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Mitoflash biogenesis and its role in the
autoregulation of mitochondrial proton
electrochemical potential

Gaomin Feng, Beibei Liu, Jinghang Li, Tianlei Cheng®, Zhanglong Huang, Xianhua Wang®, and Heping (Peace) Cheng®

Respiring mitochondria undergo an intermittent electrical and chemical excitation called mitochondrial flash (mitoflash),
which transiently uncouples mitochondrial respiration from ATP production. How a mitoflash is generated and what specific
role it plays in bioenergetics remain incompletely understood. Here, we investigate mitoflash biogenesis in isolated cardiac
mitochondria by varying the respiratory states and substrate supply and by dissecting the involvement of different electron
transfer chain (ETC) complexes. We find that robust mitoflash activity occurs once mitochondria are electrochemically charged
by state II/IV respiration (i.e., no ATP synthesis at Complex V), regardless of the substrate entry site (Complex I, Complex II,
or Complex IV). Inhibiting forward electron transfer abolishes, while blocking reverse electron transfer generally augments,
mitoflash production. Switching from state II/IV to state lll respiration, to allow for ATP synthesis at Complex V, markedly

diminishes mitoflash activity. Intriguingly, when mitochondria are electrochemically charged by the ATPase activity of
Complex V, mitoflashes are generated independently of ETC activity. These findings suggest that mitoflash biogenesis is
mechanistically linked to the build up of mitochondrial electrochemical potential rather than ETC activity alone, and may
functionally counteract overcharging of the mitochondria and hence serve as an autoregulator of mitochondrial proton

electrochemical potential.

Introduction
Being the so-called cellular powerhouse, mitochondria synthe-
size the energy currency ATP through oxidative phosphoryla-
tion mediated by the inner membrane-bound electron transfer
chain (ETC) and ATP synthase (Complex V; Mitchell, 1966). The
ETC consists of Complexes I, II, III, and IV, which couple the free
energy released from electron transfer to pumping matrix pro-
tons into the intermembrane space, building up a pH gradient
across the inner membrane and contributing to the mitochon-
drial membrane potential (A¥,,). Their combination constitutes
the proton electrochemical potential (Apy.), which drives ATP
synthase (Complex V)-mediated ATP synthesis through down-
hill proton influx. During electron transfer, a small fraction of
electrons can also be deprived from the ETC by molecular oxy-
gen to form superoxide, the primal reactive oxygen species
(ROS). Thus, an emerging view is that mitochondria also play an
essential role in cellular ROS signaling and redox homeostasis
(Mailloux, 2015; Shadel and Horvath, 2015).

We and others have previously shown that respiring
mitochondria undergo dynamic changes in the form of

“mitochondrial flashes (mitoflashes),” which comprise multiplex
signals, including bursting superoxide production, transient ma-
trix alkalization, oxidative redox shift, oxidation of NADH and
flavin adenine dinucleotide (FADH,), and dissipation of the AY,
(Wang et al.,, 2008, 2016; Pouvreau, 2010; Wei-LaPierre et al.,
2013; Breckwoldt et al., 2014). From the viewpoint of bioener-
getics, a mitoflash represents transient uncoupling of mitochon-
drial respiration from ATP production (Feng et al., 2017; Wang
et al., 2017). The mitoflash is ubiquitous in eukaryotic species
ranging from Caenorhabditis elegans to zebrafish and to rodents
and humans (Wang et al., 2008; Shen et al., 2014; Zhang et al.,
2015). Its frequency can be regulated over orders of magnitude by
varying the substrate supply (Pouvreau, 2010; Fang et al., 2011;
Wei et al., 2011; Gong et al., 2015; Wang et al.,, 2017) as well as by
changes in mitochondrial ETC supercomplex dynamics (Jian et al.,
2017). Moreover, prominent mitochondrial signals, including ba-
sal ROS (Hou et al., 2013; Zhang et al., 2014), matrix Ca2* (Hou
et al,, 2013; Jian et al., 2014), and matrix protons in the nano-
domains of the inner mitochondrial membrane (Wang et al.,
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2016), constitute potent mitoflash regulators. Surprisingly, in in-
tact cells, mitoflash activity is repressed by all ETC inhibitors
examined and is even sensitive to the inhibition of ATP synthase
activity (Wang et al., 2008; Zhang et al., 2013), suggesting that
mitoflash biogenesis might require intact oxidative phosphoryl-
ation. All these findings have established a close linkage between
mitoflash production and mitochondrial energy metabolism. In-
deed, we have recently shown that mitoflashes inhibit ATP syn-
thesis in isolated mitochondria and regulate the setpoint of ATP
homeostasis in cardiomyocytes (Wang et al., 2017). Nevertheless,
how exactly the different ETC complexes are involved in mito-
flash biogenesis and what specific role the mitoflash plays in
mitochondrial bioenergetics remain open questions.

