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Abstract

Although mitochondrial Ca2* overload and ROS production play a critical role in mitochondria-
mediated cell death, a cause-effect relationship between them remains elusive. This study
elucidated the crosstalk between mitochondrial swelling, ROS production, and electron transfer
chain (ETC) supercomplexes in rat heart mitochondria in response to Ca2* and tert-butyl
hydroperoxide (TBH), a lipid-soluble organic peroxide. Results showed that ROS production
induced by TBH was significantly increased in the presence of Ca2* in a dose-dependent manner.
TBH markedly inhibited the state 3 respiration rate with no effect on the mitochondrial swelling.
Ca?* exerted a slight effect on mitochondrial respiration that was greatly aggravated by TBH.
Analysis of supercomplexes revealed a minor difference in the presence of TBH and/or Ca2*.
However, incubation of mitochondria in the presence of high Ca2* (1 mM) or inhibitors of ETC
complexes (rotenone and antimycin A) induced disintegration of the main supercomplex,
respirasome. Thus, PTP-dependent swelling of mitochondria solely depends on Ca?* but not ROS.
TBH has no effect on the respirasome while Ca2* induces disintegration of the supercomplex only
at a high concentration. Intactness of individual ETC complexes I and 111 is important for
maintenance of the structural integrity of the respirasome.
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1. Introduction

Oxidative and energetic stress during ischemia and subsequent reperfusion cause structural
and functional damages to the myocardium [1]. Mechanisms contributing to the
pathogenesis of ischemia-reperfusion injury are multifactorial and highly integrated.
Increases in cellular CaZ* and reactive oxygen species (ROS) induced by ischemia and then,
amplified upon reperfusion are the main mediators of reperfusion injury [2]. Mitochondria
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have emerged as the major source of ROS as well as a critical target for cardioprotective
strategies at reperfusion [3]. Mitochondrial Ca2* overload accompanied by oxidative stress
and increased Pi levels leads to mitochondrial permeability transition (PT) accompanied by
opening non-selective PT pores (PTP) in the inner mitochondrial membrane. Sustained PTP
induction stimulates mitochondria-mediated cell death through apoptosis and necrosis
depending on the ATP level in the cell [4-6]. Despite intensive studies, the molecular
identity of core components of the PTP complex still remains elusive, and cyclophilin D
(CypD) is the only known protein that plays a key regulatory role in PTP induction [7-10].
Also, the mechanisms underlying PTP induction as well as a cause-effect relationship
between Ca2*-induced ROS production and PTP opening have not yet been fully understood
[11].

Structural integrity of respiratory supercomplexes (SCs), large supramolecular structures of
electron transfer chain (ETC) complexes, seems to be involved in the pathogenesis of
mitochondrial dysfunction. Structural organization and potential role of SCs has been
investigated in mitochondria and reviewed elsewhere [12]. One of the main SCs, SC
I1+111,+1V1, known as the respirasome, contains the ETC complexes 1,111, and 1V, and was
found in mitochondria of rodent [13], dog [14], and bovine [15] hearts. Recently, the atomic
structure of the respirasome has been resolved and potential mechanisms of SC assembling
have been suggested [16-18]. According to the solid-state model, the SCs assembly can
provide high-efficiency electron flux throughout the ETC, increase ATP synthesis, and
reduce electron leakage and thus, mitochondrial ROS production due to short diffusion
distances between individual ETC complexes [9,19-22]. However, functional and catalytic
advantages of SCs are disputed, and it remains unclear whether channeling in SCs is
kinetically important to provide highly efficient ATP synthesis [23]. In addition, several
studies showed deterioration of SCs in various disease models [14,24-27].

Notably, cardiolipin, a signature lipid of mitochondria, is required for assembling and
maintenance of the structural integrity of SCs [28,29]. Depletion of cardiolipin [30,31] and
degradation of SCs [14] were found in animal models of heart failure. Loss of tafazzin, an
enzyme responsible for cardiolipin remodeling, induced a 40% loss of mature cardiolipin
(tetralinoleyl-cardiolipin) [32], and disintegration of SCs [25]. Degradation of SCs and
oxidation of cardiolipin induced by ischemia-reperfusion in rat hearts were prevented in the
presence of XJB-5-131, a mitochondria-targeted electron scavenger [25].

