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Abstract

:

The mitochondrial permeability transition pore (mPTP) is a large, weakly selective pore that opens in the mitochondrial inner membrane in response to the pathological increase in matrix Ca2+ concentration. mPTP activation has been implicated as a key factor contributing to stress-induced necrotic and apoptotic cell death. The molecular identity of the mPTP is not completely understood. Both ATP synthase and adenine nucleotide translocase (ANT) have been described as important components of the mPTP. Using a refractive index (RI) imaging approach, we recently demonstrated that the removal of either ATP synthase or ANT eliminates the Ca2+-induced mPTP in experiments with intact cells. These results suggest that mPTP formation relies on the interaction between ATP synthase and ANT protein complexes. To gain further insight into this process, we used RI imaging to investigate mPTP properties in cells with a genetically eliminated C subunit of ATP synthase. These cells also lack ATP6, ATP8, 6.8PL subunits and DAPIT but, importantly, have a vestigial ATP synthase complex with assembled F1 and peripheral stalk domains. We found that these cells can still undergo mPTP activation, which can be blocked by the ANT inhibitor bongkrekic acid. These results suggest that ANT can form the pore independently from the C subunit but still requires the presence of other components of ATP synthase.
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1. Introduction


The mitochondrial permeability transition pore (mPTP) is a large channel in the mitochondrial inner membrane [1,2,3,4,5]. In isolated mitochondria, activation of the mPTP by a high Ca2+ concentration leads to the free exchange of solutes of up to 1.5 kDa in size between the matrix and cytoplasm [1,6,7]. Opening of the mPTP results in a loss of mitochondrial function [8,9,10]. Both adenine nucleotide translocase (ANT) [11,12] and ATP synthase are closely involved in the formation of the mPTP [13,14]. It was previously demonstrated that the channel part of the mPTP can be formed by the C-ring of ATP synthase [15]. However, it was also established that ANT alone can form large conductance pores with properties resembling the mPTP [12,16]. Currently, it is not entirely clear which protein complex forms the mPTP pore in intact cells, and the question remains controversial [17].



We recently developed a new approach which allows observation of mPTP opening inside living cells and discriminates the mPTP from mitochondrial depolarization [18]. This approach utilizes refractive index (RI) imaging to detect the change in mitochondrial RI upon mPTP opening and the exchange of large solutes between the mitochondrial matrix and the cytoplasm. Application of RI imaging simultaneously with traditional fluorescent detection of the mitochondrial membrane potential showed that under conditions of Ca2+ stress, mitochondrial depolarization does not necessarily reflect mPTP opening in intact cells. Using RI imaging, we demonstrated that deletion of either ANT or ATP synthase in living cells does not prevent depolarization but leads to the elimination of the Ca2+-induced mPTP. These results show that, despite the presence of a channel-forming protein (either ANT or ATP synthase), its conversion into an mPTP requires the presence of a partner protein [18]. This suggests that mPTP activation at the level of intact cells might critically depend on the interactions between ANT and ATP synthase. Here, we further explore this possibility by assessing mPTP in intact cells with a genetically deleted C subunit on ATP synthase. These cells lack the ion-conducting C-ring part of ATP synthase, but contain a vestigial ATP synthase complex formed by the remaining subunits. However, the deletion of the C subunit also resulted in the absence of ATP6, ATP8, 6.8PL subunits and DAPIT in the vestigial ATP synthase complex [19].



To detect mPTP activity in intact cells, we measured changes in the mitochondrial RI using holographic tomography (referred to as RI imaging hereafter). As we described recently, solute exchange between the mitochondrial matrix and the cytoplasm due to the mPTP leads to a decrease in the RI of the mitochondria, which can be detected by the RI imaging technique [18,20,21]. We found that cells lacking the C subunit can still develop an mPTP, further supporting the notion that the presence of ATP synthase, even in its non-conducting form, is essential for mPTP activation.




2. Materials and Methods


2.1. Cell Lines


Immortalized HAP1 WT and HAP1-A12 cells with deleted a C subunit on ATP synthase were used for this study. The HAP1 cell lines were kindly provided by Professor John Walker (MRC Mitochondrial Biology Unit, University of Cambridge, Cambridge, UK). The cells were cultured as described previously [19,22]. Briefly, HAP1 cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% heat-inactivated fetal bovine serum (HI FBS; Gibco, New York, NY, USA), 10 mL per L of antibiotic antimycotic solution (penicillin/streptomycin/amphotericin B; Sigma Aldrich, St. Louis, MO, USA) and 2 mM l-glutamine. Cells were maintained in a humidified cell incubator at 37 °C under a 5% CO2 atmosphere.




