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Mitochondrial Safeguard: a stress response that
offsets extreme fusion and protects respiratory
function via flickering-induced Omal activation

Daisuke Murata?t

Abstract

The connectivity of mitochondria is regulated by a balance between
fusion and division. Many human diseases are associated with
excessive mitochondrial connectivity due to impaired Drpl, a
dynamin-related GTPase that mediates division. Here, we report a
mitochondrial stress response, named mitochondrial safeguard,
that adjusts the balance of fusion and division in response to
increased mitochondrial connectivity. In cells lacking Drpl, mito-
chondria undergo hyperfusion. However, hyperfusion does not
completely connect mitochondria because Opal and mitofusin 1,
two other dynamin-related GTPases that mediate fusion, become
proteolytically inactivated. Pharmacological and genetic experi-
ments show that the activity of Omal, a metalloprotease that
cleaves Opal, is regulated by short pulses of the membrane depo-
larization without affecting the overall membrane potential in
Drp1-knockout cells. Re-activation of Opal and Mitofusin 1 in Drpl-
knockout cells further connects mitochondria beyond hyperfusion,
termed extreme fusion, leading to bioenergetic deficits. These find-
ings reveal an unforeseen safeguard mechanism that prevents
extreme fusion of mitochondria, thereby maintaining mitochondrial
function when the balance is shifted to excessive connectivity.
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Introduction

The mitochondrion is an essential organelle for a variety of cellu-
lar processes, including energy production, metabolism, and signal
transduction. These mitochondrial functions depend on
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mitochondrial morphology (Kameoka et al, 2018). In many cell
types, mitochondria form short tubular structures with branches.
The morphology of mitochondria is governed by a dynamic
balance between mitochondrial fusion and division (Youle & van
der Bliek, 2012; Friedman & Nunnari, 2014; Kashatus, 2018;
Widlansky & Hill, 2018). Fusion merges two separate mitochon-
dria, and division separates single mitochondrion into two. Unbal-
anced excess fusion or division leads to enlargement or
fragmentation of mitochondria, respectively.

In humans, mutations in a conserved mitochondrial division
GTPase, Drpl (McNiven et al, 2000; Tamura et al, 2011; van der
Bliek et al, 2013; Pernas & Scorrano, 2016; Kraus & Ryan, 2017;
Prudent & McBride, 2017; Kameoka et al, 2018; Ramachandran,
2018), lead to mitochondrial division defects, mitochondrial enlarge-
ment, and neurodevelopmental and neurodegenerative disorders
(Itoh et al, 2013; Liesa & Shirihai, 2013; Roy et al, 2015; Serasinghe
& Chipuk, 2017). In addition to Drpl, defects in its mitochondrial
receptor protein, Mff, are associated with neuropathy (Itoh et al,
2013; Liesa & Shirihai, 2013; Roy et al, 2015; Serasinghe & Chipuk,
2017). Like the nervous system, giant mitochondria, termed
megamitochondria, are formed in hepatocytes of the liver in patients
with alcoholic and nonalcoholic fatty liver diseases (Kleiner &
Makhlouf, 2016). Recapitulating these human liver diseases, a
mouse model for nonalcoholic steatohepatitis produces megamito-
chondria in hepatocytes (Yamada et al, 2018). Suppressing megami-
tochondria formation by blocking mitochondrial fusion mitigates
liver damage in this mouse model, suggesting a pathogenic role of
megamitochondria (Yamada et al, 2018).

Enlargement of mitochondria due to decreased division compro-
mises their transport in cells and, therefore, causes uneven distribu-
tion of mitochondria (Roy et al, 2015; Kameoka et al, 2018). This is
particularly evident in neurons, which form long cytoplasmic exten-
sions, such as dendrites and axons, and many small projections
along dendrites, such as spines (Li et al, 2004; Kageyama et al,
2012; Itoh et al, 2013; Shields et al, 2015; Divakaruni et al, 2018). In
addition to defects in transport and distribution, enlarged mitochon-
dria become defective in autophagic degradation. Their oversize
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makes mitochondria resistant to autophagosomal engulfment during
mitophagy, leading to the accumulation of ubiquitinated mitochon-
dria in the brain, liver, and heart (Twig et al, 2008; Kageyama et al,
2012; Kageyama et al, 2014; Yamada et al, 2018).

Interestingly, mitochondrial division appears to be coupled to
mitochondrial fusion. In multiple types of cells, including neurons,
hepatocytes, and fibroblasts, the enlargement of mitochondria as
the consequence of the lack of mitochondrial division causes
decreases in the level of mitofusin 1 and 2 (Mfn1 and 2), two homol-
ogous mitochondrial fusion GTPases in the outer membrane (Ishi-
hara et al, 2009; Wakabayashi et al, 2009; Kageyama et al, 2014;
Saita et al, 2016; Yamada et al, 2018; Yamada et al, 2019). The
degradation of Mfnl and 2 in the absence of Drpl is controlled by
two proteins that are associated with Parkinson’s disease, parkin (a
ubiquitin E3 ligase) and PINK1 (a mitochondrial protein kinase that
activates parkin and ubiquitin by phosphorylating these proteins) in
the liver (Yamada et al, 2018; Yamada et al, 2019). Also, Opal,
another mitochondrial fusion GTPase in the inner membrane, is
proteolytically cleaved in the absence of Drpl (Ishihara et al, 2009;
Mopert et al, 2009; Wakabayashi et al, 2009; Saita et al, 2016;
Yamada et al, 2018; Yamada et al, 2019). The cleavage of Opal is
mediated by the metalloprotease Omal (Ehses et al, 2009; Head
et al, 2009; Quiros et al, 2012; Baker et al, 2014; Zhang et al, 2014;
Rainbolt et al, 2016; Acin-Perez et al, 2018). Currently, it is
unknown how these proteolytic mechanisms are activated, whether
these mechanisms suppress fusion, and what the functional impor-
tance of the mechanisms might be.

Here, we report that, in the absence of mitochondrial division
in Drpl-knockout (KO) cells, Omal is tuned to be partially acti-
vated in a restricted fashion by repeated, transient decreases of
the mitochondrial membrane potential, called flickering, without
losing the overall membrane potential. Furthermore, preventing
Opal cleavage together with ectopic expression of Mfnl induced
further mitochondrial fusion in Drpl-KO cells. We termed this
status of over fused mitochondria extreme fusion of mitochondria,
to distinguish from hyperfusion, which has been used to refer to
connected mitochondria due to decreased division. The extreme
fusion of mitochondria results in a dramatic loss of the
membrane potential and respiration. Thus, mitochondria use
flickering as a safeguard mechanism that prevents more deleteri-
ous extreme fusion, beyond hyperfusion, when mitochondrial
division is blocked.

