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Abstract 24 

The relevance of mitochondrial DNA (mtDNA) mutations in cancer process is still 25 

unknown. Since the mutagenesis of mitochondrial genome in mammals is not possible 26 

yet, we have exploited budding yeast S. cerevisiae as a model to study the effects of 27 

tumor-associated mutations in the mitochondrial MTATP6 gene, encoding subunit 6 of 28 

ATP synthase, on the energy metabolism. We previously reported that four mutations 29 

in this gene have a limited impact on the production of cellular energy. In this paper, 30 

we report the biochemical analysis of strain bearing a fifth cancer related mutation in 31 

this gene and show that two of these mutations, Atp6-P163S and Atp6-K90E (human 32 

MTATP6-P136S and MTATP6-K64E, found in prostate and thyroid cancer samples, 33 

respectively), increase sensitivity of yeast cells both to compounds inducing oxidative 34 

stress and to high concentrations of calcium ions in the medium, when Om45p, the 35 

component of porin complex in outer mitochondrial membrane (OM), is fused to GFP. 36 

In OM45-GFP background, these mutations affect the activation of yeast permeability 37 

transition pore (yPTP, also called YMUC, yeast mitochondrial unspecific channel) upon 38 

calcium induction. Moreover, we show that calcium addition to isolated mitochondria 39 

heavily induced the formation of ATP synthase dimers and oligomers, recently 40 

proposed to form the core of PTP, which was slower in the mutants. We show the 41 

genetic evidence for involvement of mitochondrial ATP synthase in calcium 42 

homeostasis and permeability transition in yeast. This paper is a first to show, although 43 

in yeast model organism, that mitochondrial ATP synthase mutations, which 44 

accumulate during carcinogenesis process, may be significant for cancer cell escape 45 

from apoptosis. 46 
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1. Introduction 51 

F1FO-ATP synthase is a highly conserved energy-converting enzyme located in 52 

the inner mitochondrial membrane. ATP synthase produces ATP from ADP and 53 

inorganic phosphate (Pi) in the process of oxidative phosphorylation (OXPHOS) by 54 

rotary catalysis using the energy stored in a transmembrane electrochemical gradient 55 

[1, 2]. The ∼600-kDa monomer of ATP synthase is composed of a soluble F1 domain 56 

and a membrane-bound FO domain [3]. The F1 catalytic domain is formed by the (αβ)3 57 

hexamer and the central stalk composed of γ, δ and ε subunits, held stationary relative 58 

to the membrane FO region by the peripheral stalk [4, 5]. The FO domain includes a 59 

ring of hydrophobic c subunits (10 in yeast), which rotates during catalysis, a subunit, 60 

forming the proton channel with the c-ring, the membrane part of the peripheral stalk, 61 

and several small hydrophobic stator subunits (Fig. 1) [6]. Protons flowing through the 62 

membrane part of the FO subcomplex drive the rotation of the c-ring [7, 8]. The central 63 

stalk transmits the torque generated by c-ring rotation to the catalytic head of the F1 64 

subcomplex, where it induces conformational changes of the α and β subunits that 65 

result in phosphate bond formation and the generation of ATP. In mitochondria, ATP 66 

synthase forms dimers and oligomers in the inner membrane. In fungi, plants, and 67 

metazoans, the dimers are V-shaped and associate into rows along the highly curved 68 

ridges of lamellar cristae [9-11]. 69 

 70 

Figure 1. Schematic diagram 71 

of the mitochondrial ATP 72 

synthase dimer. The ATP 73 

synthase monomer is organized 74 

in three subdomains: the 75 

catalytic head (αβ)3 with the 76 

central rotor stalk (γδɛ); the 77 

stator stalk composed of one 78 

subunit b, subunits d, h, f, i/j and 79 

OSCP; the Fo membrane 80 

domain composed of a ring of subunit c/Atp9, subunit a/Atp6 and Atp8. The e and g 81 

subunits necessary for the dimerization of ATP synthase are shown. The direction of 82 

proton transport during ATP synthesis is indicated. 83 
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Defects that result in diminished abundance or functional impairment of the ATP 84 

synthase, caused by mutations in nuclear or mitochondrial genes encoding subunits of 85 

this enzyme, can cause a variety of severe neuromuscular disorders [12, 13]. 86 

Moreover, alterations in mitochondrial genes encoding two subunits of this enzyme, 87 

either A6L (Atp8 in yeast) or MTATP6, occur in cancer cells [14, 15]. Although the 88 

pathogenic character of mtDNA-encoded complex V mutations leading to myopathies 89 

is quite well documented in patient tissues, as well as in cybrid or yeast model cells 90 