Thus, despite growing number of studies, the mechanism of SC degradation, particularly, the
crosstalk between mitochondrial swelling, ROS generation and SC disintegration in response
to oxidative and energetic stress remains to be elucidated. Our recent studies showed that
ROS production and PTP-induced mitochondrial swelling can play a causative role in SC
degradation in response to oxidative stress induced by ischemia-reperfusion in rat hearts
[25]. In this study, we evaluated the possible relationship between mitochondrial swelling,
ROS production and respirasome integrity. Our results demonstrated that although Ca2*
stimulates ROS production in mitochondria, swelling of mitochondria solely depends on
Ca?* rather than ROS. The undiminished enzymatic activity of individual ETC complexes |
and Il is important for maintenance of the structural integrity of SCs in cardiac
mitochondria.
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s and Methods

Male Sprague-Dawley rats weighing 225-275 g were purchased from Charles River
(Wilmington, MA). All experiments were performed per protocols approved by the
University of Puerto Rico Medical Sciences Campus Animal Care and Use Committee and
conformed to the National Research Council Guide for the Care and Use of Laboratory
Animals published by the U.S. National Institutes of Health (2011, Eighth Edition).

of mitochondria

Rats were deeply anesthetized with an anesthetic cocktail (179.2 mg/kg body weight, IP)
containing 4.2 mg/kg xylazine, 87.5 mg/kg ketamine, and 87.5 mg/kg acepromazine to avoid
any discomfort, distress, and pain in accordance with the AVMA Guidelines for the
Euthanasia of Animals (2013 Edition). The depth of anesthesia was assessed by lack of
response to the withdrawal reflex from a toe pinch, 15 min after the administration of
anesthesia. The hearts were rapidly removed and briefly perfused by the Langendorff
technique to remove blood from the tissue. Then the ventricles were homogenized with a
Polytron homogenizer at 1,500 rpm for 5 sec in ice-cold sucrose buffer containing 300 mM
sucrose, 10 mM Tris-HCI, and 2 mM EGTA, at pH 7.4 [33]. Mitochondria were isolated
from the homogenate by centrifugation at 2,000 x g for 2 min in the sucrose buffer
containing 0.5% BSA in a benchtop centrifuge to remove cell debris, followed by
centrifugation of the supernatant at 10,000 x g for 5 min to sediment the mitochondrial
suspension. The pellet was then washed two times at 10,000 x g for 5 min in 40 mL of
sucrose buffer (BSA-free). The final pellet containing mitochondria was resuspended in 300
uL of the sucrose buffer.

2.3 Analysis of mitochondrial swelling

For analysis of mitochondrial swelling as a marker of PTP opening, freshly isolated
mitochondria (0.4 mg/mL) were incubated at 37 °C in 0.1 mL of incubation buffer
containing 200 mM sucrose, 10 mM Tris-MOPS, 5 mM a-ketoglutarate, 2 mM malate, 1
mM Pi, 10 uM EGTA-Tris, pH 7.4. Swelling of mitochondria was determined by monitoring
the decrease in light scattering at 525 nm in the presence or absence of Ca2* [33]. The
absorbance was monitored for ~35 min simultaneously with or without Ca2* and/or tert-
butyl hydroperoxide (TBH). In additional experiments, sanglifehrin A (SfA, Novartis
Pharma, Basel, Switzerland) was used to inhibit PTP opening/mitochondrial swelling.