2.2. Holographic and Fluorescent Imaging


The imaging procedure followed a previously described method [18]. Cells were seeded on poly-d-lysine-coated glass coverslips and imaging was performed in Hank’s balanced salt solution (HBSS, Gibco, New York, NY, USA) at room temperature. To track changes in mitochondrial membrane potential, the fluorescent probe tetramethylrhodamine, methyl ester (TMRM, Invitrogen, Waltham, MA, USA) was used. Cells were incubated with 20 nM TMRM for 15 min in the dark at room temperature. Recordings were performed in the presence of 20 nM TMRM.



To induce mitochondrial Ca2+ overload and subsequent mPTP, ferutinin at a concentration of 20 μM was used. RI images (holographic reconstructions) and TMRM signals were acquired every 15 s using a 3D Cell Explorer-fluo (Nanolive, Tolochenaz, Switzerland) equipped with a 60× objective. At the end of each experiment, 10 μM of the protonophore carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, Sigma Aldrich, St. Louis, MO, USA) was added to induce complete depolarization of mitochondria, allowing for the determination of the minimal TMRM signal for subsequent normalization and analysis.



Cyclosporin A (CSA, Sigma Aldrich, St. Louis, MO, USA) and bongkrekic acid (BA, Sigma Aldrich, St. Louis, MO, USA), inhibitors of mPTP and ANT, respectively, were used to explore the regulation of the mitochondrial permeability transition.




2.3. Data Analysis


Data analysis was performed using Fiji. Multipage TIF files with Z-stack maximal intensity projections of the cells were prepared as described in [18,23]. Mitochondria were segmented using Ilastik, an interactive learning and segmentation toolkit. The area occupied by mitochondria in each cell (mitochondrial area) was estimated after segmentation. The initial mitochondrial area value in untreated cells was set to 1 for normalization of RI signals. A decrease in the RI of mitochondria was reflected by a decrease in the segmented mitochondrial area, indicating mitochondrial permeabilization.



Regions of interest (ROIs) with functional mitochondria were manually selected based on the TMRM signal. The TMRM signal was normalized as follows: the initial signal was set as 1 and the signal after the addition of FCCP and subsequent full mitochondrial depolarization was set as 0. Each data point throughout the experiment was recalculated relative to these two levels to account for changes in the TMRM signal over time. The time of half depolarization was determined as the time between the addition of ferutinin and the point where the TMRM signal dropped to 0.5.



The same ROIs were used to estimate changes in membrane potential and applied to binary segmented masks to detect changes in the mitochondrial area.




2.4. Statistics


Origin 2021b software (OriginLab, Northampton, MA, USA) was used for data presentation, analysis and statistics. All the data are presented as means ± standard error of the mean (SEM). The exact numbers of experiments (N) and mitochondrial areas (n, no more than two per cell) analyzed are mentioned in figure legends. A one-way ANOVA and a t-test were used to verify statistical significance.





3. Results


3.1. Cells Lacking C Subunit of the ATPase Can Still Undergo a Mitochondrial Permeability Transition


Previously, we demonstrated that the canonical mPTP requires the presence of both assembled ATP synthase and ANT [18]. In order to further investigate the potential interaction between ATP synthase and ANT in the context of the mitochondrial permeability transition, we employed the RI imaging approach on HAP1 cells lacking the C subunit (HAP1 C sub KO). Previous studies have shown that these cells are unable to produce the C subunit but still retain a vestigial ATP synthase complex with intact catalytic F1 and peripheral stalk domains [19]. To stimulate mPTP activation in both HAP1 WT and C sub KO cells, we utilized the ionophore ferutinin, which induces CSA-sensitive mitochondrial depolarization and permeabilization of the mitochondrial inner membrane [19,24,25,26].



Upon treatment with ferutinin, HAP1 C sub KO cells exhibited a loss of TMRM staining and contrast in the RI image (Figure 1E–H), similar to HAP1 WT cells (Figure 1A–D). Notably, the loss of TMRM signal and RI contrast were observed as separate events, with TMRM loss occurring before RI loss (Figure 1I). This suggests that mitochondrial depolarization precedes mPTP opening in HAP1 C sub KO cells, as was shown for HAP1 WT cells [18]. A comprehensive analysis of the area occupied by mitochondria on RI images and the TMRM signal indicated that ferutinin induced a more profound mPTP induction in HAP1 C sub KO cells compared to WT cells (Figure 1J), while the degree of depolarization was indistinguishable between the two cell types (Figure 1K–L).



These findings demonstrate that HAP1 cells can experience both mitochondrial depolarization and mPTP opening even in the absence of the C subunit of ATP synthase. Therefore, we propose that ATP synthase interacts with ANT and subsequently promotes mPTP opening through domains other than the C subunit.