Results

Opal is encoded by the single gene and produces multiple isoforms
via alternative mRNA splicing and proteolytic processing (MacVicar
& Langer, 2016; Kameoka et al, 2018). In wild-type (WT) mouse
embryonic fibroblasts (MEFs), five isoforms, including two long
forms (L1 and L2) and three short forms (S3, S4, and S5), were
detected by Western blotting (Fig 1A and B). S3 and S5 are
produced by proteolytic cleavage of L1 and L2, respectively, via the
inner membrane metalloprotease Omal (Fig 1A) (Ehses et al, 2009;
Head et al, 2009; MacVicar & Langer, 2016; Kameoka et al, 2018).
Since Omal is activated by the loss of the mitochondrial membrane
potential (Ehses et al, 2009; Head et al, 2009), a proton ionophore,
trifluoromethoxy carbonyl cyanide phenylhydrazone (FCCP), which
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dissipates the membrane potential, converted essentially all of L1
and L2 to S3 and S5 (Fig 1B and C). In contrast, FCCP did not
affect the production of S4 (Fig 1B and C), consistent with the
previous observation that S4 is produced by the proteolytic cleavage
of L1 by another inner membrane AAA protease, YmelL,
independently of the membrane potential (Fig 1A) (Song et al, 2007;
Anand et al, 2014). The effect of FCCP was specific to Opal. We
observed no changes for other mitochondrial fusion or division
proteins (Fig 1B and C).

Amounts of L1 and L2 were decreased in Drpl-KO MEFs
compared with WT MEFs, while those of S3 and S5 were increased
(Fig 1B and C). In contrast, the level of S4 appeared unaffected
(Fig 1B and C). We also observed decreases in the amounts of Mfn1
and Mfn2. In contrast to these mitochondrial fusion proteins, Drpl
receptor proteins, such as Mff, Fisl, Mid49, and Mid51, were unaf-
fected in Drpl-KO MEFs (Fig 1B and C). The increased conversion
of Opal and the decreased levels of Mfn1l and Mfn2 were rescued by
the re-expression of Drpl (Fig 1B and C).

An experimental system to analyze Opal processing

To investigate the mechanism by which the conversion of the long
forms (L1 and L2) to the short forms (S3 and S5) is increased in
Drp1-KO cells, we simplified our experimental platform by ectopi-
cally expressing HA-tagged L2 (L2-HA) from the tetracycline-indu-
cible promoter (Fig 2A). Similar to endogenous L2, the conversion
of L2-HA to S5-HA was increased in Drp1-KO MEFs (Fig 2B and C).
The re-expression of Drpl restored a normal level of conversion of
L2-HA to S5-HA (Fig 2B and C).

Western blotting showed that the level of Omal was decreased
in Drp1-KO MEFs (Fig 2B and C). As a readout for Omal activation,
the loss of full-length Omal has been used since Omal becomes
active by self-cleavage, which is followed by degradation (Fig 2D)
(Ehses et al, 2009; Head et al, 2009; Zhang et al, 2014; MacVicar &
Langer, 2016). Indeed, FCCP, which activates Omal, greatly
decreased the level of Omal (Fig 2B and C). Therefore, decreased
levels of Omal in Drpl-KO MEFs suggest its partial activation. Re-
expression of Drpl in Drpl-KO MEFs restored the normal level of
Omal (Fig 2B and C). To test whether the conversion of L2-HA to
S5-HA requires Omal, we knocked down Omal using shRNAs
(Fig 2E and F). The Omal knockdown blocked the L2-HA to S5-HA
conversion in Drpl-KO MEFs (Fig 2E and F). The FCCP-induced
Opal processing was also inhibited by Omal knockdown in both
WT and Drp1-KO MEFs (Fig 2E and F).

Blocking flickering by antimycin A decreases Opal processing,
while stimulating by oligomycin flickering increases Opal
processing in Drp1-KO cells

Although Omal can be activated by the loss of the membrane poten-
tial, as described above, Drpl-KO MEFs showed normal overall
membrane potential as measured by flow cytometry (Fig 3A).
However, the membrane potential showed transient drops, termed
flickering, in Drpl-KO MEFs when observed by time-lapse micro-
scopy using a membrane potential-dependent dye, tetramethylrho-
damine ethyl ester (TMRE) (Fig 3B and C; Movies EV1-EV4;
Galloway et al, 2012; Lee & Yoon, 2014; Roy et al, 2016). In WT
MEFs, flickering was almost undetectable (Fig 3C and K; Movie
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Increased conversion of long isoforms of Opal to short forms in Drp1-KO MEFs.

A Proteolytic processing of Opal. L1 is cleaved by both Omal and Ymell, while L2 is only cleaved by Oma1l.
B Western blotting of WT and Drp1-KO MEFs with or without FCCP treatment (30 min) using the indicated antibodies.
C Quantification of band intensity. Values are average + SD (n = 3). Significance was calculated using ANOVA with post hoc Tukey: **P < 0.01, ***P < 0.001.

EV1; Roy et al, 2016). Similar to knockout of Drpl, knockdown of
Drpl also induced flickering in Drpl knockdown MEFs (Fig 3D and
Appendix Fig S1), suggesting that flickering is not an adaptation to
the chronic loss of Drpl. To ask whether the induction of flickering
is specific to Drp1 loss, we knocked out Mff, a major Drpl receptor.
We observed increased flickering in Mff-KO MEFs (Fig 3E and

© 2020 The Authors

Appendix Fig S2). These data suggest flickering is induced by
decreases in mitochondrial division and is not limited to Drp1 loss.
We reasoned that flickering might induce the conversion of
Opal long forms to short forms in Drpl-KO MEFs by partially
activating Omal. To test this possibility, we inhibited or acti-
vated flickering and examined Opal processing. It has been
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shown that antimycin A, an inhibitor of Complex III (coenzyme
Q—cytochrome c¢ reductase), decreases flickering in Drpl1-KO
MEFs (Lee & Yoon, 2014; Fig 3B and C; Movies EV2 and EV3).

Daisuke Murata et al

synthase), increases the frequency of flickering in Drpl-KO MEFs
(Lee & Yoon, 2014; Fig 3B and C; Movies EV2 and EV4). Before
treatment with antimycin A or oligomycin, we measured the

In contrast, oligomycin, an inhibitor of Complex V (ATP activity of Complexes III and V in WT and Drpl-KO MEFs. We
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Figure 2. An experimental system to examine Opal processing.