In the present study, we systematically investigated mito-
flash biogenesis in isolated cardiac mitochondria supported by
different substrates under different respiratory states. The
questions we aimed to address included (1) whether both ETC
activity and oxidative phosphorylation are required for mito-
flash biogenesis, (2) the simplest condition required for
mitoflash biogenesis, and (3) how the mitoflash responds to
alterations in mitochondrial bioenergetics. By answering
these mechanistic questions, we strove to infer the cell and
organelle logic of mitoflash biogenesis in relation to mito-
chondrial bioenergetics and ROS signaling.

Materials and methods

Animal care

All animal experiments were performed according to the rules of
the American Association for the Accreditation of Laboratory
Animal Care International and the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of
Health (NTH Publication No. 85-23, revised 1996). All procedures
were approved by the Animal Care Committee of Peking Uni-
versity accredited by American Association for the Accreditation
of Laboratory Animal Care International (IMM-ChengHP14).

Reagents

Rotenone, malonate, antimycin A, NaNj3, oligomycin, glutamate,
malate, succinate, ascorbate, N,N,N’,N’-tetramethyl-p-phenyl-
enediamine (TMPD), ADP, ATP-Mg, adenylyl-imidodiphosphate
(AMP-PNP), pericidin A, and myxothiazol were from Sigma-
Aldrich. Atpenin A5 was from Santa Cruz Biotechnology. Po-
tassium cyanide (KCN) was from the Department of Chemis-
try, Peking University. Tetramethylrhodamine methyl ester
(TMRM) was from Molecular Probes (Thermo Fisher Scien-
tific). Other reagents were obtained commercially at the
highest grade available.

Isolation of cardiac mitochondria

Cardiac mitochondria were isolated from mitochondria-targeted
(mt)-circularly permuted (cp) YFP transgenic mice as previ-
ously reported with some modifications (Wang et al., 2008;
Zhang et al., 2013). Briefly, mouse hearts were washed with ice-
cold isolation buffer (300 mM sucrose, 5 mM HEPES, 1 mM
EGTA, and 0.5 mg/ml BSA, pH 7.2), minced, and homogenized.
The homogenate was centrifuged at 4°C for 10 min at 600 g. The
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supernatant was collected and further centrifuged at 4°C for
10 min at 6,000 g. The pellet was resuspended in isolation buffer
and centrifuged onto polylysine-coated coverslips at 4°C for
10 min at 4,000 g. For imaging, mitochondria were placed in
experimental solution (125 mM KCl, 2 mM K,HPO,, 5 mM
MgCl,, 10 mM HEPES, and 1 mg/ml BSA, pH 7.4) with the ad-
dition of different substrates. Mitochondria were stored on ice
and used for experiments within 4 h of preparation.

Confocal imaging

An inverted confocal microscope (Zeiss Laser Scanning Confocal
Microscope [LSM] 710) with a 63x, 1.4 numerical aperture oil-
immersion objective was used for imaging. For TMRM mea-
surement, 50 nM TMRM was loaded into mitochondria at room
temperature. To obtain cpYFP and TMRM signals simulta-
neously, images were captured by exciting sequentially at 488,
405, and 543 nm and collecting the emission at 505-530,
505-530, and >560 nm, respectively.

For mitoflash detection, usually 100 frames of 512 x 512 (xy)
pixels were collected at 1 s/frame in bidirectional scanning
mode. The size of the imaging region was 44.9 x 44.9 pm. All
of the experiments were performed at room temperature
(22-26°C) unless specified otherwise.

Image processing and mitoflash analysis

The time-lapse LSM files generated from the Zeiss LSM 710 were
analyzed using custom-developed programs written in interac-
tive data language (IDL Research Systems). Mitoflashes were
identified with the help of Flashsniper (Li et al., 2012), and their
morphological and kinetic properties, including amplitude and
duration, were measured automatically.