3.2. Regulation of the Mitochondrial Permeability Transition in HAP1 WT and C Sub KO Cells


To further explore the mechanisms underlying mPTP opening, we compared the regulation of the mPTP in HAP1 WT and C sub KO cells using two known mPTP inhibitors: CSA and BA. CSA is known to inhibit mPTP formation by interacting with cyclophilin D (CypD) [6,27,28,29], a mitochondrial peptidyl-prolyl cis–trans isomerase that has binding sites on ATP synthase [30] and ANT [31]. BA is believed to inhibit the mPTP by stabilizing conformation of ANT in the m-state, where the protein is open on the mitochondrial matrix side and closed in the intermembrane space [32,33].



Both CSA and BA inhibited the loss of mitochondrial contrast in RI images, indicating the prevention of mPTP opening in HAP1 C sub KO cells (Figure 2A,B,E,F,L). In contrast, in HAP1 WT cells, only CSA completely blocked the mPTP, as evidenced by the lack of a decrease in mitochondrial area in RI images (Figure 2I), which is consistent with previous findings [18]. BA did not prevent the loss of mitochondrial contrast in RI images in WT cells (Figure 2I), suggesting the predominant role of ATP synthase in mPTP formation when stimulated with ferutinin in the presence of the C subunit.



Neither CSA nor BA could prevent mitochondrial depolarization in HAP1 C sub KO cells, as indicated by the decrease in the TMRM signal after ferutinin treatment (Figure 2C,D,G,H,M). However, CSA delayed ferutinin-induced depolarization in HAP1 C sub KO cells (Figure 2N), indicating that mitochondrial depolarization is still partially sensitive to CSA. In WT cells, CSA effectively blocked ferutinin-induced mitochondrial depolarization (Figure 2J–K), as expected. Mitochondrial depolarization was delayed but not completely blocked when HAP1 WT cells were pretreated with the ANT inhibitor BA, suggesting the possibility of a cooperative action between ATP synthase and ANT in ferutinin-induced depolarization (Figure 2K).





4. Discussion


The mitochondrial permeability transition, characterized by the opening of a non-selective pore in the inner mitochondrial membrane, is proposed to occur through the involvement of either ATP synthase or ANT under conditions of Ca2+ overload [16,22,34,35,36,37,38,39,40]. Our recent study utilizing RI imaging provided evidence that the presence of both ATP synthase and ANT in their functional forms is necessary for mPTP formation [18]. To further investigate the mechanism underlying the interaction between ATP synthase and ANT in mPTP formation, we applied the same RI imaging approach to HAP1 cells in which the C subunit of ATP synthase was genetically abolished.



We demonstrated that even in the absence of the C subunit, mitochondria within intact cells are still capable of undergoing a permeability transition and forming an mPTP. Interestingly, the mPTP in cells deficient in the C subunit is sensitive to the inhibitor of ANT (BA). These findings suggest that ANT can participate in mPTP formation independently of the C subunit of ATP synthase. However, considering that the presence of assembled ATP synthase is essential for mPTP formation [18], it is plausible to propose that ANT still relies on certain components of ATP synthase to facilitate mPTP formation. Moreover, interactions with ATP synthase could vary between isoforms of ANT, as it has been suggested that different ANT isoforms exhibit varying sensitivity to matrix Ca2+. This variation in sensitivity could potentially represent different populations of channels [41,42].



HAP1 C sub KO cells have been extensively characterized in previous studies conducted by the J. Walker lab [19]. They demonstrated that in the absence of the C subunit, these cells still exhibit mitochondrial depolarization in a manner sensitive to CSA, which is consistent with our observations in this study. Furthermore, in our investigation, in addition to mitochondrial depolarization, we observed the opening of the mPTP in HAP1 C sub KO cells, as visualized by RI imaging independently of depolarization. Importantly, the mPTP opening in these cells was also sensitive to CSA, confirming that depolarization and mPTP opening are sequential events in the process of mitochondrial permeability transitions. It is worth mentioning that DAPIT, the mitochondrially encoded subunit ATP6 and ATP8 and 6.8PL subunits were reported to be absent in HAP1 C sub KO cells [19], which excludes these subunits from potential interaction with ANT. Previous studies of mPTP in HAP1 C sub KO cells [19] and HAP1 C + δ double KO cells [24] with a fluorescent approach only challenged the participation of ATP synthase in the formation of the pore. However, this study and our previously reported investigations stress the important role of ATP synthase in mPTP formation. Further, this work highlights that ATP synthase interaction with ANT plays a critical role in the permeability transition even in the absence of the channel forming C-ring of ATP synthase.



Multiple electrophysiological studies have confirmed that both ANT and ATP synthase, when purified, can form an mPTP-like channel in artificial lipid membranes [11,12,13,14,35,40,43]. Additionally, it has been shown that the purified C-ring of ATP synthase can form a leak channel, which can be inhibited by the ATP synthase F1 complex [15]. Therefore, there is no doubt regarding the ability of both protein complexes, or even their individual components, to form a pore in artificial membranes. The possibility of ATP synthase and ANT forming a pore in intact cells emerged following patch clamp experiments on mitochondria isolated from HAP1 C sub KO cells. These experiments revealed that the absence of the C subunit resulted in the opening of a channel in response to Ca2+ stress. Importantly, this channel could be effectively blocked by BA [22]. Subsequently, it was suggested that either ANT or ATP synthase could form an mPTP with slightly different electrophysiological characteristics, depending on the abundance of these protein complexes in the native membrane [10,33].