[16-20], their contribution to cancer development has not been fully explored [21]. 91 

The budding yeast Saccharomyces cerevisiae is one of the most important 92 

model organisms used in fundamental research. It is particularly useful in mitochondrial 93 

research, thanks` to its ability to utilize fermentable carbon sources for energy 94 

production. This permits yeast cells to survive mutations leading to dysfunction of 95 

OXPHOS, allowing their function to be investigated. Moreover, site-directed 96 

mutagenesis of its mtDNA is possible, and in contrast to human cells, yeast cells select 97 

only one type of mtDNA (homoplasmy), which permits to study the effects of a single 98 

mutation. Yeasts have been previously used in our laboratory to study the 99 

consequences of pathogenic and cancer-related mutations in mitochondrial ATP 100 

synthase ATP6 gene on OXPHOS functioning [22-29]. Though all the myopathies-101 

related mutations were deleterious for the functionality of yeast ATP synthase, only 102 

one cancer-related mutation resulted in a 50% reduction of ATP synthesis at elevated 103 

temperature whereas three others had no impact on the energetic function of 104 

mitochondria. This result was in accordance with recently published studies showing 105 

that OXPHOS activity is preserved and is not the reason of energetic reprogramming 106 

in cancer samples, namely their preferences for glycolysis over OXPHOS even in 107 

aerobic conditions (the Warburg effect) [30-34]. 108 

Since we observed that ATP6 mutations found in cancer did not interfere with 109 

OXPHOS, we hypothesized that they may affect other mitochondrial alterations and/or 110 

signaling essential for cancer onset, i.e. calcium/reactive oxygen species (ROS) 111 

signaling [35]. Increase of ROS level, albeit not excessive, is beneficial for tumor cells 112 

proliferation [36]. ROS production and mitochondrial calcium overload are mutually 113 

dependent processes, often disrupted in cancer cells [37, 38]. Although yeast 114 

mitochondria do not show high efficiency in calcium uptake, due to the lack of the 115 

mitochondrial calcium uniporter (MCU), calcium was actually reported to enter 116 
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mitochondria following cytosolic calcium increase [39] suggesting a similar pathway 117 

could be active in yeast [40]. 118 

The mutual dependency between ROS and calcium is cyclical [41]. This cycle 119 

is closed when ROS and calcium trigger permeability transition pore (PTP) opening in 120 

mitochondria, that by itself causes a burst of ROS and mitochondrial calcium release 121 

together with the apoptosis inducing mitochondrial factors like cytochrome c or 122 

endonuclease G [42-44]. PTP is a high-conductance mitochondrial inner membrane 123 

channel activated by increased matrix Ca2+ levels and oxidative stress, during 124 

apoptosis in higher organisms and programmed cell death (PCD) in yeast [45, 46]. The 125 

components of the pore are not entirely defined yet, as PTP was induced in targeted 126 

gene deletion models of each of the proposed constituents (cyclophilin D, adenine 127 

nucleotide translocase-ANT, voltage dependent anion channel-VDAC, Pi-carrier) [47-128 

51]. In recent years, ATP synthase was proposed to form the core of PTP. Two different 129 

models were proposed. The first one suggested PTP core be formed by c-ring, after a 130 

calcium-dependent partial or total dissociation of the F1 from FO [52, 53], but this 131 

hypothesis was recently excluded [54, 55]. The second one assumed that the dimers 132 

of ATP synthase can reversibly undergo a calcium-dependent re-modulation to form a 133 

channel that mediates the permeability transition [56-59]. Apoptosis is often preceded 134 

by activation of autophagy, the process of cytosol or organelles transport to the vacuole 135 

for degradation and further recycling. Autophagy is activated by physiological stress, 136 

i.e. ROS, and plays a pro-survival role [60]. In the case of mitochondrial dysfunction, 137 

loss of autophagy, especially of mitophagy, promotes cancer [61]. Mitophagy can be 138 

assessed by using mitochondrial outer membrane protein Om45p tagged with GFP as 139 

a marker. In yeast Om45p is in a complex with porin and participates in coordination 140 

of transport of many metabolites and ions through both mitochondrial membranes [62, 141 