The EMBO Journal

A L2 was tagged with HA at the C terminus and expressed from the doxycycline-inducible promoter.
B Western blotting of WT MEFs, Drp1-KO MEFs, and Drp1-KO MEFs carrying Drpl, all of which express L2-HA, using the indicated antibodies. The expression of L2-HA
was induced for 16 h (0.1 pg/ml doxycycline). The asterisk indicates non-specific bands of anti-Omal antibodies.

C Quantification of band intensity. Values are average & SD (n = 3).

D The activation of Omal. Omal is proteolytically activated and then undergoes degradation.
E  WT and Drp1-KO MEFs, both of which express L2-HA, were transduced with lentiviruses carrying either scramble or Omal-targeted shRNAs. Whole-cell lysates were
analyzed by Western blotting using the indicated antibodies. The asterisk indicates non-specific bands of anti-Omal antibodies.

F Quantification of band intensity. Values are average £ SD (n = 3).

Data information: Significance was calculated using ANOVA with post hoc Tukey in (C and F): *P < 0.05, **P < 0.01, ***P < 0.001.

found similar activities for both complexes in these MEFs
(Appendix Fig S3).

First, the treatment of Drp1-KO MEFs with 10 nM antimycin A
did not change the overall membrane potential (Fig 3F). Western
blotting showed that antimycin A decreases the conversion of L2-
HA to S5-HA (Fig 3G and H). When the mitochondrial membrane
potential was dissipated with FCCP, most L2-HA was processed to
SS5-HA in Drpl-KO MEFs in the presence of antimycin A (Fig 3G
and H). Second, the treatment of Drpl-KO MEFs with 10 ng/ml
oligomycin did not affect the overall membrane potential (Fig 3F).
Western blotting showed that oligomycin enhanced the processing
of L2-HA to S5-HA in Drp1-KO MEFs (Fig 3I and J). Consistent with
increased Opal processing, amounts of Omal were decreased in
Drp1-KO MEFs in the presence of oligomycin (Fig 31 and J). These
data suggest that Opal processing is inhibited when flickering is
blocked while the processing is activated when flickering is
enhanced. Furthermore, when we measured oxygen consumption
rates (OCRs), both antimycin A and oligomycin decreased basal
OCRs in Drpl-KO MEFs (Appendix Fig S4). Therefore, changes in
OCRs do not correlate with the flickering frequency or Opal
processing.

When we treated WT MEFs with oligomycin, we found increases
in both flickering and Opal processing (Fig 3K-M). It appears that
oligomycin-induced flickering is independent of mitochondrial
morphology and can induce Opal processing.

Repressing flickering by Opal knockout decrease
Opal processing

It has been shown that Opal is required for flickering in Drp1-KO
MEFs (Lee & Yoon, 2014). Indeed, DrplOpal double knockout
MEFs, which were created by expressing Cre recombinase in
Drp1flex/floxgpaqflox/flox MERs - displayed no flickering similar to
parent Drp17o¥/fexgpayflox/flox NMERs (Fig 4A—C). Consistent with
the role of flickering in Omal activation, similar levels of Omal
were found in DrplOpal-KO and Drp1io¥/floxgpaflox/flox
MEFs (Fig 4A and B).

Confocal immunofluorescence microscopy using antibodies to a
mitochondrial protein, pyruvate dehydrogenase (PDH), showed that
DrplOpal-KO MEFs displayed relatively normal mitochondrial
morphology similar to control Drp12¥/fexgpa1flox/flox MEFs (Fig 4D
and E). These data support the notion that mitochondrial morphol-
ogy is antagonistically regulated by division and fusion, but these
two activities are not essential for mitochondrial morphogenesis,
consistent with our previous reports in which mitochondrial
morphology is restored in DrplOpal double knockout hepatocytes
in the mouse liver (Yamada et al, 2018; Yamada et al, 2019) and in

© 2020 The Authors

yeast mutants which lack both mitochondrial division and fusion
proteins (Sesaki & Jensen, 1999, 2001; Sesaki et al, 2003).

We then transduced DrplOpal-KO MEFs with lentiviruses
carrying WT L2-HA or two mutants that have a point mutation in
the essential GTPase domain, L2(K301A)-HA or L2(K468D)-HA
(Griparic et al, 2004; Dadgar et al, 2006), under the doxycycline-
inducible promoter (Fig 4F). At 16 h after the induction of
Opal expression, we analyzed mitochondrial morphology using
immunofluorescence microscopy with anti-PDH antibodies. The
mitochondrial localization of all of the Opal-HA proteins was con-
firmed (Appendix Fig S5). The re-expression of WT L2-HA changed
mitochondria from normal morphology to more elongated morphol-
ogy in Drp10Opal-KO MEFs, similar to single Drp1-KO MEFs (Fig 4D
and E). In contrast, neither L2(K301A)-HA nor L2(K468D)-HA
changed mitochondrial morphology, suggesting that these mutations
block mitochondrial fusion (Fig 4D and E).

Expression of WT L2-HA increased flickering in Drpl1Opal-KO
MEFs, like Drp1-KO MEFs (Fig 4C). In contrast, L2(K301A)-HA or
L2(K468D)-HA failed to do so. We then examined the processing
of these Opal mutants. In Drpl1Opal-KO MEFs, WT L2-HA showed
increased conversion to S5-HA (Fig 4G and H). In contrast, the
processing of L2(K301A)-HA or L2(K468D)-HA was not increased.
When we treated these cells with FCCP, all of these Opal proteins
underwent proteolytic processing (Fig 4G and H). As a control,
WT L2-HA, L2(K301A)-HA, and L2(K468D)-HA showed similar,
low levels of conversion to S5 in Drpl1o*/f1eXQpa1flox/flox pMEFs
(Fig 4G and H). Therefore, the mutations that block flickering
inhibit Opal cleavage.

In addition to mitochondrial fusion, Opal functions in the struc-
ture of inner membrane cristae (Pernas & Scorrano, 2016). To test
whether alterations in cristae morphology block flickering, we
knocked down Mic60, a major component of the mitochondrial
contact site and cristae organizing system (Stephan et al, 2020). We
found that Mic60 knockdown increases flickering, instead of
decreasing it, in Drpl-KO MEFs (Appendix Fig S6). These data
suggest that the role of Opal in mitochondrial fusion, rather than in
cristae morphology, is important for flickering.

Artificial flickering induces Opal cleavage

The pharmacological and genetic experiments described above
suggest that flickering promotes the proteolytic cleavage of Opal in
the absence of Drpl. To test whether flickering is sufficient to drive
Opal cleavage, we artificially induced flickering in WT MEFs by
repeating the addition and removal of FCCP in the culture medium
(Fig 5A). By testing different concentrations of FCCP and durations
of FCCP treatment, we optimized the experimental condition to drop
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Figure 3. Effects of antimycin A (10 nM) and oligomycin (10 ng/ml) on flickering and Opal cleavage in Drp1-KO MEFs.