Recently, patch clamping of proteoliposomes with reconstituted submitochondrial vesicles containing both ANT and ATP synthase demonstrated the presence of a channel with mPTP-like properties. Inhibition of ATP synthase or ANT reduced the conductance of this channel, indicating cross-inhibition between the ATP synthase and ANT pores [44].



The whole mitoplast patch clamp, which measures the integral current through the mitochondrial inner membrane, detected the BA-sensitive component of the current when the mitochondrial permeability transition was induced by oxidative stress but not by excessive Ca2+, further evidencing the contribution of ANT towards the mPTP. On the other hand, APD, which blocks both ATP synthase and ANT channels, completely blocked the whole mitoplast mPTP current, supporting the notion that both ANT and ATP synthase likely contribute towards mPTP activity in the native membrane [43].



Our current study showed that, unlike in WT cells, mPTP opening in intact C subunit-deficient cells is sensitive to BA, suggesting that ANT plays a predominant role in mPTP formation when the pore-forming component of ATP synthase is absent. Interestingly, we observed that BA delayed ferutinin-induced mitochondrial depolarization in WT cells, indicating a regulatory role of ANT even in the presence of the C subunit and further supporting an interaction model of the mPTP and the cooperativity of these two channels.




5. Conclusions


In summary, we found that cells lacking an ATP synthase C subunit can still undergo Ca2+-induced mPTP formation. In C sub KO cells, ANT is likely responsible for pore opening, since mPTP was blocked by both CSA and BA (Figure 3). Overall, these results suggest that the interaction between ATP synthase and ANT plays an important role in formation and regulation of the mPTP.




6. Limitation of the Study


We did not observe inhibition of mitochondrial depolarization by BA in the C sub KO cells, which has been previously reported. This discrepancy could potentially be attributed to the higher concentration of ferutinin used in the current study, which might have masked the inhibition of mitochondrial depolarization.



We cannot completely rule out mitophagy as a subsequent event following mitochondrial depolarization, as depolarization has been known to trigger mitophagy [47]. This intriguing direction presents a potential avenue for future studies, which we are planning to pursue.



However, we believe that the loss of matrix content observed in the current study is indicative of a mitochondrial permeability transition for several reasons. Firstly, it is CSA sensitive, suggesting the involvement of the mitochondrial permeability transition pore. Secondly, the time interval between mitochondrial depolarization and permeabilization was less than 100 s, which may not be sufficient for the formation of a mitophagosome based on previously reported times of 6–10 min in the case of starvation-induced mitophagy [48] and up to 40 min in stress-induced mitophagy [49,50]. Furthermore, mitochondrial fission, which typically precedes mitophagosome formation, was not observed in the current study.



In the future, it will be important to further explore the limitations and advantages of the RI imaging approach, which we believe offers a number of unique advantages, in comparison to other assays for detecting the mPTP.







Author Contributions


Conceptualization, E.V.P. and M.A.N.; methodology, E.V.P. and M.A.N.; validation, E.V.P. and M.A.N.; formal analysis, S.E.M. and M.A.N.; investigation, S.E.M. and M.A.N.; resources, E.V.P.; data curation, E.V.P. and M.A.N.; writing—original draft preparation, S.E.M. and M.A.N.; writing—review and editing, E.V.P. and M.A.N.; visualization, S.E.M. and M.A.N.; supervision, E.V.P.; funding acquisition, E.V.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NIGMS (to E.V.P.) grants #R35GM139615 and #R01GM115570 and AHA Postdoctoral fellowship #834511 (to M.A.N.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data supporting the study is presented in the current manuscript. The raw data, along with analysis protocols, are available from the corresponding authors upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Haworth, R.A.; Hunter, D.R. The Ca2+-induced membrane transition in mitochondria. II. Nature of the Ca2+ trigger site. Arch. Biochem. Biophys. 1979, 195, 460–467. [Google Scholar] [CrossRef]

	



Hunter, D.R.; Haworth, R.A. The Ca2+-induced membrane transition in mitochondria. I. The protective mechanisms. Arch. Biochem. Biophys. 1979, 195, 453–459. [Google Scholar] [CrossRef]

	



Kinnally, K.W.; Campo, M.L.; Tedeschi, H. Mitochondrial channel activity studied by patch-clamping mitoplasts. J. Bioenerg. Biomembr. 1989, 21, 497–506. [Google Scholar] [CrossRef]