2.4 Analysis of H>,O, production in mitochondria

Freshly isolated mitochondria were incubated at 37 °C in 0.1 mL of the incubation buffer
containing 200 mM sucrose, 10 mM Tris-MOPS, 5 mM a-ketoglutarate, 2 mM malate, 1
mM Pi, 10 uM EGTA-Tris, pH 7.4. Production of H,O5 as an indicator of ROS generation
was measured in isolated mitochondria with 50 uM Amplex Red (Invitrogen) in the medium
containing 25 mM sodium phosphate, pH 7.4, and 0.1 U/mL HRP. Fluorescence intensity
was monitored in the presence or absence of Ca?* and/or TBH at an excitation of 560 nm
and emission at 590 nm.
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2.5 Determination of respiration rates of mitochondria

The rates of oxygen consumption were measured at 37 °C using a Y'SI Oxygraph (Yellow
Springs, OH) model 5300 equipped with a Clark-type oxygen electrode [33]. Briefly, freshly
isolated mitochondria were incubated in a buffer containing 125 mM KCI, 20 mM MOPS,
10 mM Tris, 0.5 mM EGTA, and 2 mM KH,POy, at pH 7.2, supplemented with 2.5 mM 2-
oxoglutarate and 1 mM L-malate to measure the rate of oxygen consumption for ETC
complex I. The state 3 respiration rate was determined in the presence of 1 mM ADP.
Respiration charts were recorded and analyzed using Chart5 (PowerLab) and expressed in
nmols O, per min to mg of mitochondrial protein.

2.6 Analysis of respiratory supercomplexes

Mitochondrial SCs were analyzed by blue-native polyacrylamide gel electrophoresis (BN-
PAGE) as previously described with modifications [13,24,25]. Briefly, 120 pg of
mitochondrial proteins was dissolved in 100 L of solubilization buffer (50 mM NaCl, 50
mM imidazole-HCI, 2 mM 6-aminohexanoic acid, 1 mM EDTA) supplemented with 4 pL of
20% digitonin, 1 pL protease and phosphatase inhibitor cocktails (Sigma-Aldrich), and 25 U
of Benzonase®. Samples were incubated on ice for 20 min with vortex for 5 sec every 10
min and then, centrifuged for 20 min at 20,000 x g. Supernatants were collected and mixed
with 30 pL of sample buffer (50 mM NacCl, 10% glycerol, 0.001% Ponceau S, 50 mM Tris-
HCI, pH 7.2). BNGE was conducted as per the manufacturer's recommendations
(Invitrogen). After electrophoresis, gels were stained by Coomassie brilliant blue G250 and
then scanned with the Odyssey CLx Infrared Imaging System (LI-COR Biosciences) at 0.5
mm focal depth and 300 ppi (pixels per inch) resolution in high-quality mode. The resulting
images were analyzed with ImageJ (NIH).

For two-dimensional blue-native SDS-PAGE (2D BN/SDS-PAGE) and immunoblotting, the
lanes were cut from native gels after running and immediately incubated with loading buffer
(50 mM Tris, pH 8.8, 50 mM DTT, 2% SDS, and 0.01% bromophenol blue) for 5 min. The
lanes were loaded into 12% SDS-PAGE gel and sealed with 0.5% agarose. Second-
dimension run and subsequent immunoblotting were conducted as per the manufacturer's
recommendations (Bio-Rad). The total OXPHOS Rodent WB Antibody Cocktail (Abcam)
antibodies were used for identification of ETC complexes I-V as per the manufacturer's
recommendations. The signals were visualized by VersaDoc 4000 Gel Imaging System (Bio-
Rad) and analyzed by ImageJ (NIH).

2.7 Statistical analysis

Data were analyzed by ANOVA with a Shapiro-Wilk test of normality and a Holm-Sidak
multiple comparison test, in addition to a Student's t-test. £< 0.05 was considered
statistically significant. Results are presented as mean + SEM.

3. Results
3.1 Effects of Ca2* and TBH on ROS production

TBH is a lipid-soluble organic peroxide, which, in comparison with H,0O,, is more similar to
endogenous lipid hydroperoxides generated during oxidative stress. Like lipid
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hydroperoxides, TBH easily enters into the apolar environment in the inner mitochondrial
membrane in close proximity to the hydrocarbon chains of cardiolipin. Therefore, TBH
attacks and peroxidizes CL more effectively than H,O, [34]. In the first set of experiments,
isolated cardiac mitochondria were treated with different concentrations of TBH (0-200
uM), and H,0, levels were measured by Amplex Red. The rate of H,O, production was
increased in the presence of TBH at a concentration of 50 uM or higher, and after 30 min,
reached a 4.8-fold and 6.0-fold increase compared to the control (no TBH) for 100 and 200
UM TBH, respectively (Fig. 1A).