Statistics

Data are expressed as means + SEM. Student’s t test was applied
to determine statistical significance. One-way ANOVA with post
hoc Tukey was used to compare the differences among three or
more groups. The y? test was applied to determine the signifi-
cance of correlation analysis. P < 0.05 was considered statisti-
cally significant.

Online supplemental material

Fig. S1 shows establishment of the mitochondrial membrane
potential by adding different respiratory substrates in state II/IV
respiration. Fig. S2 shows the unitary properties of mitoflashes
generated under different experimental conditions. Fig. S3
shows the effects of inhibitors on the basal level of mitochon-
drial TMRM fluorescence.

Four videos show mitoflash occurrence supported by Com-
plex I substrates (Video 1), Complex II substrate (Video 2),
Complex IV substrates (Video 3) in state II/IV respiration, and
ATP hydrolase (ATPase)-mediated ATP hydrolysis (Video 4).

Results

Mitoflashes supported by Complex | or Complex Il substrates
To investigate the involvement of different ETC complexes in
mitoflash biogenesis, we used the isolated cardiac mitochondria
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system for precise control of metabolic substrates and respiratory
states as well as manipulation with ETC inhibitors. Mitochondria
were isolated from mt-cpYFP transgenic mouse hearts (Wang
et al., 2008). In the first set of experiments, various respiratory
substrates without ADP were added to ensure the mitochondria
were under state II/IV respiration, i.e., the mitochondrial ETC
operated in the absence of ATP synthesis (Fig. 1, A and D; Fig. 2 A;
and Fig. S1 A). In the presence of glutamate and malate, electrons
from NADH entering the ETC at Complex I are transferred
through the entire ETC network consisting of Complexes I, III, and
1V, each pumping matrix protons outward into the intermem-
brane space (Fig. 1 A). Alternatively, succinate was used as the
respiratory substrate for electrons to enter the ETC at Complex II
and to pass through Complexes I1, III, and IV (Fig. 1 D).

As expected, AY,, measured with TMRM was established
shortly after adding either Complex I or Complex II substrates
while basal cpYFP fluorescence was slightly increased; the latter
may reflect matrix alkalization due to proton efflux (Fig. S1 B).
Confocal time-lapse imaging visualized the occurrence of robust
mitoflashes reported with cpYFP after stabilization of experi-
mental conditions (Fig. 1, A, B, D and E; and Videos 1 and 2).
These ETC substrate-supported mitoflashes exhibited unitary
characteristics similar to those reported in intact cells, with an
average amplitude of ~0.6-fold in the peak fluorescence of
cpYFP over the baseline (AF/F,) and an average full duration at
half maximum of ~4 s (Fig. 1, A and D; and Fig. S2). Next, we
applied a panel of inhibitors targeting the ETC at different sites:
rotenone for Complex I, malonate or atpenin A5 for Complex II,
antimycin A for Complex III, and KCN or NaNj; for Complex IV
(Fig. 1, A and D). We found that all these inhibitors, except for
the Complex II inhibitors, abolished the Complex I substrate-
supported mitoflashes (Fig. 1 B), indicating that all ETC com-
plexes except for Complex II participate in mitoflash production
when the ETC is activated at Complex I. The slight inhibition of
mitoflashes by the Complex II inhibitor atpenin A5 (Fig. 1 B) is
consistent with its effect of repressing Complex I activity
(Miyadera et al., 2003). By contrast, the mitoflashes supported
by Complex II substrate were totally repressed by the Complex
11, 111, and IV inhibitors, while the Complex I inhibitor rotenone
had little effect (Fig. 1 E), indicating that Complex I is dispens-
able for the genesis of mitoflashes under this experimental
condition. As indicated in Fig. 1, A and D, these results imply that
electron transfer up to the end of the respiratory chain is nec-
essary for mitoflash production, and electrons from Complex I
substrates skip Complex II; hence, inhibition of Complex II does
not block electron transfer and has no effect on mitoflashes
produced by Complex I substrates. Simultaneous measurement
of TMRM fluorescence revealed that, in all these cases, mitoflash
inhibition was accompanied by sustained AY,, dissipation
(Fig. 1, C, and F; and Fig. S3, A, B, and E), confirming the notion
that electrochemical charging of mitochondria is a prerequisite
for mitoflash biogenesis (Schwarzlinder et al, 2011; Wei-
LaPierre et al., 2013; Wang et al., 2016).