	



Petronilli, V.; Miotto, G.; Canton, M.; Brini, M.; Colonna, R.; Bernardi, P.; Di Lisa, F. Transient and long-lasting openings of the mitochondrial permeability transition pore can be monitored directly in intact cells by changes in mitochondrial calcein fluorescence. Biophys. J. 1999, 76, 725–734. [Google Scholar] [CrossRef] [PubMed]

	



Petronilli, V.; Szabo, I.; Zoratti, M. The inner mitochondrial membrane contains ion-conducting channels similar to those found in bacteria. FEBS Lett. 1989, 259, 137–143. [Google Scholar] [CrossRef]

	



Crompton, M.; Ellinger, H.; Costi, A. Inhibition by cyclosporin A of a Ca2+-dependent pore in heart mitochondria activated by inorganic phosphate and oxidative stress. Biochem. J. 1988, 255, 357–360. [Google Scholar] [PubMed]

	



Neginskaya, M.A.; Strubbe, J.O.; Amodeo, G.F.; West, B.A.; Yakar, S.; Bazil, J.N.; Pavlov, E.V. The very low number of calcium-induced permeability transition pores in the single mitochondrion. J. Gen. Physiol. 2020, 152, e202012631. [Google Scholar] [CrossRef] [PubMed]

	



Bauer, T.M.; Murphy, E. Role of Mitochondrial Calcium and the Permeability Transition Pore in Regulating Cell Death. Circ. Res. 2020, 126, 280–293. [Google Scholar] [CrossRef] [PubMed]

	



Bernardi, P.; Carraro, M.; Lippe, G. The mitochondrial permeability transition: Recent progress and open questions. FEBS J. 2022, 289, 7051–7074. [Google Scholar] [CrossRef] [PubMed]

	



Bonora, M.; Giorgi, C.; Pinton, P. Molecular mechanisms and consequences of mitochondrial permeability transition. Nat. Rev. Mol. Cell Biol. 2022, 23, 266–285. [Google Scholar] [CrossRef]

	



Brustovetsky, N.; Klingenberg, M. Mitochondrial ADP/ATP carrier can be reversibly converted into a large channel by Ca2+. Biochemistry 1996, 35, 8483–8488. [Google Scholar] [CrossRef] [PubMed]

	



Brustovetsky, N.; Tropschug, M.; Heimpel, S.; Heidkamper, D.; Klingenberg, M. A large Ca2+-dependent channel formed by recombinant ADP/ATP carrier from Neurospora crassa resembles the mitochondrial permeability transition pore. Biochemistry 2002, 41, 11804–11811. [Google Scholar] [CrossRef] [PubMed]

	



Mnatsakanyan, N.; Llaguno, M.C.; Yang, Y.; Yan, Y.; Weber, J.; Sigworth, F.J.; Jonas, E.A. A mitochondrial megachannel resides in monomeric F(1)F(O) ATP synthase. Nat. Commun. 2019, 10, 5823. [Google Scholar] [CrossRef]

	



Urbani, A.; Giorgio, V.; Carrer, A.; Franchin, C.; Arrigoni, G.; Jiko, C.; Abe, K.; Maeda, S.; Shinzawa-Itoh, K.; Bogers, J.F.M.; et al. Purified F-ATP synthase forms a Ca(2+)-dependent high-conductance channel matching the mitochondrial permeability transition pore. Nat. Commun. 2019, 10, 4341. [Google Scholar] [CrossRef]

	



Mnatsakanyan, N.; Park, H.A.; Wu, J.; He, X.; Llaguno, M.C.; Latta, M.; Miranda, P.; Murtishi, B.; Graham, M.; Weber, J.; et al. Mitochondrial ATP synthase c-subunit leak channel triggers cell death upon loss of its F(1) subcomplex. Cell Death Differ. 2022, 29, 1874–1887. [Google Scholar] [CrossRef]

	



Karch, J.; Bround, M.J.; Khalil, H.; Sargent, M.A.; Latchman, N.; Terada, N.; Peixoto, P.M.; Molkentin, J.D. Inhibition of mitochondrial permeability transition by deletion of the ANT family and CypD. Sci. Adv. 2019, 5, eaaw4597. [Google Scholar] [CrossRef]

	



Bernardi, P.; Gerle, C.; Halestrap, A.P.; Jonas, E.A.; Karch, J.; Mnatsakanyan, N.; Pavlov, E.; Sheu, S.S.; Soukas, A.A. Identity, structure, and function of the mitochondrial permeability transition pore: Controversies, consensus, recent advances, and future directions. Cell Death Differ. 2023. [Google Scholar] [CrossRef]

	



Neginskaya, M.A.; Morris, S.E.; Pavlov, E.V. Both ANT and ATPase are essential for mitochondrial permeability transition but not depolarization. iScience 2022, 25, 105447. [Google Scholar] [CrossRef]