Next, we examined the effect of TBH on H,0, production after 30 min of incubation of
mitochondria in the presence of Ca2* at concentrations ranging from 0 to 300 uM (Fig. 1C).
The effect of Ca2* was much greater than that induced by TBH alone. The rate of H,0,
production induced by 300 pM of Ca2* alone (no TBH added) was an 8-fold greater than
that induced in the absence of Ca* (0 uM). There were no significant differences between
H»0, production rates induced by 10 and 50 uM TBH and control (O uM TBH) in the
presence of Ca*. However, the differences induced by 100 and 200 uM TBH were
statistically significant, in comparison with the control group (Fig. 1B). Importantly, the
source of increased H,O, was mitochondria rather than TBH as H,O, produced from TBH
was consumed by Amplex Red within 5-10 min, and no ROS production was observed in the
absence of mitochondria (Fig. 1C and 1D).

3.2 The effects of TBH on mitochondrial respiration and swelling

In the next set of experiments, we assessed the effects of TBH on the respiration rate of
mitochondria in the presence and absence of 100 pM Ca2*. Results showed that 100 pM
Ca?* (or 250 nmoles Ca?* per mg mitochondrial protein) Ca2* alone (no TBH) had no
significant effect on the state 3 respiration rate. Notably, TBH alone (no Ca2*) at very low
concentration (10 pM), which had no effect on ROS production (Fig. 1A), reduced the state
3 by 31% (P<0.05) and the effect reached the maximum value (52%, ~P<0.05) at 50 pM (-
Ca?* groups in Fig. 2). TBH at =50 uM had additional inhibitory effects on the respiratory
function of mitochondria in the presence of 100 uM Ca2*. State 3 was reduced by 32, 53 and
38% (P<0.01 for all) in the presence of 50, 100 and 200 uM TBH, respectively.

Analysis of mitochondrial absorbance data revealed no significant effect of TBH on the
swelling in both the presence and absence of Ca?* (Fig. 3). Rates of basal (no Ca?* added)
and Ca?*-induced swelling were not affected by TBH at all concentrations. Thus, these data
demonstrate that, in the absence of Ca?*, TBH-induced ROS has an inhibitory effect on
mitochondrial respiration, but not swelling.

3.3 Inhibition of CypD on H,0O, production

Next, we analyzed the effect of CypD inhibition on H,O, production. As shown in Figure
4A, swelling of cardiac mitochondria was initiated by addition of 175 uM Ca2* (438 nmoles
Ca?* per mg mitochondrial protein). Sanglifehrin A (SfA), a CypD inhibitor, attenuated the
mitochondrial swelling by enhancing the tolerance to Ca2* (or resistance to PTP opening) by
29%. Mitochondrial swelling in the presence of SfA started at 225 pM Ca2* (Fig. 4A).
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The similar effect was observed with H,O, production induced by 175 and 200 pM Ca?*.
Pretreatment of mitochondria with SfA reduced the rate of H,O, production by 46% and
36% (P<0.05 for both) induced by 175 and 200 uM Ca?*, respectively (Fig. 4B). However,
SfA was not able to inhibit the ROS production induced by high concentrations (= 225 uM)
of Ca2*. Notably, SFfA per se had no any antioxidant capacity in the absence of mitochondria
(Fig. S1). These data suggest that the effect of SfA to attenuate ROS production is secondary
to inhibition of the PTP.

3.4 The effects of TBH and Ca?* on the integrity of SCs

In the next set of experiments, we analyzed respiratory SCs in cardiac mitochondria
pretreated with TBH and Ca2*. Each band after BN-PAGE was identified by 2D SDS-PAGE
(Fig. 5A and S3). Analysis of histogram revealed that brightest band at ~850 kDa (peak 5 in
Fig. 5B), which was designated as respiratory complex V dimers [25], also contains peaks
from other complexes. Furthermore, the peak 7 known as a respiratory complex | monomer,
also contains peaks from ETC complexes Il (traces), I, and IV. Two faint bands at 1048
kDa and 1236 kDa (peaks 1 and 3, respectively) were also correlated with peaks from
complex V known as complex V tetramers and hexamers [35].

