) HeLa-Ctrl and HelLa-CHDH cells were
cotransfected with GFP-LC3, Mito-RFP and either GFP control vector (Ctrl) or PARK2 and then incubated with 10 wM CCCP. After 2 h, cells were analyzed
under a confocal microscope; the colocalization coefficient (%) of GFP-LC3 and Mito-RFP is shown with bars representing the mean + SD, *P < 0.001.
(B and C) HeLa-Ctrl and HeLa-CHDH cells were left untreated or exposed to 10 wM CCCP for 30 h (B) or for the indicated times (C). Mitochondrial DNA
(MT-CYB) and proteins (CHDH, COX4l1) were extracted and analyzed by PCR (B) and western blotting (C), respectively. (D) HEK293T cells were cotrans-
fected with Mito-GFP and pcDNA (Ctrl), CHDH + PARK2 or PINK1 + PARK2. Following treatment with DMSO or 100 wM CCCP for 2 h, the fluorescence of
cells was measured, as described in Materials and Methods. The signal of Mito-GFP in control extracts is fixed as 100 and the relative ratio to the control
is indicated as the mean =+ SD, *P < 0.05. (E) Schematic of CHDH full-length (FL) and deletion mutants (FB1A, RDA, and FB2A). (F) The colocalization coef-
ficient (%) of GFP-LC3 and Mito-RFP in the presence of CHDH-FL or deletion mutants was analyzed in the transfected cells under a confocal microscope
and is represented as a bar graph with the mean =+ SD. Cells were treated with 10 wM CCCP for 4 h. *P < 0.001. (G) HEK293T cells were transfected with
CHDH or a series of deletion mutants and then subjected to LC-MS for measurement of enzyme activities, as described in Materials and Methods.
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CHDH accumulates on the outer membrane following
mitochondrial damage

We next investigated the subcellular location of CHDH. Con-
sistent with the previous reports,Sz’33 we found that CHDH was
present in mitochondria (Fig. S4A). We further assessed the sub-
mitochondrial location of CHDH using a submitochondrial frac-
tionation assay (Fig. 3A). CHDH and the outer membrane

(OM)-located TOMM20 were detected in the OM fraction, as
well as in the IM fraction, in which COX4I1 was also located
(Fig. 3A). However, CHDH was not detected in the cytosol and
matrix fractions. To confirm this result, we purified mitochon-
dria from HelLa and HEK293T cells and performed a proteinase
K (PK) degradation assay. Incubation of the purified mitochon-
dria with the increased concentrations of PK resulted in gradual
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Figure 3. CHDH resides on the IM and OM of mitochondria and is enriched in the OM following CCCP treatment. (A) HEK293T cells were subjected to
submitochondrial fractionation analysis, as described in Materials and Methods, and the fractions were verified using western blot analysis using the indi-
cated antibodies. (B) Mitochondria isolated from HelLa and HEK293T cells were treated with the increasing concentrations (0.25, 0.5, 0.75, 1, and 2 g/
mL) of proteinase K, and the reaction products were analyzed with western blotting. (C-E) Following treatment of HEK293T cells with 0.1 wM CCCP for
30 min, mitochondria were purified and treated with Proteinase K (1 pwg/mL), and the reaction products were analyzed using western blotting (C).
HEK293T cells were pretreated with cycloheximide (CHX, 20 pg/mL) for 3 h and then exposed to 0.1 .M CCCP for 30 min, followed by submitochondrial
fractionation and western blot analysis (D). The normalized relative ratio of CHDH signals detected in the OM and IM fractions on the blots in the (D) con-
trol group was determined by densitometric analysis using the ImageJ program (E). (F) HeLa cells were left untreated (Ctrl) or transfected with HA-CHDH-
MYC-HIS. After permeabilization with 0.001% digitonin or 0.05% Triton X-100, cells were coimmunostained with TOMM20 (mouse/red) and SOD2 (rabbit/
green) antibodies to confirm partial permeabilization (Ctrl) or with HA (mouse/red) and HIS (rabbit/green) antibodies (HA-CHDH-MYC-HIS) and then visu-
alized under a confocal microscope. TUBA, tubulin, a.. Scale bar: 10 um
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degradation of CHDH and TOMM?20, but it did not affect the
levels of SOD2 in the matrix or IM-localized COX4I1 (Fig. 3B).
Whereas the previous study proposed that CHDH is located on
the IM of mitochondria, these results indicate that CHDH is
present on both the OM and IM of mitochondria. According to
the western blot analysis showing that CHDH was retained in
the membrane-associated fractions after the treatment with high
salt (Fig. S4B), we believe that CHDH is present as a transmem-
brane protein in the mitochondria.