63].  142 

Here we show that tagging of Om45p is not neutral for the cell and that a genetic 143 

interaction occurs between porin complex and Atp6p in yeast. When the functioning of 144 

the porin complex is perturbed by the presence of GFP in Om45p, two Atp6 mutations, 145 

K90E or P163S (corresponding to lysine 64 or proline 136 in human), increase 146 

sensitivity to both oxidative stress and high levels of calcium ions in the medium and 147 

slow down the formation of the yeast permeability transition pore homolog (yPTP, 148 

YMUC) after calcium induction. This points to a role for ATP synthase, together with 149 
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porin complex, in calcium homeostasis and the mitochondrial permeability transition in 150 

vivo. 151 

2. Materials and Methods 152 

2.1. Construction of yeast strains and culture conditions 153 

The strains used in this study are listed in supplementary Table S1. The MR6 strain 154 

was used as a wild type control in all experiments. The DFS160 strain bears kar1-1 155 

mutation that prevents nuclear fusion and enables recombination of mtDNA between 156 

the two strains crossed [64]. The + indicates the wild-type complete mtDNA (when 157 

followed by mutation it means the complete mtDNA with a single introduced mutation). 158 

The - synthetic genome was obtained by biolistic introduction into mitochondria of o 159 

DFS160 strain (devoid of mitochondrial DNA) of pTZ18u plasmid (Addgene) encoding 160 

wild type COX2 gene and mutated atp6-K90E gene. The construction of RKY61, 161 

bearing atp6-P163S mutation, was described in Niedzwiecka et al. 2016 [28]. The 162 

RKY62 strain, bearing atp6-K90E mutation, was obtained exactly by the same strategy 163 

as the RKY61, by crossing the RKY59 with the MR10 strain, and the selection of 164 

respiring arginine auxotrophic colonies. The sequence of Forward oligonucleotide used 165 

for introduction of atp6-K90E mutation was: 166 

GCTTAAAGGACAAATTGGAGGTGAAAATTGAGGTTTATATTTCCCTATG, the 167 

Reverse oligonucleotide was complementary to the Forward one. OM45-GFP tagging 168 

was made as in Kanki et al [65]. Om45p forms a complex with Por1p through Om14p 169 

protein [63]. In order to disrupt this complex, we deleted OM14 gene by integrating the 170 

om14::KANMX4 cassette (encoding an enzyme conferring resistance to geneticin). 171 

The cassette was amplified using a total DNA isolated from the om14::KANMX4 172 

deletion mutant as a template (Euroscarf collection) with the following primers: 173 

GTTGCTTATCCGCTTTCTCG and CTTATCACTTGACCGATGAAG. The PCR 174 

product was transformed to the wild type, atp6-P163S or atp6-K90E mutants to delete 175 

OM14. The verification of correct OM14 deletion was obtained by PCR with 176 

CTGGTATAATTCGTTTCTCAT primer and an internal primer to the KANMX4 gene. 177 

The double mutant om14::KANMX4 OM45-GFP-KANMX6 was obtained by crossing 178 

the single mutants and subsequent sporulation of the diploids and tetrads dissection. 179 

To obtain the triple mutants om14::KANMX4 OM45-GFP atp6-P163S (KNY41) and 180 

om14::KANMX4 OM45-GFP atp6-K90E (KNY42), the + atp6-P163S or + atp6-K90E 181 



 

7 
 

genomes were transferred by cytoduction from KNY26 or KNY27 kar1-1 strains, 182 

respectively, into the KNY24. 183 

Yeast cells were cultured on fermentative carbon sources: glucose or galactose 184 

(to avoid glucose repression of genes encoding respiratory chain proteins). Medium 185 

containing galactose is routinely used for growing yeast cells for mitochondria isolation 186 