We performed BN-PAGE analysis of mitochondria pretreated with TBH and Ca2* at
different concentrations. Results demonstrated that TBH or Ca2* induces minor changes in
respirasome levels (data not shown). However, the respirasome was reduced by 16.1%
(P<0.05) in mitochondria treated with Ca2* at very high concentration (1 mM Ca%* or 2.5
pmoles Ca2* per mg mitochondrial protein) (Fig. 5C-E). In addition, we analyzed potential
effects of inhibition of the ETC complexes | and 111 on the integrity of SCs. The complexes |
and 111 are involved in the respirasome (SC I1+I11,+1V1), the main SC, that apparently plays
an important role in the ETC activity. Interestingly, we revealed noticeable changes in SCs in
mitochondria treated with 2 pM rotenone (complex I inhibitor) and 1 uM antimycin A
(complex 11 inhibitor), which induced a 20.1% (/<0.01) and 13.0% (#~<0.01) reductions of
SCs, respectively, compared to untreated (control) mitochondria (Fig. 5C-E, (peaks 1~4)).
These data demonstrate that TBH has little effect on SCs however Ca2* at very high
concentration (1 mM) and inhibition of ETC complexes | and Il stimulate degradation of
SCs, particularly, the respirasome.

It should be noted that, we analyzed SCs also by 2D BN/SDS-PAGE and immunoblotting.
Results of these studies are presented in Fig. S3. Quantification of immunoblots after 2D
BN/SDS-PAGE did not provide statistically significant differences between control and
treated mitochondria. Similar observations have been reported in our previous study [25]. So
we preferably used results obtained by BN-PAGE for comparison of experimental groups.

4. Discussion

Reperfusion after sustained ischemia causes Ca2* overload, ROS production, and PTP
induction in mitochondria; however, a cause-effect relationship between these events has not
been fully understood [11]. Furthermore, the role of respiratory SCs in physiology and
pathophysiology of cardiac mitochondria still remains elusive. Our study demonstrated that:
(i) Ca2* and/or ROS stimulates ROS production in mitochondria and, ROS, but not Ca2*
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inhibit respiratory function of mitochondria, (ii) ROS alone do not stimulate PTP induction,
(iii) inhibition of CypD, a major PTP regulator, increases the Ca2* tolerance; it delays
mitochondrial swelling (PTP opening) and attenuates ROS production within the tolerance
range, and (iv) Ca2* or ROS causes minor changes in respiratory SCs, however inhibition of
ETC complexes I or Il disintegrates SCs, particularly, the respirasome.

Mitochondrial ETC complexes are able to be dynamically assembled into SCs, although the
functional role of SCs is not clear. Degradation of SCs significantly increases ROS
production at complex | suggesting that SCs prevents excessive ROS generation [36]. It was
suggested that SCs can regulate the electron flux from different substrates through the
respiratory chain [21], however a robust flux control analysis provided no evidence for
substrate channeling between the ETC complexes assembled in SCs [23]. In addition,
although the structural identity of SCs has been extensively investigated [16-18,37], the
contribution of SCs to mitochondrial dysfunction and mitochondria-mediated cell death
remains unclear. In our previous studies, we observed a 40% reduction of respirasome in
cardiac mitochondria isolated from tafazzin knock-down mice, in contrast to a 3% decrease
of the respirasome after ischemia (25 min) and reperfusion (60 min) in rat hearts [25]. It
should be noted, the impact of a small reduction of SC levels on mitochondrial function
during ischemia-reperfusion is not clear. Although the hearts had low post-ischemic
recovery (23% of pre-ischemia), enzymatic activity of ETC complexes, except complex I11,
were not affected by cardiac ischemia-reperfusion [25]. These data suggest that: 1) early
dysfunction of mitochondrial respirasome may be beyond of the changes in its quantity, and
associated with the activity of ETC individual complexes, and 2) quantification of SCs BN-
PAGE technique may not accurately/precisely estimate the actual changes in SC levels
which can be effected by isolation, solubilization, electrophoresis, staining and other
procedures during analysis. Results of the present study demonstrated that inhibition of ETC
complexes | or Il triggered degradation of SCs in isolated mitochondria. These data suggest
that SC assembling and integrity is dependent on the enzymatic activity of individual ETC
complexes. Notably, growing number of studies demonstrate interdependence between ETC
individual complexes involved in SCs (Reviewed in[38,39]). Deficiencies in expression of
complexes 111 [40] and 1V [41] was associated with a reduction of complex I levels. On the
other hand, disruption of complex | by NDUFS4 mutations diminished complex 111 activity
in human skin fibroblasts [42]. These studies provide strong evidence that unaltered activity
and molecular integrity of individual complexes I, Il and IV is required for SCs,
particularly, the respirasome assembly. Although complex Il is not involved in respirasome
structure [43], and represents the only rate-limiting step in succinate oxidation, it can play a
role in maintenance of the respirasome SCs indirectly. For example, complex Il is tightly
coupled to complexes | and 111, and has been recognized as a source of ROS generation
[44,45]. Accordingly, changes in complex Il activity can stimulate ROS production and thus,
induce SC disorganization through oxidation of cardiolipin. New studies are required to
clarify the contribution of all ETC complexes to SC assembling. Our studies do not exclude
non-specific effects of rotenone and antimycin A to induce conformational changes in the
structure of SC molecules leading to their disintegration.