Next, we compared the quantity of CHDH on the OM and
IM of mitochondria following CCCP treatment. Instead of using
the conventional concentration (10 to 20 pM) of CCCP, which
induces mitochondrial membrane potential dissipation but may
interfere with membrane integrity and thus result in marker pro-
tein contamination in PK and fractionation assays, we used a
lower concentration of CCCP that would induce mild mitochon-
drial depolarization but not affect membrane integrity during the
assays. To determine the required concentration, we assessed dif-
ferent concentrations of CCCP, ranging from 0.01 to 10 M of
CCCP, in pilot experiments and found that 0.1 uM CCCP was
sufficient to induce significant depolarization of the mitochon-
drial membrane (Fig. $4C). Using this concentration of CCCP,
we found that in mitochondria isolated from CCCP-treated cells,
CHDH was more sensitive to degradation by PK than it was in
mitochondria isolated from untreated control cells (Fig. 3C).
We thus hypothesized that CHDH accumulates on the OM of
mitochondria following the loss of the mitochondrial membrane
potential. A subsequent fractionation assay also showed that
CCCP treatment induced the accumulation of CHDH in the
OM fraction, with a concomitant reduction of CHDH in the
IM fraction (Fig. 3D and E). We also performed an assay using
cycloheximide to block protein translation, which showed that
CHDH accumulated on the OM of mitochondria in the pres-
ence of cycloheximide (Fig. 3D), indicating that the accumula-
tion of CHDH on the OM of mitochondria does not result from
de novo protein synthesis.

When we assessed the topology of CHDH in the mitochon-
drial membrane, a PK assay following the expression of N-termi-
nal-tagged CHDH (HA-CHDH) revealed that the N terminus
of CHDH may be exposed to the cytosol in control cells
(Fig. $4D). We confirmed this result with immunocytochemical
analysis. In a control analysis, an immunofluorescence assay fol-
lowing differential permeabilization of cells revealed that the
immunofluorescent signal of TOMM20, but not SOD2, was
detectable by mild permeabilization using 0.001% digitonin. In
contrast, immunofluorescence of both TOMM20 and SOD2
were observed after permeabilization with 0.05% Triton X-100,
which permeabilizes both the plasma membrane and the mito-
chondrial membrane (Fig. 3F, upper). Identical experiments
were then performed following the expression of dual-tagged
HA-CHDH-MYC-HIS containing HA at the N terminus and
MYC-HIS at the C terminus. In contrast to the N-terminal HA,
immunofluorescence of the C-terminal HIS was not observed
after permeabilization with 0.001% digitonin but observed with
Triton X-100 (Fig. 3F, lower). These results suggest that the N
terminus of OM-located CHDH is exposed to the cytosolic side,
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whereas the C terminus is located inside mitochondria in both
control and CCCP-treated cells. Further, western blot analysis
using CHDH antibody recognizing the C terminus revealed that
approximately 45-kDa cleavage product of CHDH appeared in a
PK assay of purified mitochondria and its amount was increased
by CCCP treatment in SH-SY5Y cells (Fig. S4E). Thus, approxi-
mately a 20-kDa N-terminal region of CHDH is exposed to the
cytosol.

To further assess the mechanism by which CHDH translo-
cates across the mitochondrial membranes, we hypothesized that
the mitochondrial OM~IM contact site was a candidate site for
the CHDH path. Because the VDAC]1-adenine nucleotide trans-
locator (ANT) complex is one of the contact sites,”* we tested
whether VDACI functions as a path for CHDH during mitoph-
agy. Interestingly, we found that CHDH interacted with
VDACI following CCCP treatment (Fig. S5A). Moreover, com-
pared with controls, overexpression of VDACI increased PK-
sensitive cleavage of CHDH during mitophagy (Fig. S5B), indi-
cating that the accumulation of CHDH on the OM is enhanced
by VDACI. Thus, the VDACI-ANT complex may function to
regulate the accumulation of CHDH in the OM of mitochondria
during mitophagy. On the other hand, this accumulation was not
affected by the overexpression of PLSCR3 (phospholipid scram-
blase 3) (Fig. S5C), which plays a role in the externalization of
cardiolipin to the OM of mitochondria during mitophagy.*
Also, total amount of CHDH protein was not changed during
mitophagy or by PINK1 knockdown (Fig. S5D).

CHDH interacts with SQSTM1 independently of PARK2
during mitophagy

Because knockdown of CHDH expression resulted in reduced
colocalization of LC3 with mitochondria (Fig. $3), we hypothe-
sized that CHDH may affect the cargo recognition step in
mitophagy via SQSTM1, an important adaptor that connects
damaged cargo to LC3.>**” Using immunoprecipitation analy-
sis, we observed that CHDH interacted with SQSTM1 in the
transfected cells (Fig. 4A). Interestingly, this interaction remark-
ably increased in cells following CCCP treatment. Similarly,
endogenous CHDH bound to SQSTM1 in SH-SY5Y neuronal
cells and this interaction also increased following exposure to
CCCP; the interaction reached a maximum level at 30 min and
remained high up to 240 min (Fig. 4B). However, CHDH did
not interact with other mitochondrial proteins, such as
TOMM20 and COX4I1. We confirmed the endogenous interac-
tion using a reciprocal immunoprecipitation assay (Fig. 4C).