	



He, J.; Ford, H.C.; Carroll, J.; Ding, S.; Fearnley, I.M.; Walker, J.E. Persistence of the mitochondrial permeability transition in the absence of subunit c of human ATP synthase. Proc. Natl. Acad. Sci. USA 2017, 114, 3409–3414. [Google Scholar] [CrossRef]

	



Pack, C.G. Application of quantitative cell imaging using label-free optical diffraction tomography. Biophys. Physicobiol. 2021, 18, 244–253. [Google Scholar] [CrossRef] [PubMed]

	



Su, J.W.; Hsu, W.C.; Chou, C.Y.; Chang, C.H.; Sung, K.B. Digital holographic microtomography for high-resolution refractive index mapping of live cells. J. Biophotonics 2013, 6, 416–424. [Google Scholar] [CrossRef] [PubMed]

	



Neginskaya, M.A.; Solesio, M.E.; Berezhnaya, E.V.; Amodeo, G.F.; Mnatsakanyan, N.; Jonas, E.A.; Pavlov, E.V. ATP Synthase C-Subunit-Deficient Mitochondria Have a Small Cyclosporine A-Sensitive Channel, but Lack the Permeability Transition Pore. Cell Rep. 2019, 26, 11–17.e12. [Google Scholar] [CrossRef]

	



Cotte, Y.; Toy, F.; Jourdain, P.; Pavillon, N.; Boss, D.; Magistretti, P.; Marquet, P.; Depeursinge, C. Marker-free phase nanoscopy. Nat. Photonics 2013, 7, 418, Erratum in Nat. Photonics 2013, 7, 113. [Google Scholar] [CrossRef]

	



Carroll, J.; He, J.; Ding, S.; Fearnley, I.M.; Walker, J.E. Persistence of the permeability transition pore in human mitochondria devoid of an assembled ATP synthase. Proc. Natl. Acad. Sci. USA 2019, 116, 12816–12821. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Carroll, J.; Ding, S.; Fearnley, I.M.; Walker, J.E. Permeability transition in human mitochondria persists in the absence of peripheral stalk subunits of ATP synthase. Proc. Natl. Acad. Sci. USA 2017, 114, 9086–9091. [Google Scholar] [CrossRef]

	



Ilyich, T.; Charishnikova, O.; Sekowski, S.; Zamaraeva, M.; Cheshchevik, V.; Dremza, I.; Cheshchevik, N.; Kiryukhina, L.; Lapshina, E.; Zavodnik, I. Ferutinin Induces Membrane Depolarization, Permeability Transition Pore Formation, and Respiration Uncoupling in Isolated Rat Liver Mitochondria by Stimulation of Ca(2+)-Permeability. J. Membr. Biol. 2018, 251, 563–572. [Google Scholar] [CrossRef]

	



Baines, C.P.; Kaiser, R.A.; Purcell, N.H.; Blair, N.S.; Osinska, H.; Hambleton, M.A.; Brunskill, E.W.; Sayen, M.R.; Gottlieb, R.A.; Dorn, G.W.; et al. Loss of cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death. Nature 2005, 434, 658–662. [Google Scholar] [CrossRef]

	



Broekemeier, K.M.; Dempsey, M.E.; Pfeiffer, D.R. Cyclosporin A is a potent inhibitor of the inner membrane permeability transition in liver mitochondria. J. Biol. Chem. 1989, 264, 7826–7830. [Google Scholar] [CrossRef]

	



Nicolli, A.; Basso, E.; Petronilli, V.; Wenger, R.M.; Bernardi, P. Interactions of cyclophilin with the mitochondrial inner membrane and regulation of the permeability transition pore, and cyclosporin A-sensitive channel. J. Biol. Chem. 1996, 271, 2185–2192. [Google Scholar] [CrossRef]

	



Giorgio, V.; Bisetto, E.; Soriano, M.E.; Dabbeni-Sala, F.; Basso, E.; Petronilli, V.; Forte, M.A.; Bernardi, P.; Lippe, G. Cyclophilin D modulates mitochondrial F0F1-ATP synthase by interacting with the lateral stalk of the complex. J. Biol. Chem. 2009, 284, 33982–33988. [Google Scholar] [CrossRef]

	



Halestrap, A.P.; Davidson, A.M. Inhibition of Ca2(+)-induced large-amplitude swelling of liver and heart mitochondria by cyclosporin is probably caused by the inhibitor binding to mitochondrial-matrix peptidyl-prolyl cis-trans isomerase and preventing it interacting with the adenine nucleotide translocase. Biochem. J. 1990, 268, 153–160. [Google Scholar] [CrossRef] [PubMed]

	