Mitoflashes supported by Complex IV substrate
To determine whether mitochondrial electrochemical charg-
ing, rather than the engagement of the entire ETC system, is

Feng et al.
The biogenesis and role of mitoflash

JGP

sufficient for mitoflash biogenesis, we activated part of the ETC
with the Complex IV substrate ascorbate/TMPD (Fig. 2 A). In the
presence of ascorbate/TMPD, Complex IV operates to transfer
electrons forward from cytochrome c to oxygen molecules to form
H,0, coupled with pumping protons into the intermembrane
space. Robust mitoflash activity did emerge after the establishment
of AY, by Complex IV activity (Fig. 2, B and C; Fig. S1 B; and Video
3), indicating that partial activation of the ETC is sufficient for
generating mitoflashes. This conclusion was substantiated by the
fact that a Complex IV inhibitor (KCN or NaNj) dissipated AY¥,
and abolished mitoflash generation (Fig. 2, C and D; and Fig. S3 C).
To our surprise, we found that application of rotenone to
inhibit Complex I dramatically enhanced mitoflash activity
without altering AY,,, and using antimycin A to inhibit Complex
I1I enhanced mitoflash activity despite decreasing AY,, (Fig. 2, C
and D; and Fig. S3 C). This stimulatory effect of Complex I and
Complex III inhibitors on mitoflashes was confirmed by using
piericidin A (another Complex I inhibitor) and myxothiazol
(another Complex III inhibitor), both of which had little effect on
AY,, (Fig. 2, C and D; and Fig. S3 C). Likewise, the Complex II
inhibitor malonate or atpenin A5 also significantly increased
mitoflash activity without altering A¥,, (Fig. 2 C; and Fig. S3, C
and E). These results suggest that reverse electron transfer
(RET) occurs from cytochrome c to Complex IIT and Complex I
(Nicholls and Ferguson, 2002), especially when high levels of
reductive cytochrome c are generated by a Complex IV substrate
(Miki et al., 1994; Sarewicz and Osyczka, 2015). Because RET is
generally destructive to the establishment of Apy, across the
inner mitochondrial membrane, the augmentation of mito-
flashes by RET inhibition suggests that mitoflash biogenesis
might participate in the homeostatic regulation of Apy.. In this
scenario, the mild increase of mitoflashes by Complex II inhi-
bition with malonate or atpenin A5 suggests that Complex II also
participates in RET under this experimental condition.

Mitoflashes supported by mitochondrial state Il respiration
The above results were obtained in state II/IV respiration in
which the ETC operation was uncoupled from ATP synthesis at
Complex V. To further test the possible role of mitoflash bio-
genesis in the homeostatic regulation of mitochondrial Apy., we
switched mitochondrial respiration from state II/IV to state III in
which ADP was present to allow ETC activity to be coupled with
ATP synthesis (Fig. 3 A). In light of the hypothesis that mito-
flashes act to balance the increased Apy., we predicted that
mitoflash activity would diminish in state III respiration when
the ETC-built Apy. is used for ATP synthesis. Indeed, with all
other conditions unchanged, the frequency of mitoflashes sup-
ported by Complex I, Complex II, or Complex IV substrates was
decreased by 80%, 73%, or 79% in state III versus state II/IV
respiration, respectively (Fig. 3, B-D). Inhibiting Complex V
with oligomycin, which had little effect on mitoflashes sup-
ported by state II/IV respiration (Fig. 3, B-D), increased mito-
flash frequency, restoring it to the level found in the
absence of ATP synthesis (Fig. 3, B-D). These results provide
strong evidence for an autoregulatory role of mitoflash bi-
ogenesis in maintaining mitochondrial electrochemical po-
tential homeostasis.
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Figure 1. Full ETC-supported mitoflash biogenesis in state II/IV respiration. (A) Top: Experimental design. Complex | substrates (5 mM glutamate and
5 mM malate) without ADP were added to allow state II/IV respiration. The black arrow shows the electron transfer pathway. IMS, intermembrane space. ETC
inhibitors targeting Complex | (5 uM rotenone [Rot]), Complex Il (5 mM malonate [Mal]), or 50 nM atpenin A5 [A5]), Complex Il (5 pg/ml antimycin A [AA]), or
Complex IV (5 mM KCN or 5 mM NaN3) were used as designated. Bottom: Average of mitoflash traces reported with cpYFP (n = 33 events). (B) Effect of ETC
inhibitors on mitoflash frequency supported by Complex | substrates. Data are mean + SEM, n = 13-94 image series from three mice for each group. ***, P <
0.001 versus control group. (C) Averaged time courses of AW, measured with TMRM in response to addition of ETC inhibitors. Arrow indicates the time of
inhibitor administration. n = 3 image series from three mice for each group. Error bars are omitted for clarity. (D-F) As in A-C except that a Complex Il substrate
(2.5 mM succinate) was used to replace Complex | substrates. n = 61 events for the averaged mitoflash trace in D. Data are mean + SEM, n = 13-39 image series
from three to eight mice for each group in E, ***, P < 0.001 versus control group. n = 3 image files from three mice for each trace in F. Cyt ¢, cytochrome c.
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Figure 2. Partial ETC-supported mitoflash biogenesis in state II/IV respiration. (A) Experimental design. Complex IV substrates (2.5 mM ascorbate and
0.5 mM TMPD) were present without ADP. The black arrow shows the forward electron transfer pathway, and the dashed arrow shows the RET pathway.
Different ETC inhibitors were also added as designated in different experimental groups (the concentrations of inhibitors were the same as in Fig. 1, and
piericidin A [PieA, 1 uM] was also used for Complex | and myxothiazol [Myx, 1 uM] for Complex I11). (B) Averaged trace of mitoflashes reported by cpYFP (n = 45
events). (C) Statistics of mitoflash frequency. Data are mean + SEM, n = 14-134 image series from three to five mice for each group. **, P < 0.01; ***, P < 0.001
versus control group. (D) Averaged time courses of A¥,,, measured with TMRM in response to addition of ETC inhibitors. Arrow indicates the time of inhibitor