We then addressed whether this interaction was dependent on
PARK?2 in HeLa cells. Although PARK2 expression is absent in
Hela cells, a basal level of the interaction between CHDH and
SQSTM1 was also detected in HelLa cells, and this interaction
increased following CCCP treatment (Fig. S6A). However, the
interaction was impaired in HeLa-shCHDH cells compared with
control HeLa cells. Moreover, the overexpression of PARK2 in
HeLa cells did not affect the interaction (Fig. 4D), indicating
that the binding of CHDH to SQSTMI is independent of
PARK2. Further, when we examined PARK2-mediated ubiquiti-
nation of mitochondrial proteins during mitophagy, we observed
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the ubiquitination of VDACI, a substrate of PARK2,%° but not
of CHDH (Fig. 4E), indicating that CHDH is not a substrate of
PARK2.

Next, we determined the domains responsible for the interac-
tion between CHDH and SQSTMI1 using deletion mutants
(Fig. 2E; Fig. 4F). The results of an immunoprecipitation assay
showed that, unlike full-length SQSTMI1, a SQSTMI1-PBIA
mutant lacking the PB1 domain, which is responsible for its
interaction with certain aggregate-prone mutant proteins,’q’g’39
failed to interact with CHDH in HEK293T cells (Fig. 4G and
H). We also determined the binding region of CHDH and
observed that the CHDH-FB1A mutant lacking an FB1 domain
did not interact with SQSTM1 (Fig. 41). These results suggest
that the PB1 domain of SQSTMI and the FB1 domain of
CHDH are required for their interaction. We confirmed these
results using a colocalization assay under a confocal microscope.
Unlike wild-type CHDH, mutant CHDH-FB1A did not coloc-
alize with SQSTM1 in cells before or after CCCP treatment
(Fig. S6B). Expression of CHDH or CHDH-FBIA did not
affect the function of PARK2, as examined by VDACI ubiquiti-
nation (Fig. S6C). SNPs of CHDH, especially rs12676 (G233T;
R78L), which is located in the FB1 domain, are known to be
responsible for mitochondrial function and morphology in mice
and humans, especially in sperm.®’ When this SNP was exam-
ined for its ability to interact with SQSTM1, there was no signifi-
cant difference between CHDH wild-type and rs12676 (Fig.
S6D).

The interaction of CHDH with SQSTM1 brings LC3 to
damaged mitochondria for cargo recognition during mitophagy

To investigate the functional significance of the interaction
between CHDH and SQSTM1 during mitophagy, we examined
knockdown effects of CHDH expression on SQSTM1 recruit-
ment into impaired mitochondria. Compared with HeLa control
cells, colocalization between Mito-RFP and SQSTM1 was abro-
gated in HelLa-CHDH knockdown cells during mitophagy
(Fig. 5A and B). In addition, a mitochondrial fractionation assay
illustrated that SQSTM1 was dramatically recruited into the
mitochondrial fraction as early as 15 min after CCCP treatment
in SH-SY5Y cells and resided in mitochondria for up to 60 min
(Fig. 5C). Strikingly, this recruitment was much reduced in SH-

SY5Y-CHDH knockdown cells. However, CHDH did not affect
the recruitment of PARK2 into mitochondria. To further investi-
gate the recruitment of SQSTM1 to damaged mitochondria, we
performed a fractionation assay. Compared with untreated con-
trol cells, CCCP treatment increased the quantity of mitochon-
drial  fraction-localized SQSTM1 in HEK293T cells
overexpressing CHDH, but not in cells expressing the SQSTM1
binding-defective CHDH-FBIA mutant (Fig. 5D). We also
found that the degradation of mitochondrial proteins during
mitophagy was partially but significantly impaired by SQSTM1
knockdown in HEK293T cells (Fig. SGE). These observations
suggest that CHDH is required for the recruitment of SQSTM1
into damaged mitochondria for degradation.

Further, confocal imaging analysis revealed that the colocaliza-
tion of GFP-LC3 and Mito-RFP was decreased by 2-fold in
Hela-shCHDH cells compared with Hela control cells
(Fig. 6A). This reduction in the colocalization was also observed
in Hela control cells lacking PARK2 (Fig. 6A, lanes 2 and 6). It
thus appears that CHDH recruits LC3 independently of
PARK2, as was observed in the SQSTM1-binding pattern of
CHDH. Given that SQSTM1 directly links damaged and ubiq-
uitinated mitochondria to LC3,%® we examined protein complex
formation among CHDH, SQSTM1, and LC3. The results of
an immunoprecipitation assay showed that CHDH, but not
CHDH-FBIA, formed a protein complex with SQSTM1 and
LC3 in Hela cells following CCCP treatment (Fig. 6B). Under
identical conditions, knockout of SQSTM1 expression prevented
formation of the ternary protein complex containing LC3 and
CHDH (Fig. 6C). Because an LC3-containing autophagosome
fused with a lysosome is destined for degradation, we then exam-
ined the relative effects of CHDH and CHDH-FBIA on
PARK2-dependent degradation of mitochondria. Immunofluo-
rescence analysis revealed that CHDH-FBIA was less effective
than CHDH to clear TOMM?20-positive mitochondria follow-
ing CCCP treatment (40.8% vs. 60.5%) (Fig. 6D). These results
suggest that CHDH binds to SQSTM1 to bring LC3 to the
damaged mitochondria for the degradation of mitochondria and
is indispensable for PARK2-mediated mitophagy at the cargo-
recognition step.