A The mitochondrial membrane potential was measured in WT and Drp1-KO MEFs using a membrane potential-dependent dye (MitoLite NIR) and flow cytometry.
B Drp1-KO MEFs carrying Su9-GFP were treated with DMSO (control) or 10 nM antimycin A or 10 ng/ml oligomycin for 1 h and viewed by laser scanning confocal
microscopy for 30 min with 10-s intervals in the presence of TMRE. The arrows indicate mitochondria that showed flickering. Three frames from the time-lapse

analysis are shown (please also see Movies EV1-EV4). Scale bar, 10 um.

C-E The percentage of cells that showed flickering in 30 min. Values are average £ SD (n = 3 experiments). In each experiment, 25-89 cells were analyzed.
F Drpl-KO MEFs were treated with DMSO or 10 nM antimycin A or 10 ng/ml oligomycin or 10 pM FCCP for 1 h. The mitochondrial membrane potential was

analyzed using MitoLite NIR and flow cytometry.

G Drp1-KO MEFs expressing L2-HA (induced for 16 h) were treated with 10 nM antimycin A along with 10 uM FCCP. Western blotting was performed using the
indicated antibodies. The asterisk indicates non-specific bands of anti-Oma1l antibodies.

Quantification of band intensity. Values are average + SD (n = 3).

Quantification of band intensity. Values are average + SD (n = 3).

A= -

Western blotting of Drp1-KO MEFs with or without 10 ng/ml oligomycin treatment. The asterisk indicates non-specific bands of anti-Omal antibodies.

WT MEFs carrying Su9-GFP were treated with DMSO or 10 ng/ml oligomycin for 1 h and viewed by laser scanning confocal microscopy for 30 min with 10-s

intervals in the presence of TMRE. The arrows indicate mitochondria that showed flickering. Three frames from the time-lapse analysis are shown (please also see

Movies EV1 and EV5). Scale bar, 10 pm.

L WT MEFs expressing L2-HA (induced for 16 h) were treated with 10 ng/ml oligomycin. Western blotting was performed using the indicated antibodies. The asterisk

indicates non-specific bands of anti-Omal antibodies.
M Quantification of band intensity. Values are average + SD (n = 3).

Data information: Significance was calculated using ANOVA with post hoc Tukey in (C and H) and Student’s t-test in (D, E, ] and M): *P < 0.05, **P < 0.01, ***P < 0.001.

the membrane potential after FCCP addition and immediately bring
it back to the normal level after washout. We also set the interval of
FCCP addition similar to that of flickering in Drp1-KO MEFs. Specifi-
cally, we added FCCP (final 10 puM) to the culture medium for
1 min and washed it out for 4 min (Fig SA). We repeated this addi-
tion-removal cycle 15 times. This treatment led to repeated, tran-
sient loss of the membrane potential in WT MEFs, similar to
flickering observed in Drp1-KO MEFs (Fig 5B and C).

Western blotting showed that the artificial flickering increases
the conversion of L2-HA to S5-HA (Fig 5D and E, 1 min x 15) in
WT MEFs, similar to what was observed in Drp1-KO MEFs. Consis-
tent with these results, artificial flickering decreased the levels of
Omal as a readout of Omal activation (Fig 5D and E, 1 min x 15).
In contrast, a single FCCP treatment did not induce Opal cleavage
or Omal activation (Fig 5D and E, 1 min). When WT MEFs were
continuously incubated with FCCP for 15 min, most L2-HA was
processed to S5-HA (Fig 5D and E, 15 min). These data suggest that
flickering is sufficient to induce Opal processing through limited
Omal activation.

Restoring Opal and Mfn1l in Drp1-KO MEFs induces extreme
fusion of mitochondria

In addition to Opal cleavage, mitochondrial outer membrane
proteins that mediate fusion, Mfnl and Mfn2, underwent enhanced
degradation in Drp1-KO MEFs (Figs 1B and C, and 6A and B). Since
mitochondrial fusion mediated by Mfnl, but not Mfn2, requires
Opal (Cipolat et al, 2004), we reasoned that decreased levels of
Opal and Mfnl might decrease mitochondrial fusion in Drpl-KO
MEFs. This model predicts that restoring Opal and Mfnl levels
increases mitochondrial fusion in Drpl-KO MEFs. To test this
prediction, we measured the connectivity of mitochondria as a read-
out for the fusion status of mitochondria using matrix-targeted Su9-
photoconvertible monomeric Eos (Su9-Eos) (Zhang et al, 2012), as
we have performed using Su9-photoactivatable GFP (Roy et al,
2016). WT and Drp1-KO MEFs were transduced with Su9-Eos along
with Omal shRNAs and ectopic Mfnl. shRNA-mediated Omal
knockdown increased levels of unprocessed Opal in Drpl-KO

© 2020 The Authors

MEFs while ectopic expression of Mfnl restored its normal level
(Fig 6A and B).

We then illuminated single mitochondrion with a short pulse of
laser to photoconvert Su9-Eos on the scanning laser confocal micro-
scope (Fig 6C and D). Photoconverted red fluorescence of Su9-Eos
was diffused into the connected matrix space, labeling a single mito-
chondrion. Within one second after illumination, we took images
for unconverted green and photoconverted red Su9-Eos signals
(Fig 5C and D). By dividing the area of photoconverted Su9-Eos
signals by that of both photoconverted and unconverted Su9-Eos
signals, we calculated the relative area of a single mitochondrion
containing converted Su9-Eos (Fig 6E and F). The relative area was
used to calculate the number of mitochondria in each cell (Fig 6G).
We estimated that WT and Drp1-KO MEFs contain about 250 and 25
mitochondria on average, respectively (Fig 6G). The number of
mitochondria in WT MEFs was not affected by Omal shRNAs.
Ectopic expression of Mfn1 increased its levels by fivefold (Fig 6A
and B) and decreased the number of mitochondria to approximately
150 (Fig 6G and H). Additional Omal shRNAs further lowered the
number of mitochondria to roughly 100 (which was still higher than
that of mitochondria in Drp1-KO MEFs) (Fig 6G and H). In contrast,
in Drpl-KO MEFs, the number of mitochondria was decreased to
about 10 only when both Omal shRNAs and ectopic Mfn1 are intro-
duced (Fig 6G and H). Ectopic expression of Mfnl restored its
normal level without overexpression (Fig 6A and B). These data
suggest that a combination of Opal cleavage and Mfn1 degradation
decreases mitochondrial fusion in Drpl-KO MEFs and that both
proteolytic mechanisms need to be lifted in order to restore mito-
chondrial fusion. To distinguish from hyperfusion, the further
increased connectivity of mitochondria induced by restoring Opal
long forms and Mfn1 in the absence of division was termed extreme
fusion of mitochondria (Fig 6H).