administration. n = 3 image files from three mice for each trace.

Mitoflashes supported by Complex V-mediated

ATP hydrolysis

The data above show that, whether ETC is activated fully or
partially, the establishment of Apy, appears to be essential for
mitoflash biogenesis. In this regard, mitochondria can also de-
velop Apg. when Complex V operates in the reverse mode,
serving as an ATPase rather than an ATP synthase to pump
protons outward at the cost of ATP. We therefore created an
experimental condition for Complex V to operate in the reverse
mode (Fig. 4 A), and determined whether mitoflashes can be
generated independently of the ETC. As shown in Fig. 4 B, AY,,
was quickly established after adding ATP (3 mM) in the absence
of any ETC substrates, whereas AMP-PNP, a nonhydrolysable
ATP analogue, was ineffective. Importantly, robust mitoflash
biogenesis occurred in the presence of ATP but not of AMP-PNP
(Fig. 4, C and D; and Video 4). The average time-course showed
that the unitary characteristics of these ETC-independent mi-
toflashes were similar to those supported by respiratory sub-
strates except for smaller amplitude (Fig. 4 C and Fig. S2). The
ATPase inhibitors oligomycin and NaNj abolished mitoflashes
and dissipated AY,, (Fig. 4, D and E; and Fig. S3 D), affirming
that ATPase is responsible for A¥,, establishment and mitoflash
biogenesis. By contrast, inhibitors of Complexes I, II, III, and IV
(rotenone, atpenin A5, antimycin A, and KCN) had little effect on
mitoflash activity (Fig. 4 D), indicating that the ETC does not
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participate in mitoflash biogenesis under this experimental
condition. But the Complex II inhibitor malonate significantly
enhanced mitoflashes (Fig. 4 D). Since another Complex II in-
hibitor, atpenin A5, had no effect and malonate is itself a weak
acid capable of generating local protons in the matrix, the en-
hancement of mitoflashes by malonate might be attributable to
the mechanism of proton triggering of mitoflashes, which we
have recently reported (Zhang et al., 2016). The antimycin A-
induced slight decrease of TMRM-reported AY,, established by
ATP hydrolysis (Fig. 4 E and Fig. S3 D) might result from a
nonspecific effect of antimycin A on TMRM measurement. This
interpretation is consistent with the finding that antimycin A
and myxothiazol had differential effects on the TMRM-reported
AY,, established by a Complex IV substrate (Fig. 2 D and Fig. S3
D). That the ATPase activity of Complex V is able to sustain
mitoflash biogenesis implies that ETC per se is not obligatory in
this process; rather, mitoflash activity reflects an intrinsic
property of electrochemically charged mitochondria, substanti-
ating a link between Apy. and mitoflash biogenesis.