Based on the domain-mapping results for CHDH, we
asked whether the CHDH FB1 domain is sufficient for LC3
recruitment into mitochondria. We generated a TOMM20-

Figure 4 (See previous page). CHDH binds to SQSTM1, which requires the CHDH FB1 and SQSTM1 PB1 domains. (A) HEK293T cells were transfected
with pcDNA (Ctrl) or HA-CHDH and then left untreated or treated with 10 wM CCCP for 30 min. Cell extracts were prepared and subjected to immuno-
precipitation (IP) analysis using a CHDH antibody. The immunoprecipitates and whole cell lysates (WCL) were analyzed by western blotting. (B and C)
SH-SY5Y cells were treated with 20 wM CCCP for the indicated times (B) or for 30 min (C). Cell extracts were subjected to immunoprecipitation (IP) analy-
sis using preimmune normal (Nor) and CHDH antibody (B) or SQSTM1 antibody (C). TOMM20, COX4I1, and SOD2 were used as negative controls in west-
ern blotting (B). (D) HelLa-Ctrl and HelLa-shCHDH cells were transfected with FLAG-Ctrl or FLAG-PARK2 and then left untreated or exposed to 20 uM
CCCP for 30 min. Cell extracts were subjected to immunoprecipitation (IP) analysis using a CHDH antibody. The asterisk indicates a heavy chain that is
weakly bound across species. (E) Hela cells were transfected with HA-VDAC1, CHDH and either control vector or PARK2 as indicated, and then treated
with 10 wM CCCP for 3 h in the presence or absence of 5 WM MG132 or 20 nM bafilomycin A, (Baf). (F) A schematic representation of SQSTM1 full-length
(FL) and the PB1-deletion mutant (PB1A). (G and H) HEK293T cells were transfected with SQSTM1-FL-MYC-HIS or SQSTM1-PB1A-MYC-HIS and then
treated with 20 wM CCCP for 30 min, after which cell lysates were subjected to immunoprecipitation (IP) analysis using CHDH antibody (G, upper) or
MYC antibody (H, upper). The immunoprecipitates and whole cell lysates (WCL) were analyzed by western blotting (lower). (I) HEK293T cells were trans-
fected with CHDH-MYC and its deletion mutants and then treated with 10 wM CCCP for 30 min, after which cell lysates were subjected to IP analysis
using a MYC antibody.
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Figure 5. CHDH recruits SQSTM1 onto mitochondria during mitophagy. (A and B) HelLa-Ctrl and HelLa-shCHDH cells were transfected with Mito-RFP and
FLAG-PARK2 and treated with 10 M CCCP for 4 h. Following immunostaining with a SQSTM1 antibody, cells were examined under a confocal micro-
scope (A) and the colocalization coefficient (%) of SQSTM1 and Mito-RFP was determined. Bars represent the mean =+ SD, *P < 0.0001 (B). (C) SH-SY5Y-
Ctrl and SH-SY5Y-shCHDH stable cells were treated with 20 wM CCCP for the indicated times and mitochondria were purified and analyzed by western
blotting using the indicated antibodies. (D) HEK293T cells were transfected with CHDH-FL or CHDH-FB1A and then treated with 10 wM CCCP for the indi-
cated times. Cell extracts were fractionated to isolate mitochondria followed by western blot analysis.

FB1-GFP chimera, a mitochondrial OM-targeting chimeric
construct containing TOMM20 fused to CHDH FB1-GFP
(Fig. 7A, upper), and examined its ability to recruit LC3
into the mitochondria under a confocal microscope. When
these constructs were overexpressed in Hela cells, no differ-
ence was observed between TOMM20-GFP and TOMM?20-
FBI-GFP in the recruitment of mRFP-LC3 into mitochon-
dria. However, when cells were exposed to CCCP,
TOMM20-FB1-GFP increased colocalization of mRFP-LC3
with the mitochondria by 2-fold, compared with TOMM20-

1914

Autophagy

GFP (Fig. 7A, lower). These observations suggest that the
CHDH FB1 domain is necessary for LC3 recruitment to
damaged mitochondria.