Extreme fusion of mitochondria results in bioenergetic deficits
To test the impact of extreme fusion on mitochondrial function, we

analyzed the mitochondrial membrane potential using TMRE stain-
ing in WT and Drpl-KO MEFs, in which Omal shRNAs and ectopic
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Mfnl are expressed. In WT MEFs, Omal knockdown and ectopic Mifn1 expression did not decrease the membrane potential or flicker-
Mfnl expression, whether individually or in combination, did not ing in Drpl-KO MEFs (Fig 7C and D, and Appendix Fig S7). In
affect TMRE staining (Fig 7A and B). In contrast, in Drp1-KO MEFs, contrast to Mfnl1, ectopic expression of Mfn2, in combination with
simultaneous expression of Omal shRNA and ectopic Mfn1 resulted Omal knockdown, did not lead to the loss of the membrane
in the loss of the membrane potential in approximately 50% of cells potential (Appendix Fig S8). These data suggest that, although Mfn1
(Fig 7C and D)—interestingly, when we examined the MEFs that and Mfn2 are homologous proteins, Mfnl specifically mediates
maintained the membrane potential, they showed flickering, similar extreme fusion together with Opal, consistent with previous studies
to Drpl-KO MEFs (Appendix Fig S7). Single Omal knockdown or (Cipolat et al, 2004).
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Figure 4. The loss of Opal function decreases flickering and Opal cleavage in the absence of Drp1.

A Western blotting of Drp11®/f*0pa1fo¥/iex and prp10pal-KO MEFs. The asterisk indicates non-specific bands of anti-Omal antibodies.

B Quantification of band intensity. Values are average + SD (n = 3).

c Drp1fo/ioxgpa1fox/ox MEFs and Drpl0pal-KO MEFs were transduced with the indicated Opal constructs. The cells were observed using laser scanning confocal
microscopy for 30 min with 10-s intervals in the presence of TMRE. The percentage of cells that exhibited flickering is shown. Values are average + SD (n = 3
experiments). In each experiment, 48-62 cells were analyzed.

D Drplﬂ‘”‘/ﬂf’XOpa1ﬂ°>‘/ﬂox MEFs and DrplOpal-KO MEFs carrying the indicated Opal constructs were subjected to confocal immunofluorescence microscopy using anti-
PDH antibodies. Scale bar, 10 pm.

E Quantification of mitochondrial morphology is shown (n = 3 experiments). In each experiment, 30 cells were analyzed.

L2-HA constructs carrying a mutation (K301A or K468D) in the GTPase domain.

Western blotting of Drp11o/"*0pa1fo/fox MEFs and Drp10pal-KO MEFs, both of which carry the indicated Opal constructs. The asterisk indicates non-specific

bands of anti-Omal antibodies.

H Quantification of band intensity. Values are average + SD (n = 3).

o M

Data information: Significance was calculated using Student’s t-test in (B) and ANOVA with post hoc Tukey in (C, E, and H): ***P < 0.001.
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Figure 5. Artificial flickering induces Opal cleavage.

A Experimental design for artificial flickering. WT MEFs expressing Su9-GFP were subjected to repetitive FCCP treatments and observed using confocal microscopy in
the presence of TMRE.

Three frames from the time-lapse analysis during artificial flickering are shown. The boxed regions are magnified. Scale bar, 5 um.

The fluorescence intensity of Su9-GFP and TMRE in mitochondria was quantified.

Western blotting of WT MEFs after the indicated FCCP treatments. The asterisk indicates non-specific bands of anti-Omal antibodies.

Quantification of band intensity. Values are average + SD (n = 3). Significance was calculated using ANOVA with post hoc Tukey: **P < 0.01, ***P < 0.001.

m o 0O ®

Consistent with these data, a combination of Omal knockdown single Omal knockdown or Mfnl expression did not decrease
and Mfnl expression strongly decreased both basal OCRs and OCRs (Fig 7G and H). In WT MEFs, basal OCRs were only
respiratory capacity in Drpl-KO MEFs (Fig 7G and H). Again, modestly decreased by Omal knockdown and Mfnl expression
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Figure 6. Restoring Opal long forms and Mfn1 induces extreme fusion of mitochondria in Drp1-KO MEFs.
A Western blotting of WT MEFs and Drp1-KO MEFs, both of which carry shRNAs (Omal or scramble) and/or ectopic Mfnl. The asterisk indicates non-specific bands

of anti-Omal antibodies.
B Quantification of band intensity is shown. Values are average £ SD (n = 3).

C-F WT MEFs (C and E) and Drp1-KO MEFs (D and F) were transduced with Su9-Eos, along with Omal shRNAs and ectopic Mfn1. Su9-Eos in the small region of
mitochondria (indicated by the asterisks) was photoconverted using a 405-nm laser on confocal microscope. Within 1 s after photoconversion, images were
obtained for both photoconverted and unconverted Su9-Eos signals. Images before the photoconversion were also taken to detect background signals. Scale bar,
10 pm. (E and F) To determine the connectivity of mitochondria, the area containing photoconverted Su9-Eos signals was divided by the area containing the
photoconverted and unconverted Su9-Eos signals (total mitochondria). Values are average + SD (n = 30 cells).

G The number of mitochondria was estimated by reversing the connectivity.
H Summary of the data.

Data information: Significance was calculated using ANOVA with post hoc Tukey in (B) and the Kruskal-Wallis test with post hoc Dunn in (E-G): *P < 0.05, **P < 0.01,

***p < 0.001.

(Fig 7E and F). However, apoptosis was not increased by extreme
fusion of mitochondria (Appendix Fig S9). These data suggest
that extreme fusion decreases the respiratory function of mito-
chondria. It appears that proteolytic inhibition of Opal and Mfnl
prevents the harmful transition of mitochondrial connectivity
from hyperfusion to extreme fusion to maintain mitochondrial
bioenergetics (Fig 7I).