Our results demonstrated that Ca2* alone induces H,0, production (Fig.1B), which was
concomitant with PTP-dependent swelling of mitochondria (Fig. 4A). Pretreatment of
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mitochondria with SfA reduced ROS production indicating at PTP-induced ROS production
(Fig. 4B). The cause-effect relationship between ROS and PTP induction has not yet been
fully established. Similar to our findings, several studies reported that Ca?*-induced PTP
opening stimulates ROS production [46,47]. On the other hand, ROS can modulate
mitochondrial redox environment through CypD oxidation. Hydrogen peroxide affected
conformation and enzymatic activity of CypD and thereby, stimulated PTP opening [48,49].
Changes in redox state of CypD due to its oxidation can modulate activity of other PTP
regulators such as ANT, P;C, and FgF{-ATP synthase, and induce pore opening. In our
studies, TBH alone did not induce mitochondrial swelling whereas CaZ* alone significantly
stimulated the swelling which was further increased in the presence of TBH. These data are
consistent with previous findings that demonstrated no osmatic alteration induced by 100
UM TBH in rat heart mitochondria [50]. This study also found no effect of 30 uM Ca2*
alone to induce swelling in mitochondria (0.5 mg/ml) that can be explained with low
concentration of the ion. Our present (Fig. 3B) and previous studies [25] showed that Ca?* at
concentrations up to 175 pM does not induce notable PTP opening in mitochondria (0.4 mg/
ml). In contrast to our findings obtained on isolated mitochondria, ROS-induced PTP
induction was observed in cultured cardiomyocytes [51] could include many other non-
mitochondrial factors.

We showed that inhibition of CypD with SfA increases the Ca2* tolerance of the
mitochondria to initiate the massive swelling by ~30% (Fig.4A), in addition to the
attenuation of ROS production within the increased tolerance range. These data suggest that,
in fact, the inhibition of CypD only delays PTP opening by increasing the threshold but does
not reduce the extent of PTP opening. In addition, the inhibitory effect of SfA occurs at
certain concentrations of Ca* ranging from 100 to 300 uM, and mitochondrial swelling
induced by Ca?* above the threshold is not inhibited by SfA. In favor of this, we have
previously observed that lactate dehydrogenase release (an indicator of cell death) from rat
hearts was attenuated by SfA treatment only at 30 min of reperfusion and no significant
differences were found at 50 min of reperfusion [25]. This observation can explain recent
negative results from clinical trials [52,53] that showed no cardioprotective effects of
cyclosporine A, a classic inhibitor of CypD, in patients with STEMI (ST-Elevation
Myocardial Infarction). Unlike experimental studies where the threshold for PTP opening
can be regulated, the effect of the insult on mitochondria (Ca%* levels) may be above the
threshold in the clinical setting. Also, the timing of administration of PTP inhibitors may
affect clinical outcomes because PTP opening occurs during the first minutes of reperfusion
[54,55].