In addition, we addressed whether the interaction between
CHDH and SQSTML1 is critical for mitophagy using a com-
petition assay. We found that FBI1-GFP could bind to
SQSTMI in the transfected cells during mitophagy, although
the interaction appears to be weak (Fig. 7B). Moreover,
ectopic expression of FB1-GFP weakened the interaction
between CHDH and SQSTMI1 in a dose-dependent manner.
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SG6F). These results suggest that the inter-
action between CHDH and SQSTMI is
important for mitophagy to proceed.

CHDH is implicated in MPP+--
induced mitophagy in SN4741
dopaminergic cells

The failure of appropriate recognition of
damaged mitochondria causes accumula-
tion of defective mitochondria''*® and this
failure is closely associated with the patho-
genesis of PD.*" In SN4741 dopaminergic
cells, we thus addressed the role of CHDH
during mitophagy triggered by 1-methyl-4-
phenylpyridinium (MPP+), a Parkinson-
ism-causing reagent.41 Like CCCP, treat-
ment with MPP+ induced a significant
level (30.0%) of colocalization of GFP-LC3
with mitochondria in SN4741 cells
(Fig. 7E). In contrast, downregulation of
CHDH expression abolished the colocaliza-
tion (8.5%). These results indicate that
CHDH is essential in the mitophagy of
SN4741 dopaminergic neurons following
exposure to MPP+.

Discussion

Although CHDH has been proposed
to localize to the IM of mitochon-
dria,"**?% it is surprising to note that no
report has clearly demonstrated the pres-
ence of CHDH in the IM of mitochon-
dria. Our results indicate that CHDH
resides on both the OM and IM of mito-
chondria. More interestingly, CHDH
accumulates on the OM during mito-
chondrial depolarization. Thus, it appears
that CHDH plays a dual role in choline
conversion and mitophagy in the IM and
OM, respectively, of mitochondria. Con-
cordant with this hypothesis, we found
no correlation between the enzymatic
activity and mitophagic function of
CHDH, in that enzyme activity-dead
mutant of CHDH were functional in
mitophagy and the CHDH FB1 domain
was crucial only for mitophagy. In addi-

We then assessed the effect of FBI-GFP on mitochondrial tion, our observation that betaine, the enzymatic product of
clearance during mitophagy. Immunofluorescence analysis CHDH, cannot rescue the impaired mitophagy caused by
revealed that ectopic expression of FBI-GFP significandy CHDH deficiency further distinguishes CHDH’s mitophagic
inhibited PARK2-dependent clearance of TOMM20-positive  activity from its enzymatic activity.

mitochondria  during CCCP-induced mitophagy (from Given this newly discovered role in mitophagy, the location of
51.8% to 19.0%) (Fig. 7C and D). Consistently, FBI-GFP CHDH within mitochondria becomes more important. PINK1
colocalized with SQSTM1-MYC in the transfected cells (Fig. also resides on both the OM and IM of mitochondria, and is
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likewise involved in mitophagy. Although PINKI1 is normally
degraded in the IM of mitochondria following cleavage by PARL
proteases,’” it accumulates on the mitochondrial surface to
recruit PARK2 during mitophalgy.zo’42 In contrast to PINKI,
however, western blot analysis did not show any cleavage or post-
translational modification, such as ubiquitination, of CHDH
during mitophagy, suggesting that the accumulation of CHDH
on the OM may not be accompanied by such modifications. Car-
diolipin, a phospholipid located on the mitochondrial IM, is
externalized to the OM by PLSCR3 following mitochondrial
injury, where it interacts with LC3.%° However, we observed no
significant effect of PLSCR3 on the accumulation of CHDH in
the OM. Instead, we found that the accumulation of CHDH on
the OM depends on the mitochondrial potential and may use
the VDACI-containing mitochondrial membrane contact site as
a path.

It appears that the accumulation of CHDH on the OM of
depolarized mitochondria is critical to facilitate interaction with
cytosolic SQSTMI. In particular, the CHDH N-terminal
region, which is approximately 20 kDa in size and exposed to
the cytosol in the FB1 domain, seems to be important for this
interaction. Although the CHDH FB1 domain is required for
this interaction and ectopic expression of the CHDH FBl
domain interrupts the interaction of CHDH with SQSTM1, it
remains unclear whether the CHDH FB1 domain alone is suffi-
cient to recruit SQSTM1 onto damaged mitochondria. Our
observation that TOMM20-FB1-GFP functioned in recruiting
LC3 to depolarized mitochondria in the presence of CCCP does
not exclude a mechanism in which other mitophagic component
(s) or machinery, such as PARK2 substrates, operate in parallel
during mitophagy, in addition to the presence of CHDH on the
OM.