Knockout of Oma1l blocks increased Opal processing in Drp1-KO
livers in mice

To test the physiological relevance of our findings, we tested
whether Omal is required for increased processing of Opal in
mice (Fig 8A and B). Since we have previously found that the
loss of Drpl increases Opal processing in the liver of liver-speci-
fic Drpl-KO mice (Alb-Cre::Drp1™/f°X mijce) (Yamada et al,
2018), we created Omal /" ::Alb-Cre::Drp1™°/M°* mice by breeding
liver-specific Drpl-KO mice and Omal-KO mice (Omal /")
(Quiros et al, 2012; Yamada et al, 2018) and analyzed Opal
processing in the liver from control (Drp1™¥/M°%), Drp1-KO,
Omal-KO, and DrplOmal-KO mice. We found that the production
of both S3 and S5 was increased in Drpl-KO livers in an Omal-
dependent manner (Fig 8A and B). These data suggest that the
conversion of Opal long forms in the absence of Drpl requires
Omal in vivo.

Discussion

Flickering—repeated, transient decreases of the membrane poten-
tial—has been observed in multiple cell types, including smooth
muscle cells (Chalmers et al, 2015), cardiomyocytes (Duchen et al,
1998), and a neuroblastoma cell line (Loew et al, 1993). In this
study, we show that flickering induces Omal-mediated Opal
cleavage when mitochondrial division is decreased. Our data
suggest that this Opal cleavage, along with the degradation of
Mfnl, protects mitochondria from deleterious extreme fusion that
leads to decreases in mitochondrial respiratory function (Fig 7I).
The activation of Omal is regulated by flickering in the absence of
mitochondrial division. Flickering enables the limited activation of
Omal without losing the overall membrane potential and thereby
allows the maintenance of the bioenergetic competence of mito-
chondria when the balance is shifted to excess connectivity.
Decreased mitochondrial division is associated with many human

© 2020 The Authors

diseases affecting neurons and hepatocytes (Roy et al, 2015;
Kameoka et al, 2018). We predict that the safeguard mechanisms
against excess fusion are activated under these pathological condi-
tions to prevent extreme fusion. If these protections are compro-
mised, the disease phenotypes might become more severe. The
strength of the protections might vary among cell types, and such
differences likely contribute to cell-type specificity to diseases that
affect mitochondrial division.

Multiple lines of experiments support the role of flickering for
the Opal cleavage. First, by using the two drugs which inhibit or
activate flickering, we show that the inhibition of flickering
decreases Opal processing while its activation enhances it. Specifi-
cally, the Complex III inhibitor, antimycin A, inhibits flickering
and Opal cleavage. On the other hand, when we stimulated
flickering using the Complex V inhibitor, oligomycin, Opal
cleavage was accelerated. Changes in Opal processing are not a
consequence of global changes in the membrane potential or mito-
chondrial respiration. Although these two inhibitors can affect
electron transport activities, neither antimycin A nor oligomycin
decreased the overall membrane potential at the concentrations
and timescales used in our experiments. Also, while antimycin A
and oligomycin elicited the opposite effects on flickering and Opal
cleavage, both inhibitors decreased OCRs. Therefore, decreased
OCRs do not lead to Opal cleavage. Second, we suppressed
flickering by deleting Opal in Drpl-KO cells. This inhibition of
flickering decreased Omal activation and Opal processing in
Drp10Opal-KO MEFs. Third, the artificial flickering in WT MEFs by
repeated cycles of addition and removal of FCCP-induced Omal
activation and Opal processing. These data suggest that flickering
controls Omal-mediated Opal cleavage in the absence of mito-
chondrial division.

We have previously flickering occurs in
matrix-connected mitochondria in Drp1-KO MEFs by concomitantly
visualizing the membrane potential using TMRE and the matrix
connectivity using photoactivatable Su9-GFP (Roy et al, 2016).
When mitochondrial division is blocked, this depolarization spreads
through the connected mitochondria, but does not propagate to
neighboring mitochondria, in Drpl-KO MEFs. Therefore, each
flickering event is constrained in individual mitochondria (Roy
et al, 2016). Interestingly, a recent study has shown that, even
within a single mitochondrion, the membrane potential is individu-
ally maintained in each cristae structure, separately from neighbor-
ing cristae (Wolf et al, 2019). This individual electrical integrity of
cristae requires Opal (Wolf et al, 2019). Therefore, Opal cleavage

shown that
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4 Figure 7. Extreme mitochondrial fusion decreases the membrane potential and respiration.

A-D WT (A and B) and Drp1-KO MEFs (C and D), both of which carry shRNAs (Omal or scramble) and ectopic Mfn1, were stained with TMRE. The arrows indicate cells

that lost the mitochondrial membrane potential in (C). Scale bar, 10 um. (B and D) The percentage of cells that maintained the membrane potential is shown.
Values are average £ SD (n = 3). 100-150 cells were analyzed in each experiment.

E-H OCRs were analyzed in the same set of MEFs. (F and H) Quantification of the basal OCRs and respiratory capacity is shown. Values are average + SD (n = 3).
| Summary of the data.

Data information: Significance was calculated using ANOVA with post hoc Tukey in (B, D, F, and H): *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8. Knockout of Omal blocks increases in Opal processing in Drp1-KO livers in mice.
A Western blotting of livers isolated from the indicated mice at 3 months of age using the indicated antibodies.

B Quantification of band intensity. Values are average 4 SD (n = 3 mice for each genotype). Significance was calculated using ANOVA with post hoc Tukey: *P < 0.05,
**P < 0.01, ***P < 0.001.

in Drp1-KO MEFs may facilitate synchronized, transient loss of the
membrane potential in multiple cristae by losing their electrical
individuality.

It has been suggested that proton leak through unidentified
pores in the inner membrane depolarizes the membrane and
causes flickering (Galloway et al, 2012; Lee & Yoon, 2014). For
example, the mitochondrial permeability transition pore could be
a candidate molecule that mediates flickering; however, its inhi-

including thapsigargin (an inhibitor of endoplasmic reticulum Ca**
ATPase), BAPTA-AM (a calcium chelator), and Ru360 (mitochon-
drial calcium uniporter) (Roy et al, 2016). Also, we have shown
that genipin (inhibitor of uncoupling protein 2) does not change
flickering in Drpl-KO MEFs. These data suggest that calcium
signaling and uncoupling protein are not involved in flickering in
Drp1-KO MEFs. It would be of great interest to decipher the iden-
tity of the missing transporter in order to better understand how
bitor, cyclosporin A, did not block flickering (Lee & Yoon, 2014). mitochondrial division controls flickering and how antimycin A
In our previous study, we have shown that drugs that change and oligomycin modulate the activity of such transporters in
calcium signaling do not affect flickering in Drpl-KO MEFs, future studies.
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Materials and Methods

Animals

All animal work was performed according to the guideline estab-
lished by the Johns Hopkins University Committee on Animal Care.
Control (Drp1/¥/fo%) liver-specific Drp1-KO (Alb-Cre::Drp1/*/fox),
Omal-KO (Omal™’"), and DrplOmal-KO (Alb-Cre::Drp1fox/fox..
Omal~’~) mice were generated by breeding (Quiros et al, 2012;
Yamada et al, 2018).