Correlation between mitoflash amplitude and

AW, depolarization

To demonstrate that the different signal components of mito-
flashes are interlinked, we further examined the relationship
between the amplitude of cpYFP-reported mitoflashes and the
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versus respective control group.

companion TMRM-reported AY,, depolarization under different
experimental conditions. For this purpose, we first classified
mitoflashes into two categories: type I with transient AY,, de-
polarization that largely mirrored the time course of the cpYFP
signal, and type II with sustained, large, and sometimes com-
plete AY,, depolarization that outlasted the cpYFP signal (Fig. 5
A). Both types of event coexisted in mitochondria electro-
chemically charged with respiratory substrates or with ATP
alone. A signature feature of type II mitoflashes was that they
typically displayed an overt, sustained undershoot of cpYFP
fluorescence after a transient increase, potentially reflecting
transient matrix acidification following the flash (Fig. 5 A and
Table 1). Quantitatively, the percentages of type II mitoflashes
with post-peak acidification were 85.5%, 97.4%, 48.9%, and
88.6% with Complex I, II, or IV substrates or with ATP alone,
respectively. Such post-peak acidification was rarely seen in
type I events (Fig. 5 A and Table 1). As we proposed previously
(Hou et al., 2014), both sustained A¥,, depolarization and post-
peak acidification may result from longer mitochondrial permea-
bility transition pore (mPTP) opening at a larger subconductance.
The lower proportion of type II mitoflashes in the presence of
Complex IV substrate might be due to less percentage of longer
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mPTP openings under this experimental condition. For type I
events, linear regression analysis revealed a positive correlation
between cpYFP-reported mitoflash amplitude and AY,, de-
polarization in respiring mitochondria, regardless of the
substrates used. In ATP-supported mitoflashes, the amplitude
of cpYFP-reported mitoflashes was nearly halved (Fig. S2 A),
and the correlation between mitoflash amplitude and depo-
larization was also weaker (Fig. 5 E). These results suggest
that, in respiring mitochondria, the amplitude of mitoflash
depends on the magnitude of membrane depolarization. The
AVY,, dependence of proton pumping by ATPase appeared to be
weaker than that of respiratory complexes.

Discussion

A unifying model for mitoflash biogenesis

Using the cell-free isolated mitochondrial system, we interro-
gated the biophysical and biochemical mechanisms of mitoflash
biogenesis by precisely controlling the respiratory substrates
and states combined with inhibition of the ETC at multiple sites,
and by charging mitochondria in an ETC-independent manner.
In contrast to the previous thoughts that mitoflash biogenesis
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inhibitors were added as described to dissect the possible involvement of different ETC complexes and Complex V. (B) ATP but not AMP-PNP restored AW,
measured with TMRM. Traces were averaged from three image series. (C) Top: Averaged trace of concurrent cpYFP-reported mitoflashes in the presence of
ATP (n = 52 events). Bottom: No mitoflashes were recorded in the presence of AMP-PNP (n = 22 mitochondria). (D) Effects of ETC and ATPase inhibitors on
ATPase-supported mitoflash frequency. Note also that AMP-PNP alone failed to elicit any mitoflash activity. Data are mean + SEM, n = 17-133 image series
from three mice for each group. ***, P < 0.001 versus control group. (E) Response of A¥,, measured with TMRM to ETC or ATPase inhibitors. Arrow indicates

the time of inhibitor administration. n = 3 image series from three mice for each averaged trace. Error bars are omitted for clarity.

requires the integrity of ETC and ATP synthesis in the context of
intact cells, we showed that the core requirement for mitoflash
biogenesis lies in the establishment of mitochondrial proton
electrochemical potential (Schwarzlinder et al., 2011; Wei-
LaPierre et al., 2013; Wang et al, 2016). Specifically, we
showed that robust mitoflash activity occurred in a single mi-
tochondrion electrochemically charged by full activation at
Complex I or Complex II or, in the simplest case, partial ETC
activation at Complex IV, with or without the ATP synthase
activity of Complex V. More strikingly, we demonstrated that, in
the presence of ATP without supplying any respiratory sub-
strates, mitoflashes were effectively generated, in an ATPase
inhibitor-sensitive (oligomycin or NaNj), but ETC inhibitor-
insensitive manner. That is, mitoflashes can be produced
merely by Complex V operating in ATPase mode, indepen-
dently of the ETC. Therefore, we conclude that mitoflash
production is a biophysically and biochemically intrinsic
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property of electrochemically energized mitochondria, pro-
viding that a trigger ignites the chemical and electrical exci-
tation of the organelle.