Halestrap, A.P.; Clarke, S.J.; Javadov, S.A. Mitochondrial permeability transition pore opening during myocardial reperfusion—A target for cardioprotection. Cardiovasc. Res. 2004, 61, 372–385. [Google Scholar] [CrossRef] [PubMed]

	



Bround, M.J.; Bers, D.M.; Molkentin, J.D. A 20/20 view of ANT function in mitochondrial biology and necrotic cell death. J. Mol. Cell Cardiol. 2020, 144, A3–A13. [Google Scholar] [CrossRef]

	



Duchen, M.R. Roles of mitochondria in health and disease. Diabetes 2004, 53 (Suppl. S1), S96–S102. [Google Scholar]

	



Giorgio, V.; von Stockum, S.; Antoniel, M.; Fabbro, A.; Fogolari, F.; Forte, M.; Glick, G.D.; Petronilli, V.; Zoratti, M.; Szabo, I.; et al. Dimers of mitochondrial ATP synthase form the permeability transition pore. Proc. Natl. Acad. Sci. USA 2013, 110, 5887–5892. [Google Scholar] [CrossRef]

	



Mironova, G.D.; Pavlov, E.V. Mitochondrial Cyclosporine A-Independent Palmitate/Ca(2+)-Induced Permeability Transition Pore (PA-mPT Pore) and Its Role in Mitochondrial Function and Protection against Calcium Overload and Glutamate Toxicity. Cells 2021, 10, 125. [Google Scholar] [CrossRef]

	



Petronilli, V.; Nicolli, A.; Costantini, P.; Colonna, R.; Bernardi, P. Regulation of the permeability transition pore, a voltage-dependent mitochondrial channel inhibited by cyclosporin A. Biochim. Biophys. Acta 1994, 1187, 255–259. [Google Scholar] [CrossRef]

	



Zoratti, M.; Szabo, I. The mitochondrial permeability transition. Biochim. Biophys. Acta 1995, 1241, 139–176. [Google Scholar] [PubMed]

	



Zoratti, M.; Szabo, I.; De Marchi, U. Mitochondrial permeability transitions: How many doors to the house? Biochim. Biophys. Acta 2005, 1706, 40–52. [Google Scholar] [CrossRef]

	



Alavian, K.N.; Beutner, G.; Lazrove, E.; Sacchetti, S.; Park, H.A.; Licznerski, P.; Li, H.; Nabili, P.; Hockensmith, K.; Graham, M.; et al. An uncoupling channel within the c-subunit ring of the F1FO ATP synthase is the mitochondrial permeability transition pore. Proc. Natl. Acad. Sci. USA 2014, 111, 10580–10585. [Google Scholar]

	



Chapa-Dubocq, X.R.; Garcia-Baez, J.F.; Bazil, J.N.; Javadov, S. Crosstalk between adenine nucleotide transporter and mitochondrial swelling: Experimental and computational approaches. Cell Biol. Toxicol. 2023, 39, 435–450. [Google Scholar] [CrossRef]

	



Brenner, C.; Subramaniam, K.; Pertuiset, C.; Pervaiz, S. Adenine nucleotide translocase family: Four isoforms for apoptosis modulation in cancer. Oncogene 2011, 30, 883–895. [Google Scholar] [CrossRef]

	



Neginskaya, M.A.; Pavlov, E.V. Investigation of Properties of the Mitochondrial Permeability Transition Pore Using Whole-Mitoplast Patch-Clamp Technique. DNA Cell Biol. 2023. [Google Scholar] [CrossRef]

	



Jonas, E.A.; Shang, F.; Shen, L.; Mnatsakanyan, N. Cooperativity of gating of ATP synthase and ant ion channels. Biophys. J. 2023, 122, 93a. [Google Scholar] [CrossRef]

	



Gerle, C. Mitochondrial F-ATP synthase as the permeability transition pore. Pharmacol. Res. 2020, 160, 105081. [Google Scholar] [CrossRef] [PubMed]

	



Mnatsakanyan, N.; Jonas, E.A. ATP synthase c-subunit ring as the channel of mitochondrial permeability transition: Regulator of metabolism in development and degeneration. J. Mol. Cell Cardiol. 2020, 144, 109–118. [Google Scholar] [CrossRef] [PubMed]

	



Onishi, M.; Yamano, K.; Sato, M.; Matsuda, N.; Okamoto, K. Molecular mechanisms and physiological functions of mitophagy. EMBO J. 2021, 40, e104705. [Google Scholar] [CrossRef] [PubMed]

	



Kim, I.; Rodriguez-Enriquez, S.; Lemasters, J.J. Selective degradation of mitochondria by mitophagy. Arch. Biochem. Biophys. 2007, 462, 245–253. [Google Scholar] [CrossRef]

	



Moore, A.S.; Holzbaur, E.L. Dynamic recruitment and activation of ALS-associated TBK1 with its target optineurin are required for efficient mitophagy. Proc. Natl. Acad. Sci. USA 2016, 113, E3349–E3358. [Google Scholar] [CrossRef]