Cells

HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium
containing 10% fetal bovine serum. MEFs were cultured in Iscove’s
modified Dulbecco’s medium containing 10% fetal bovine serum
(Wakabayashi et al, 2009). Stable cell lines expressing Opal-HA
were selected with 400 ug/ml G418 sulfate. To generate DrplOpal-
KO MEFs, Drp11¥/foxgpa1flox/flox \MEFs were isolated from Drp11%/
floxgpa1fo¥/fox embryos as described previously (Yamada et al,
2018) and transduced with lentiviruses carrying both Cre and GFP.
Transduced cells were collected by fluorescence-activated cell sort-
ing based on GFP expression. Mff-KO MEFs were generated using a
GeneArt CRISPR Nuclease (OFP Reporter) Vector Kit (A21174;
Thermo Fisher Scientific) in accordance with manufacturer’s
instructions. The target gRNA sequence was 5-TGGGACTTGCAT
TATCACAC-3'.

Plasmids

To generate tetracycline-inducible lentiviral vectors carrying Opal-
HA, human Opal isoform1 (www.uniprot.org) was cloned into the
pENTR/D-TOPO plasmid using pENTR Directional TOPO Cloning
Kits (Thermo Fisher Scientific). The mutant Opal(K301A and
K468D) plasmids were generated by replacing the nucleotides
(901A>G and 902A>C for K301A and 1402A>G and 1404A>C for
K468D) in the WT Opal plasmid. First, two partial fragments of
Opal were PCR-amplified from the Opal(WT) plasmid using the
following primers. K301A: 5-CACCGCCACCATGTGGCGACTACGTC
GGG-3' and 5'-AATCATTTCCAACACACTAGTCGCTCCAG-3', and 5'-
CTAGTGTGTTGGAAATGATTGCCCAAG-3' and 5-TTAAGCGTAAT
CTGGAACATCGTATGGGTAACTTCCTCCTCCTCCTTTCTCCTGATG
AAGAGCTTCAATGAAAG-3'. K468D: 5'-CACCGCCACCATGTGGCG
ACTACGTCGGG-3' and 5'-ATTTTTCTCTGCCAGGTCTACGTCGGTC-
3/, and 5-TAGACCTGGCAGAGAAAAATGTAGCC-3’ and 5'- TTAAG
CGTAATCTGGAACATCGTATGGGTAACTTCCTCCTCCTCCTTTCTC
CTGATGAAGAGCTTCAATGAAAG-3'. Underlined cases indicate the
introduced mutations. Second, the full length of the mutant Opal
was PCR-amplified from the two products of the first PCR using the
following primers: 5-CACCGCCACCATGTGGCGACTACGTCGGG-3'
and 5-TTAAGCGTAATCTGGAACATCGTATGGGTAACTTCCTCCTC
CTCCtttctcctgatgaagagcttcaatgaaag-3'.

The Opal-HA was then moved into the pInducer20 plasmid using
the Gateway LR Clonase II Enzyme Mix (Thermo Fisher Scientific).
To induce the expression of Opal-HA, MEFs were incubated with
0.1 pg/ml doxycycline for 16 h. To generate shRNA plasmids, the
following target sequences were cloned into pLKO.l. Scramble:
CCTAAGGTTAAGTCGCCCTCGctcgagCGAGGGCGACTTAACCTTAG
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G, Omal: GCTTGGTTCATTTACTGGATTctcgagAATCCAGTAAATG
AACCAAGC, Drpl: GCTTCAGATCAGAGAACTTATctcgagATAAGTT
CTCTGATCTGAAGC. Mic60: GCCTGTACCAATACTTCCTTTctcgagA
AAGGAAGTATTGGTACAGGC.

Lentivirus

Lentiviruses were generated as described previously (Kageyama
et al, 2014). HEK293T cells were seeded at 1.5 x 10° cells in a
10-cm dish and cultured for 24 h. To produce lentiviruses, 3 pg
of the pHR-Sin plasmid carrying Su9-GFP or Su9-Eos 3.2, or the
pInducer20 plasmid carrying Opal-HA, or the FUW-GFP plasmid
carrying Cre, or pLKO.l carrying scramble, Omal, Drpl or
Mic60 shRNAs was co-transfected into HEK293T cells along with
3 ug of pHR-CMV8.2AR for pHR-Sin and pLKO.1 (or pHR-
CMV8.9AR for pInducer20 and FUW-GFP) and 0.3 pg of pCMV-
VSVG by using Lipofectamine 2000 (Invitrogen). After 20-22 h,
the culture medium was replaced with fresh medium. After an
additional 24 h, the culture medium containing released viruses
was collected. Lentiviruses carrying Opal-HA or Cre were
concentrated using Lenti-X Concentrator (Clontech). For lentivi-
ral transduction, MEFs were seeded at 8 x 10* cells/well in a 6-
well plate and cultured for 24 h. Cells were then incubated with
lentivirus in IMDM containing 10% FBS and 8 pg/ml polybrene
for 24 h.

Western blotting

Cells were harvested and lysed in RIPA buffer (9806S, Cell Signal-
ing Technology) supplemented with cOmplete, Mini, EDTA-free
Protease Inhibitor Cocktail (11836170001, Roche) on ice. Mouse
livers were harvested, flash-frozen in liquid nitrogen, and homog-
enized in the RIPA buffer on ice. The lysates were centrifuged at
16,000 g for 10 min at 4°C, and the supernatants were collected.
Proteins were separated by SDS-PAGE and transferred onto
Immobilon-FL Transfer Membrane (Millipore). The membranes
were blocked in PBS-T (PBS containing 0.05% Tween 20) contain-
ing 3% BSA at room temperature for 1 h and then incubated with
primary antibodies in PBS-T containing 3% BSA at 4°C overnight.
The antibodies used were Opal (1:1,000 dilution, 612607; BD
Biosciences), Drpl (1:2,000 dilution, 611113; BD Biosciences),
GAPDH (1:10,000 dilution, MAS5-15738; Thermo Fisher Scientific),
Tom20 (1:2,000 dilution, sc-11415; Santa Cruz Biotechnology),
HA (1:2,000 dilution, NB600-362; Novus Biologicals), Omal
(1:1,000 dilution, sc-515788; Santa Cruz Biotechnology), mitofusin
1 (1:1,000 dilution, ab126575; Abcam), mitofusin 2 (1:1,000
dilution, ab57602; Abcam), Mff (1:1,000 dilution, gifted from
Dr. Alexander M. van der Bliek, UCLA, USA), Fisl (1:2,000
dilution, 10956-1-AP; ProteinTech), Mid49 (1:1,000 dilution,
16413-1-AP; ProteinTech), Mid51 (1:1,000 dilution, 20164-1-AP;
ProteinTech), Mic60 (1:1,000 dilution, 10179-1-AP; ProteinTech),
PARP1 (1:1,000 dilution, 9542; Cell Signaling Technology), and
Caspase-3 (1:1,000 dilution, 9665; Cell Signaling Technology). The
membranes were washed three times in PBS-T, followed by incu-
bation with appropriate secondary antibodies at room temperature
for 1 h. After washing the membranes three times in PBS-T, fluo-
rescence signals were detected using a PharosFX Plus Molecular
Imager (Bio-Rad).
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Flickering assay