This model of mitoflash biogenesis agrees well with the ef-
fects of ETC inhibitors on mitoflash activity. In general, in-
hibiting the forward electron flux of the ETC stops the coupled
proton pumping, thus preventing the establishment of a proton
electrochemical gradient across the mitochondrial inner mem-
brane, whereas inhibiting the RET has the opposite effect. In this
study, we showed that an ETC inhibitor abolished ETC-
dependent mitoflashes along with depolarizing AY,, when it
acted to block forward electron transfer (i.e., at sites down-
stream of electron entry); however, an ETC inhibitor can also
augment mitoflash frequency when it inhibits RET (see below).
None of the ETC inhibitors tested, with the exception of mal-
onate, affected the ATPase-supported mitoflashes. The effects of
the ATPase inhibitor were also highly context-dependent. It
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Figure 5. Correlation between mitoflash amplitude and A¥,, depolarization. (A) Representative traces of mitoflashes with transient or sustained AW¥,,
depolarization. Data were obtained in the presence of 5 mM glutamate/5 mM malate, 2.5 mM succinate, 2.5 mM ascorbate/0.5 mM TMPD, or 3 mM ATP.
(B-E) Scatter plots for amplitude of cpYFP-reported mitoflashes and companion TMRM-reported AW, depolarization. Black or red dots represent events with
transient or sustained AY,,, depolarization, respectively. For mitoflashes with transient AW, depolarization under different conditions, linear regression yielded
a positive correlation between the amplitude of cpYFP-reported mitoflashes and TMRM-reported AW, depolarization supported by Complex | substrates (n =
224 events; B), Complex Il substrate (n = 222 events; C), and Complex IV substrates (n = 303 events; D). Note the weak correlation between the amplitude of
mitoflashes and AW,, depolarization in ATP-supported events (r = 0.10, P = 0.078, n = 292 events; E). Note that sustained AW, depolarization was often
associated with large, near-complete loss of membrane potential (red dots, n = 83, 149, 45, and 35 events for data in B, C, D, and E, respectively).
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Table 1. Percentages of mitoflashes with matrix acidification in different conditions

Substrates for energized mitochondria Type | mitoflash Type Il mitoflash Ve Significance
Glutamate/malate 4.9% (224) 85.5% (83) 2011 i
Succinate 1.4% (222) 97.4% (151) 3445 xoxx
Ascorbate/TMPD 0% (303) 48.9% (45) 158.1 e
ATP 0.3% (292) 88.6% (35) 275.6

The numbers in parentheses indicate total events examined. ***, P < 0.0001 by x? test between type | and type Il mitoflash groups.

inhibited mitoflashes supported by ATPase, and was ineffective
on ETC-supported events in state II/IV respiration, but en-
hanced mitoflashes supported by state III respiration, to a level
similar to that in state II/IV respiration under otherwise the
same conditions. Evidently, these diverse and sometimes op-
posing effects of ETC inhibitors and a Complex V inhibitor on
mitoflashes can be naturally unified in the above mechanistic
model of mitoflash biogenesis.

However, we and others have previously shown that mito-
flash activity is repressed by all ETC inhibitors as well as a
Complex V inhibitor in intact cells (Wang et al., 2008; Pouvreau,
2010; Wei et al., 2011). These once puzzling results might reflect
the fact that in cells, the major electron donors are NADH for
Complex I and FADH, for Complex II, so the entire ETC operates
in such a way that all ETC inhibitors examined dissipate AY,
and mitigate mitoflashes. Also, in intact cells, kinetic analysis of
the oligomycin effect has revealed a biphasic response, an initial
increase in the first 20 min before a decline of mitoflashes (Gong
etal., 2015). The initial augmentation of mitoflashes is consistent
with its effect on state III respiration-supported mitoflashes in
isolated mitochondria, while the late inhibitory phase might
reflect a secondary effect of ATP depletion in intact cells. In this
regard, it has been shown that addition of ADP inhibits mito-
flashes supported by Complex I or Complex II substrates in
mitochondria isolated from skeletal muscle (Wei-LaPierre et al.,
2013).