	



Wang, Y.; Nartiss, Y.; Steipe, B.; McQuibban, G.A.; Kim, P.K. ROS-induced mitochondrial depolarization initiates PARK2/PARKIN-dependent mitochondrial degradation by autophagy. Autophagy 2012, 8, 1462–1476. [Google Scholar] [CrossRef]








[image: Cells 12 01950 g001 550] 





Figure 1. C subunit-deficient mitochondria of HAP1 cells undergo a permeability transition and depolarization when stimulated with ferutinin. (A–D) Ferutinin (20 μM) induced mitochondrial permeabilization (A,B) and depolarization (C,D) in WT HAP1 cells. (A,B) RI images before and after ferutinin addition. (C,D) TMRM fluorescence before and after ferutinin addition. Note the disappearance of mitochondria from the RI image and the decrease in the TMRM signal, indicating permeabilization and depolarization, respectively. (E–H) Ferutinin (20 μM) induced mitochondrial permeabilization (E,F) and depolarization (G,H) in HAP1 C sub KO cells. (E,F) RI images before and after ferutinin. (G,H) TMRM fluorescence before and after ferutinin. Note the disappearance of mitochondria from the RI image and the decrease in the TMRM signal, indicating mitochondrial permeabilization and depolarization, respectively. (I) Representative averaged traces of a single experiment showing the changes in mitochondrial area (black) and TMRM signal (red) in HAP1 C sub KO cells. Both signals were normalized to the initial level. Uncoupler FCCP was added at the end of each experiment for TMRM signal normalization. Representative of N = 11 experiments. (J) Mitochondrial area in RI images after the ferutinin-induced mitochondrial permeability transition. Each dot represents the mitochondrial area in the individual ROI before FCCP addition normalized to the initial level. (K) Normalized TMRM signal right before FCCP addition in WT and C sub KO HAP1 cells. Each dot represents the individual ROI. (L) Time of half depolarization of mitochondria (from ferutinin addition to 0.5 value) in WT and C sub KO HAP1 cells. N = 6, n = 113 for HAP1 WT; N = 11, n = 127 for HAP1 C sub KO. Arrows point to mitochondrial areas. Scale bars—2 μm. T-test. 
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Figure 2. Action of inhibitors of mPTP on mitochondrial permeabilization and depolarization in WT and C sub KO HAP1 cells. (A–D) Inhibitor of mPTP CSA blocked ferutinin-induced mitochondrial permeabilization (A,B) but did not block depolarization (C,D) in HAP1 C sub KO cells. (A,B) RI images before and after ferutinin in the presence of 2 μM CSA. (C,D) TMRM fluorescence before and after ferutinin in the presence of 2 μM CSA. (E–H) Inhibitor of ANT BA blocked ferutinin-induced mitochondrial permeabilization (E,F) but did not block depolarization (G,H) in HAP1 C sub KO cells. (E,F) RI images before and after ferutinin in the presence of 2 μM CSA. (G,H) TMRM fluorescence before and after ferutinin in the presence of 2 μM CSA. Note the mitochondria in the RI image after ferutinin addition when the TMRM signal decreased, indicating unpermeabilized mitochondria with a lower membrane potential. (I–K) Mitochondrial area, remaining TMRM signal and time of half mitochondrial depolarization in HAP1 WT cells after addition of ferutinin in the presence of inhibitors of mPTP. N = 6, n = 113 for ferutinin; N = 3, n = 65 for ferutinin + CSA; N = 3, n = 75 for ferutinin + BA. For time of half depolarization in the ferutinin + CSA group, n = 36, since the TMRM signal did not decrease in the rest of the cells. (L–N) Mitochondrial area, remaining TMRM signal and time of half mitochondrial depolarization in HAP1 C sub KO cells after addition of ferutinin in the presence of inhibitors of mPTP. N = 11, n = 127 for ferutinin; N = 6, n = 79 for ferutinin + CSA; N = 4, n = 62 for ferutinin + BA. Each dot on the bar graphs represents the value of the normalized mitochondrial area or normalized TMRM signal in the individual ROI. Arrows point to mitochondria. Scale bars—2 μm. One-way ANOVA with Tukey post hoc test. 
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Figure 3. Model of mPTP formation. In conditions of mitochondrial Ca2+ overload, an mPTP is formed by a complex involving ATP synthase and ANT interacting with each other. (A) When both protein complexes (ATP synthase and ANT) are fully assembled and functional, ATP synthase takes on the role of the permeable part of the pore (adapted from [45,46]). (B) In the absence of the ion-conducting part of ATP synthase in the membrane, ANT acts as the permeable component of the mPTP complex. ATPase refers to ATP synthase and IMS refers to the intermembrane space. Created with BioRender.com. 
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