Although the ubiquitination of mitochondrial substrates by
PARK?2 is also crucial to recruit SQSTM1 into impaired mito-
264344 it has previously been reported that SQSTM1

with nonubiquitinated  substrates PB1

domain.’®*” The PB1 domain is responsible for forming
45,46

chondria,
interacts via its

SQSTM1 aggregates through self- or hetero-oligomerization
and is required for mitochondrial aggregation and localization of
SQSTM1 to mitochondria during CCCP conditions.** Here, we
elucidate the mechanism by which SQSTM1 may be recruited
into impaired mitochondria, involving an interaction between

SQSTM1 and nonubiquitinated CHDH on the OM of

mitochondria. Although we observed some interaction of
SQSTM1 with CHDH at the steady-state level required for basal
mitophagy, the interaction drastically increased upon mitophagy
induction. Despite some debate on the necessity and sufficiency
of SQSTMI in mitochondrial clearance,""?**%7 the results
from our assays show that SQSTMI is necessary for the degrada-
tion of depolarized mitochondria. It remains possible that
SQSTMLI and other adaptor proteins may work together in
mitophagy. While SQSTM1 is crucial in mediating mitophagy
in several cell lines, it does not act alone, because knockdown of
CHDH expression suppressed CCCP-induced LC3 recruitment
into the mitochondria by just over 50%, despite complete inhibi-
tion of the colocalization of SQSTM1 with mitochondria. Thus,
in the absence of SQSTMI1, other adaptors, such as HDACG,
may compensate for SQSTM1 deficiency.*>*®

The effect of CHDH on mitophagy was displayed largely
with PINKI1 and PARK2. In the absence of PINKI and
PARK?2, however, CHDH overexpression could still stimulate
mitophagy, while absolute levels of mitophagy were reduced.
Similarly, PARK2-mediated mitophagy was significantly
impaired in the absence of CHDH. The function of CHDH
appears to be independent of PINK1 and PARK2, since nei-
ther the recruitment of PARK2 to depolarized mitochondria
nor the stabilization of PINKI1 was affected by CHDH. Fur-
ther, CHDH is apparently not a substrate of PARK2 and its
interaction with SQSTM1 is PARK2-independent. Our cur-
rent hypothesis is that CHDH functions in parallel with
PINKI1/PARK2 pathway in mitophagy. Thus, CHDH is also
important for the recruitment of LC3 into mitochondria in
PARK2-mediated mitophagy. In addition to PINKI and
PARK2, BNIP3L/NIX and FUNDCI have recently been
reported to function in hypoxial mitophagy.*>® While it
seems that CHDH may not function during hypoxial
mitophagy (data not shown), we now add CHDH to the list
of mitophagy coordinators. In conclusion, CHDH accumu-
lates on the OM of mitochondria following mitochondrial
damage and interacts there with SQSTMI1 to recruit LC3
into the impaired mitochondria for mitophagic clearance
(Fig. 7F). This mitophagic function of CHDH is indepen-
dent of its conventional enzymatic activity but is necessary
for PARK2-mediated mitophagy. Finally, the implications of
CHDH malfunction in mitophagy-associated pathology are
now widely open and remain to be further addressed.

mitochondria for mitophagy.

Figure 7 (See previous page). Inhibition of the interaction between CHDH and SQSTM1 hampers mitochondrial degradation. (A) Schematic diagram of
TOMM20-FB1-GFP chimera (upper). HelLa cells were transfected with mRFP-LC3 and either TOMM20-GFP or TOMM20-FB1-GFP and exposed to 10 uM
CCCP for 1 h. Cells were analyzed under a confocal microscope and the colocalization coefficient was determined. Bars represent the mean + SD, *P <
0.0001 (lower). (B) HEK293T cells were transfected with different concentrations of GFP (Ctrl-GFP) or FB1-GFP (+: 2 g, ++: 5 g) and then treated with
10 wM CCCP for 30 min. Cell lysates were analyzed by immunoprecipitation (IP) and western blotting. (C and D) Hela cells were transfected with PARK2
and either Ctrl-GFP or FB1-GFP. Following 24 h treatment with 10 wM CCCP, cells were subjected to immunocytochemical analysis using the indicated
antibodies and then visualized under a confocal microscope. Scale bar: 10 wm. Statistical values for (C) are represented as bars with the mean = SD, *P
< 0.05 (D). (E) Stable SN4741-Ctrl or SN4741-shCHDH cells were transfected with GFP-LC3 and Mito-RFP and then treated with 100 wM MPP+ for 4 h.
Cells were examined under a confocal microscope. The expression level of CHDH was determined using western blot analysis (upper) and the colocaliza-
tion coefficient (%) between GFP-LC3 and Mito-RFP was determined (lower). Bars represent the mean =+ SD, *P < 0.0001. (F) Proposed role of CHDH in
mitophagy. CHDH resides on both the OM and IM of mitochondria and exposes its FB1 domain-containing N terminus to the cytosol on the OM. Follow-
ing mitochondrial depolarization, CHDH accumulates on the OM probably through VDAC1 and interacts with SQSTM1 to recruit LC3 to the damaged
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Materials and Methods

Cell culture and transfection

HeLa, HEK293T, and SH-SY5Y cells were grown in DMEM
(Hyclone, SH30243.01) supplemented with 10% fetal bovine
serum (Hyclone, SH30919.03), 50 U/mL penicillin and 50 pg/
mL streptomycin at 37 °C under 5% CO,. SN4741 dopaminer-
gic neuronal cells were cultured as described previously.”® Stable
cell lines were generated after selection with G418 (1 mg/mlL;
Invitrogen, 10131027) for 2 wk following DNA transfection and
confirmed by western blot analysis. sgstz! MEFs were gifted by
Dr J Shin (Sungkyunkwan University, Korea). DNA, shRNA
and siRNA transfections were performed with Polyfect reagent
(Qiagen, 1015586) and Lipofectamine 2000 reagent (Invitrogen,
11668019) for 24 and 48 h, respectively, according to the man-
ufacturer’s instructions.