It should be noted that TBH greatly inhibited the state 3 respiration rate concomitant with
stimulation of ROS production. Since mitochondrial function depends on the redox state, it
is important to elucidate how redox signals modulate mitochondrial metabolism and
function [56]. Therefore, inhibition of ROS production at complexes | and 111 as well as
scavenging of mitochondrial ROS are important for prevention mitochondria-mediated cell
death. Indeed, suppressors of ROS production at Q site of the ETC complex | protected
against ischemia-reperfusion injury [57]. Furthermore, in addition to the inhibition of CypD
[25], scavenging of mitochondrial ROS improved post-ischemic recovery of the
Langendorff-perfused rat heart [58]. We observed a 60% inhibition of state 3 respiration rate
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in mitochondria of the rat heart underwent ischemia-reperfusion [25] and the extent of the
inhibition is similar to that obtained with TBH and Ca?* in this study. Although our study
showed the role of Ca2* in ROS production, further studies are required for an understanding
of the mechanisms underlying the cross-talk between Ca2* homeostasis and ROS production
in mitochondria.

5. Conclusion

This study shows that although ROS can solely stimulate ROS production, Ca2* apparently
is a leading factor in mitochondrial ROS production in isolated cardiac mitochondria. ROS
have no direct effect on basal and Ca2*-induced swelling in isolated mitochondria thus
suggesting that Ca2* but not ROS plays a leading role in PTP induction. Respiratory SCs
demonstrate minor differences in response to increased mitochondrial ROS and swelling
implying that disintegration of SCs is the consequence rather than the cause of
mitochondrial dysfunction. Inhibition of the ETC complexes I or 111 induces disintegration
of the respirasome implying that intact (unaltered) activity of the complexes is required for
maintenance of the structural integrity of SCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. PTP-dependent swelling of mitochondria solely depends on Ca2* but not
ROS.

TBH significantly inhibits respiration of mitochondria.
TBH has no effect on the respirasome assembly.

Ca?* only at a high concentration induces respirasome dissembling.

en & @ N

Integrity of respirasome depends on the activity of ETC complexes | and I11.

Arch Biochem Biophys. Author manuscript; available in PMC 2018 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Jang and Javadov

A

H,0, production rate, pmol min"' mg"

o

H,O, production rate, pmol min-"

Page 15
B
140 1 . ca?+ TBH, uM - 140 7 4+ ca?
—— 0 g’
50 g
100 - 100 E 100 -
—e— 200
80 - < 80 -
(O]
s
60 c 60 -
S
40 | % 40
20 A Q-N 20 - ./‘ 100
Ezjzzlit',;l.:! Q = 200
O " 1 ] " L] L ] " " 1] I O T L] L] L} L] T L] L]
0 5 10 15 20 25 30 35 min 0 100 150 175 200 225 250 300
Caz*, uM
D H
140 1 _ cge+ TBH, UM . 140 7, caz+
—— c i TBH, uM
120 . 10 E 120 —~
—— 50 2 —= 10
| £ d
100 166 & 100 —— 50
—— 200 g 100
80 1 80
< —— 200
o
60 - 8 60 -
=
ko)
40 - © 40 -
~ |
20 - % 20 | !
0 - e — 0 -
5 10 15 20 25 30 min 5 10 15 20 25 30 min

Figure 1.
The effects of TBH and Ca2* on the H,0, production rate in isolated mitochondria. A,

Time-dependent changes of H,O, production rates induced by TBH in the concentration
range of 0-200 uM. B, Rates of H,0, production induced by Ca2* (0-300 pM) and TBH
(0-200 uM). C,D, Effects of TBH on H,0, production in the absence (C)and presence (D)
of Ca?* in mitochondria-free buffer. Each arrow in D indicates the addition of 100 uM Ca?*.
Data are shown as means + SEM (n=6).
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Figure 2.
The effects of TBH on the state 3 respiration rate of mitochondria in the presence or absence

of 100 uM Ca?*. The respiration rate is given in nmols of consumed O, per min per
milligram of mitochondrial protein. * £<0.05 vs. control (no TBH); #/<0.01, +Ca2* group
vs. -Ca2* group. Data are shown as means + SEM (n=3).
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Page 17

Swelling of isolated mitochondria induced by TBH in the concentration range of 0-200 uM
without (A) or with (B) addition of Ca2*. Each arrow indicates the addition of Ca?* and final
concentrations of Ca2* for each point are given in brackets. The representative curves with

error bars are shown in Supplementary Figure S2.
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Figure 4.