MEFs carrying Su9-GFP were seeded at 40,000 cells/well in 8-well
chambered coverglasses and cultured for 24 h. Cells were treated
with DMSO, 10 nM antimycin A or 10 ng/ml oligomycin at 37°C
with 5% CO, for 1 h. Cells were then stained with 5 nM TMRE in
phenol red-free IMDM containing 10% FBS at 37°C with 5% CO, for
15 min and were examined using a Zeiss LSM800 GaAsP confocal
microscope with a 40x objective lens at 37°C with 5% CO,. To mini-
mize potential phototoxicity, images were obtained with 10-s inter-
vals for 30 min at a single focal plane.

Measurements of the mitochondrial membrane potential

The mitochondrial membrane potential was measured using Cell
Meter NIR Mitochondrial Membrane Potential Assay Kit (AAT
Bioquest) in accordance with the manufacturer’s instructions.
Briefly, MEFs were suspended in 1 ml of IMDM containing 10%
FBS and treated with DMSO, 10 uM FCCP, 10 nM antimycin A, or
10 ng/ml oligomycin at 37°C with 5% CO, for 30 min. Cells were
then incubated with MitoLite NIR at 37°C and 5% CO, for 30 min.
Cells were resuspended in 1 ml of the supplied assay buffer and
then filtered through a 70 pm cell strainer (22363548, Fisher Scien-
tific). The fluorescence intensity was measured by using a FACSCal-
ibur (BD Biosciences).

Mitochondrial respiration

Mitochondrial OCRs were measured by using an XF96 Extracellular
Flux Analyzer (Seahorse Bioscience) (Kageyama et al, 2014). Cells
were seeded at 5,000 cells/well in an XF 96-well culture microplate
and cultured for 24 h. Cells were washed twice in XF base medium
supplemented with 25 mM glucose, 4 mM t-glutamine, and 1 mM
sodium pyruvate. The culture medium was replaced with the XF
base medium containing DMSO, 10 nM antimycin A, or 10 ng/ml
oligomycin, and then cells were incubated at 37°C in a CO,-free incu-
bator for 1 h. OCR measurement was performed according to the
manufacturer’s instructions. Baseline OCR was recorded three times,
and then, 1.6 pg/ml oligomycin, 1 pM FCCP, and 0.5 uM rotenone/
antimycin A were sequentially injected into each well. OCRs were
normalized relative to the amount of protein in each well.

The activity of electron transport chain complexes

Crude mitochondrial fractions were isolated from WT and Drpl KO
MEFs. MEFs at 90% confluence in two 10-cm dishes were
suspended in 800 pl of homogenization buffer [10 mM HEPES-KOH,
pH 7.4, containing 220 mM mannitol, 70 mM sucrose and
cOmplete, EDTA-free Protease Inhibitor Cocktail (Roche)]. Cells
were homogenized on ice with ten strokes using a 27-gauge needle
attached to a plastic syringe. The homogenate was centrifuged at
200 g for 5 min at 4°C to remove cell debris and nuclei. The super-
natant was centrifuged at 4,000 g for 5 min at 4°C to pellet the mito-
chondria-enriched fraction. The activities of Complexes III and V in
the mitochondria-enriched fraction was measured using the Mito-
Check Complex II/III Activity Assay Kit and MitoCheck Complex V
Activity Assay Kit (Cayman Chemical), respectively, in accordance
with manufacturer’s instructions.
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Immunofluorescence microscopy

MEFs were fixed in pre-warmed (37°C) PBS containing 4%
paraformaldehyde for 20 min, washed three times in PBS, perme-
abilized with PBS containing 0.1% Triton X-100 for 8 min,
washed again three times in PBS, and blocked in PBS containing
0.5% BSA at room temperature for 30 min (Adachi et al, 2016).
Cells were then incubated with anti-PDH antibody (1:400 in PBS
containing 0.5% BSA, ab110333, Abcam) and anti-Tom20 anti-
body (1:300 in PBS containing 0.5% BSA, sc-11415; Santa Cruz
Biotechnology) at 4°C overnight. Cells were washed three times
in PBS and incubated with Alexa 488-conjugated anti-mouse IgG
(1:400 in PBS, A21202, Thermo Fisher Scientific) and Alexa 568-
conjugated anti-rabbit IgG (1:400 in PBS, A10042, Thermo Fisher
Scientific) at room temperature for 1 h. Cells were washed again,
three times in PBS. The samples were observed using an LSM800
GaAsP laser scanning confocal microscope (Kageyama et al, 2014;
Yamada et al, 2016). For composite images of mitochondria, 10
images at 0.3 um intervals were acquired using a 63x objective
lens and were compiled by average intensity projection and 3D
viewer in Fiji software.

Photoconversion of Su9-Eos

MEFs carrying Su9-Eos were seeded at 10,000 cells/well in an 8-well
chambered coverglasses and cultured for 24 h. Su9-Eos in
0.287 um? of mitochondria was photoconverted for 6 s using a
405 nm laser on LSM800 GaAsP laser scanning confocal micro-
scope. Images were obtained for both unconverted and photocon-
verted Su9-Eos signals before and after photoconversion using a 63x
objective lens at a single focal plane. Images before the photocon-
version were taken to detect background signals. Image analysis
was performed using Fiji software. To determine the connectivity of
mitochondria, the area containing photoconverted Su9-Eos signals
was divided by the area containing the photoconverted and uncon-
verted Su9-Eos signals (total mitochondria).

Chemical induction of apoptosis

Cells were seeded at 1.5 x 10° cells/well in 6-well plates and
cultured for 24 h. Cells were then treated with 1 uM staurosporine
or 50 uM etoposide for 6 or 22 h, respectively. Cells were harvested
and lysed for Western blotting analysis.

Data availability

All data needed to evaluate the conclusions in the paper are present
in the paper and/or the Expanded View files.

Expanded View for this article is available online.
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