Plasmids and siRNA

CHDH shRNA constructs were generated in pSUPER-neo
(OligoEngine, VEC-PBS-0004) using the following target
sequence for human CHDH: 5'-CCACATTCAG TCAGA-
TAAA-3' and for mouse Chdh: 5'-GGTAATGATT GCAGA-
GAAA-3'. Serial deletion (A) mutants of CHDH were generated
by excising the FB1 domain (115 to 978) (CHDH-FB1A), RD
domain (997 to 1545) (CHDH-RDA) and FB2 domain (1531
to 1722) (CHDH-FB2A) based on the bioinformatic domain
prediction using MITOPROT (http://ihg.gsf.de/ihg/mitoprot.
html) and SUPERFAMILY Sequence Search (http://supfam.org/
SUPERFAMILY/hmm.html). The HA-CHDH and CHDH-
MYC-HIS were produced by subcloning CHDH into pcDNA3-
HA and pEF1/MYC-HIS (Invitrogen, V92120), respectively.
HA-CHDH-MYC-HIS was constructed by subcloning CHDH-
MYC-HIS into pcDNA3-HA for HA tagging at the N terminus
and MYC-HIS tagging at the C terminus. The SQSTMI1-FL-
MYC-HIS, SQSTMI-PBIA-MYC-HIS were gifts from Dr M
Tanaka (Kyoto Prefectural University, Japan) and PINKI1-GFP
was from Dr ] Chung (Seoul National University, Korea).
TOMM20-GFP, TOMM?20-FB1-GFP and FB1-GFP were con-
structed by subcloning of T7OMM20 and/or the FB1 domain
cDNA into pEGFP-N1 (Invitrogen, 6085-1). Rs12676 SNP
mutant of CHDH (R78L) was generated by site-directed muta-
genesis using PCR: The following primers were used. Fwd, 5'-
GCCCAAGGAC GTGCTCGCGG GGAGCAAGCG-3' and
Rev, 5-CGCTTGCTCC CCGCGAGCAC GTCCTTGGGC-
3’. The SQSTM1 siRNA was kindly provided by Dr J Shin
(Sungkyunkwan University, Korea).

Measurement of Mito-GFP intensities
After transfection with Mito-GFP, the fluorescence of cells
was measured with EnVision multlabel plate reader (Perki-

nElmer, 940 Winter Street, Waltham, 02451, MA USA).

Measurement of enzyme activity and LC-MS

Mitochondria were purified from cells using differential cen-
trifugation as described previously.*” After resuspension in reac-
tion buffer (10 mM sodium phosphate, 10 mM Tris-Cl, pH
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8.0), mitochondria were burst by sonication and then mixed
with 10 mM choline chloride and 2 mM phenazine methosul-
fate. The reaction was incubated at 37°C for 1 h in the dark and
samples were subjected to ultracentrifugation at 100,000 g for
30 min to precipitate mitochondrial debris; the supernatant frac-
tion was kept at —70°C undil analysis. For LC-MS analysis, a
Thermo-Finnigan Surveyor instrument (Thermo Scientific,
USA), equipped with autosampler and PDA-UV detector and
Thermo-Finnigan LCQ Deca XP plus ion trap mass spectrome-
ter with electrospray ionization interface was used. ZoRBAX
300SB-C8 P/No. 865750-906, size 2.1 x 50 mm, 3.5 pwm, S/
No. USACRO01562 was used for chromatographic separations.
The injection volume was 10 pL and the mobile phase consisted
of 0.1% formic acid in distilled water (A) and in acetonitrile (B).
Gradient elution at a flow rate of 150 pL/min was as following:
95% (A) and 5% (B) from 0 to 20 min, 5% (A) and 95% (B)
from 20 min to 25 min, and returned to the initial condition
from 20 min to 30 min. Total running time was 30 min. Ioniza-
tion of analytes was performed using electrospray ionization. The
capillary temperature was maintained at 275°C. The ion source
voltage and the nebulizer gas were set at 5 kV and 30 units,
respectively. The capillary voltage was at 46 V in positive and
—15 V in negative ionization mode. The average scan time was
0.01 min while the average time for changing polarity was
0.02 min. The collision energy was generally chosen in order to
maintain about 35% abundance of the precursor ion.