The effects of SfA on mitochondrial swelling and H,O» production rate in isolated
mitochondria. A, Swelling curves of mitochondria induced by Ca?* in the absence or
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0 100 150 175 200 225 250 300 WM Ca*

presence of 0.5 uM SfA. Each arrow indicates the addition of Ca2*and final concentrations
of Ca2* for each point are given in brackets. Error bars for swelling curves were omitted for
better comparison. The representative curves with error bars are shown in Supplementary

Figure S2. B, The effects of Ca2* in the concentration range of 0-300 uM on the H,0,
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production rate in the absence or presence of 0.5 puM SfA. *P<0.05 vs. +Ca2*+SfA group.
Data are shown as means + SEM (n=6).

Arch Biochem Biophys. Author manuscript; available in PMC 2018 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jang and Javadov

A
SDS

q
Coomassie

Immunoblot

respirasome

01 1236
1048

720

480

242

146

66

V:ATP5A
:UQCRC?2

Arch Biochem Biophys. Author manuscript; available in PMC 2018 September 15.

[ ]

5

’

b
!

— Mm@
O T o
b B S
s 2 B
= =z

123 456 7 8

Page 20

[:NDUFB8

[I:SDHB

IV:MTCO1

l1:UQCRC?2

V:ATP5A

Coomassie



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jang and Javadov Page 21

Ctrl Ca?* Rot Ant

1236
1048

~N oos WN =

720

D
Ca?+ Rot

respirasome

Ant
el Ji
vy \/\A/ P M\,A‘ A WA
A A MA

M,
= W\A

Z

© Q ©m o © o o
QS N QS N QS =
‘| -
" %k

N *
2 08+
>

)
e
GE)E 0.6 1
8 [S)

©
25 04 4
Q_H-—
wn
()
& 024

0
2
Ctrl ca™ Rot Ant

Figure 5.
Analysis and identification of respiratory SCs using the 2D BN/SDS-PAGE and

immunoblotting. A, Identification of bands corresponding to individual ETC complexes 1-V
after the 2D BN/SDS-PAGE and immunoblotting. B, Histogram analysis of panel A. C-E,
Effects of 2 uM rotenone (Rot, complex | inhibitor), 1 pM antimycin A (Ant, complex 111
inhibitor), and 1 mM Ca?* on the respirasome (SC I +115+1V4) level in isolated
mitochondria. Representative images of SCs, including the respirasome (red rectangle) (C),
histogram analysis (D) of control (¢hin /ines) and experimental (bold lines) groups, and
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quantitative data (E) of the respirasome (the sum of peaks 1-4 in D) after BN-PAGE
analysis. For 2D BN/SDS-PAGE and immunoblotting, the lanes were cut from native gels
after BN-PAGE and immediately incubated with loading buffer (50 mM Tris, pH 8.8, 50
mM DTT, 2% SDS, and 0.01% bromophenol blue) for 5 min. Then, the lanes were loaded
into 12% SDS-PAGE gel and sealed with 0.5% agarose. Second-dimension run and
subsequent immunoblotting were conducted as per the manufacturer's recommendations
(Bio-Rad). ETC complexes I-V were identified using the total OXPHOS Rodent WB
Antibody Cocktail (Abcam) as per the manufacturer's recommendations. The cocktail
contained antibodies against NDUFB8 (complex 1), SDHB (complex I1), UQCRC2
(complex 111), MTCO1 (complex 1V), and ATP5A (complex V). * P<0.05, ** A<0.01 vs.
control (Ctrl). Data are shown as means = SEM (n=6).
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