In addition, Gong et al. (2015) showed that rotenone inhibits
mitoflashes under state III respiration in the presence of succi-
nate and ADP in permeabilized cardiomyocytes, but our results
showed that rotenone had little effect on succinate-supported
mitoflashes under state II/IV respiration. The different effects
of rotenone might be due to different induction mechanisms of
mitoflash generation under different respiratory conditions,
i.e., mitoflashes are primarily induced by ROS in the presence of
succinate and ADP, and thus rotenone inhibits mitoflashes by
repressing RET-mediated ROS production (Gong et al., 2015);
however, in the presence of only succinate, proton leakage
might be the dominant induction mechanism irrespective of the
presence of RET-mediated ROS production at a relatively
high level.

It has been hypothesized that transient mPTP openings serve
to ignite mitoflashes (Hou et al., 2014). Given that the mPTP has
multiple gating modes with different levels of subconductance
and durations (Bernardi et al., 2015), mPTP openings at larger
conductance with longer duration may not only trigger a mito-
flash, but also induce sustained AY, depolarization and matrix
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acidification, the latter manifesting as the undershoot after the
peak of a cpYFP-reported type II mitoflash. Moreover, mitoflash
amplitude was positively correlated with A, depolarization in
type I mitoflashes in respiring mitochondria; a similar but
weaker correlation was seen among ATP-supported mitoflashes.
This result might reflect the fact that proton pumps such as ETC
complexes and ATPase are voltage dependent: the more the
membrane is depolarized, the faster their rate of proton
pumping. The sensitivity of proton pumping to A¥,, depolari-
zation may vary among different ETC complexes and the
ATPase.

Role of mitoflashes in autoregulating mitochondrial proton
electrochemical potential

Our previous study showed that mitoflashes are important sig-
naling events in regulating ATP homeostasis in the heart (Wang
et al.,, 2017). Here, we synthesized the results from isolated
mitochondria lacking cell-level metabolic regulation to provide
further evidence supporting the hypothesis that the mitoflash is
an intrinsic regulator of mitochondrial bioenergetics through
setting the level of proton electrochemical potential, Apy.,. The
first line of evidence comes from the observation that inhibition
of RET increases mitoflashes supported by Complex IV sub-
strate. In state II/IV respiration, proton efflux along the ETC is
balanced with the basal proton leak to maintain a constant Apyy,
(Brand and Nicholls, 2011). In some instances, such as in the
presence of Complex IV substrate, RET occurs and is associated
with proton influx, which might also contribute to A, ho-
meostasis (Sarewicz and Osyczka, 2015), and blocking RET tends
to increase Apy,, perturbing mitochondrial electrochemical
homeostasis. The rise of mitoflash activity in this context can
thus be interpreted as an autoregulatory mechanism to coun-
terbalance an increasing Apy.. The second line of evidence lies
in the interesting result that switching from state II/IV to state
Il respiration markedly and reversibly decreased mitoflash
frequency. This finding reinforces the logic of autoregulation of
Apy.,, because proton influx through ATP synthase to drive ATP
synthesis tends to a decrease in Apy,. Together with our pre-
vious evidence that mitoflashes inhibit ATP synthesis in a cell-
free mitochondrial preparation (Wang et al., 2017), we postulate
that mitoflashes are a built-in autoregulator of bioenergetics at
the single-mitochondrion level. More specifically, by sensing
and responding to perturbations of mitochondrial Apy,, mito-
flash activity waxes and wanes to maintain and safeguard Apy.,
homeostasis in a manner akin to the safety valve on a steam
engine.
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It should be noted that, by exploiting its multiplex signals, the
mitoflash can be multifunctional depending on the cellular and
subcellular contexts. Besides its role in mitochondrial biocener-
getics, mitoflash biogenesis also affords a mechanism to produce
intense, local, and transient ROS signals under physiological
conditions. In this regard, we have recently reported that mi-
toflashes are essential signaling events that participate in sta-
bilizing long-term synaptic plasticity in neurons (Fu et al., 2017).

In summary, mitoflash biogenesis is an intrinsic activity of
electrochemically charged mitochondria, requiring neither in-
tact oxidative phosphorylation nor ETC activity in isolated mi-
tochondria under experimental conditions. Mitoflash activity
appears to respond to and counteract perturbations that alter the
electrochemical charging of mitochondria. Based on the cell and
organelle logic of mitoflash biogenesis, we propose that, in ad-
dition to other functions, mitoflashes serve as a homeostatic
auto-regulator of mitochondrial proton electrochemical poten-
tial. As such, targeting mitoflash biogenesis might provide a new
means of intervening energy metabolism as well as mitochon-

drial signaling in health and disease.
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