Immunoprecipitation, western blot, and antibodies

Immunoprecipitation and western blot analysis were performed
as reported previously.”" Briefly, cells were lysed in lysis buffer
(20 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1% Triton X-100) and
clarified by centrifugation. Cell lysates were dichotomized for
immunoprecipitation and whole cell lysate quantification. For
immunoprecipitaion, primary antibody was added overnight at
4°C and pulled down by protein G Sepharose beads (GE Health-
care, 17-0618-01) at 4°C for 1 h. Both samples were boiled in 1x
SDS sample buffer, separated by SDS-PAGE and transferred onto
nitrocellulose membrane (Pall Corporation, 66485). After block-
ing with 5% skim milk in TBST, the membrane was incubated
with the following antibodies: CHDH (Santa Cruz Biotechnol-
ogy, sc-102442), TOMM20 (sc-17764), GFP (sc-8334), MYC
(sc-40), TUBA/tubulin, a (sc-23948) and ACTB (sc-47778)
SOD2 (Upstate, 06-984), COX4I1 (Abcam, abl14744-100),
SQSTM1 (Abnova, H00008878-M01 and Santa Cruz Biotech-
nology, sc-25575), PARK2 (Abcam, ab77924 and Santa Cruz
Biotechnology, sc-32282), LC3 (Novus, NB100-2220), FLAG
(Sigma, F3165) and TIMM23 (BD Bioscience, 611222).

Immunofluorescence and colocalization coefficient

Cells were fixed with 4% paraformaldehyde and permeabi-
lized with 0.005% digitonin in PBS (Gibco, 70011-044). After
blocking with 10% fetal bovine serum, the fixed cells were incu-
bated with antibodies at 1:100 to 1:250 dilution ratio, followed
by incubation with Alexa Fluor secondary antibodies (Molecular
Probes, A11005, A11001, A11008, and A11012). Samples were
visualized under a confocal laser scanning microscope (Catl Zeiss,
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LSM700, Carl-Zeiss-Promenade 10, 07745, Jena Germany) and
colocalization coefficient was analyzed using ZEN software (Carl
Zeiss).

Flow cytometry

Cells were harvested and monocellized with Trypsin-EDTA,
followed by fixation with 70% ethanol with voltexing and then
subjected to analysis using a FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ USA) according to the man-

ufacturer’s instructions.

Mitochondrial DNA quantification

Mitochondrial DNA was extracted using Exprep kit (GeneAll,
101-102) and subjected to PCR analysis using M7-CYB primers:
Fwd, 5-TTCTGAGGGG CCACAGTAAT TACA AACTTA-
3, Rev, 5-ATGGAGGATG GGGATTATTG CTAGGAT-
GAG-3'. Prior to mitochondrial DNA extraction, whole cell
DNA was also extracted for quantification as described previ-
ously”® and subjected to PCR analysis using ACTB primers:
Fwd, 5-CGTTGGCATC CACGAAACTA-3', Rev, 5'-
AGTACTTGCG CTCAGGAGGA-3'.

Mitochondria fractionation

Cells were resuspended in PBS and subjected to sonication
twice at 30% amplitude for 3 s with an Ultrasonic Processor
130 W (Sonics and Materials, Newtown, CT USA). Unbroken
cells and nuclei were removed by centrifugation at 1,000 g for
10 min. The postnuclear supernatant fraction was pelleted by
further centrifugation at 10,000 g for 15 min to obtain the mito-
chondria pellet. For submitochondria fractionation, the pelleted
mitochondria were rinsed with swelling buffer (10 mM
KH,POy, pH 7.4) once and resuspended in swelling buffer for
20 min with gentle mixing, followed by addition of an equal vol-
ume of shrinking buffer (10 mM HEPES, pH 7.4, 32% sucrose,
30% glycerol, 10 mM MgCl,) for 15 min. Subsequent centrifu-
gation at 10,000 g for 15 min yielded the pelleted mitoplast and
suspended OM and intermembrane space (IMS) fraction which

was kept for further separation. The mitoplast was rinsed twice
with washing buffer (250 mM sucrose, 1 mM EGTA, 10 mM
HEPES, pH 7.4), resuspended in swelling buffer and burst
5 times by sonication at 50% amplitude for 3 s. this suspension
was centrifuged at 12,000 g for 15 min to discard the unbroken
mitoplast. Finally, samples were processed by ultracentrifugation
at 100,000 g for 40 min to separate OM and IMS fractions, and
the IM matrix fractions. Every procedure was performed at 4°C.

Proteinase K degradation assay

For proteinase K degradation assay, the purified mitochondria
were resuspended in PK assay buffer (20 mM HEPES, pH 7.4,
250 mM sucrose, 80 mM potassium acetate, 5 mM magnesium
acetate) and added with proteinase K (GenDepot, P2170-005)
or control BSA in ice. After 10 min, the digestion was stopped
with addition of 1 mM PMSE.
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