[26]. Glycerol was used as non-fermentable carbon source in respiration media. The 187 

media composition was: YPGA (1% Bacto yeast extract, 1% Bacto Peptone, 2% 188 

glucose, 40 mg/l adenine), YPGalA (1% Bacto yeast extract, 1% Bacto Peptone, 2% 189 

galactose, 40 mg/l adenine), YPGlyA (1% Bacto yeast extract, 1% Bacto Peptone, 2% 190 

glycerol, 40 mg/l adenine), W0 complete minimal medium (6.7% Yeast nitrogen base 191 

w/o amino acids, 2% glucose, supplemented with complete or drop-out amino acids 192 

stock (Sunrise). The liquid media were solidified by addition of 2% of Bacto Agar (Difco, 193 

Becton Dickinson). 200 µg/ml of geneticin was added to YPGA plates for selection of 194 

KANMX4 or KANMX6 transformants. 195 

2.2. Plasmids used in the study 196 

Plasmids bearing PMR1 and PMC1 genes, encoding the calcium transporters into the 197 

Golgi or vacuolar compartment, respectively, were previously described [66]. pVTU-198 

AEQ plasmid, which encodes cytoplasmic aequorin, was previously described [67]. 199 

pMTS-AEQ plasmid was constructed from pVTU-AEQ plasmid. Mitochondria targeting 200 

sequence (MTS) was amplified in a PCR reaction with Mts-AEQup primer: 201 

AGAGCTCATGGCATCTACCAGAGTATTAGCC, bearing SacI restriction site added 202 

to the 5` end, and Mts-AEQlow fusion primer: 203 

GGCTAGCATAATCAGGAACATCATAAAGCTTGGCCCTCTTTTGCGTAATCTGTC 204 

(sequence of apoaequorin cDNA is underlined), using pAM19 plasmid as a template 205 

[68]. The PCR product was digested with SacI enzyme and ligated to pVTU-AEQ 206 

plasmid digested with KpnI and SacI, present upstream of the sequence encoding 207 

aequorin. One-side ligation was performed and the ligation mixture was transformed 208 

into yeast MR6 strain by lithium acetate method for homologous recombination of the 209 

ends of resulting linear plasmid, in the 5` region of aequorin gene. The resulting 210 

plasmid pMTS-AEQ was recovered from yeast and the correct ligation of MTS with 211 

aequorin encoding gene was confirmed by restriction analysis and sequencing. 212 

pAMS366 plasmid containing 4xCDRE::LacZ reporter, was kindly provided by M. Cyert 213 
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(Stanford University, USA), and previously described [69]. Plasmid pAS1NB:mt-214 

Rosella encoding mitophagy reporter was kindly provided by R.J. Devenish [70]. 215 

2.3. Bioluminescence aequorin assay 216 

For cytosolic and mitochondrial calcium concentration variations, yeast strains 217 

transformed with pVTU-AEQ or pMTS-AEQ plasmids were grown overnight at 30°C in 218 

W0-Ura medium. 6 OD of cells per experiment were harvested (4000 rpm, 10 minutes) 219 

from exponentially growing cultures (OD=0.3, nearly 5-6 x 106 cells/ml), and 220 

suspended in 1 ml of culture medium to a density of about 108 cells/ml. The cellular 221 

suspension was transferred to a microfuge tube and centrifuged at 7000 rpm for 1.5 222 

minutes. For each treatment, 7.2 × 107 cells were suspended in 10 μl of the culture 223 

medium, 50 μM coelenterazine (stock solution 1 μg/μl dissolved in 99.5% methanol, 224 

conserved in the dark at −20 °C, Molecular Probes) was added and mixed vigorously, 225 

and the suspension was incubated for 20 minutes at room temperature in the dark. 226 

Cells were collected by centrifugation at 7000 rpm for 1.5 minutes and washed three 227 

times with the medium (200 μl/wash); finally they were suspended in 200 μl of fresh 228 

medium. The cellular suspension was transferred into a luminometer tube. Light 229 

emission was recorded with a Berthold Lumat LB 9501/16 luminometer at intervals of 230 

10 s for at least 1 minute before and for at least 3 minutes after the addition of 6 mM 231 

or 10 mM H2O2, and converted into calcium concentrations according to Brini et al. 232 

[71]. H2O2 was added only when the signal was stable. For each experiment, aequorin 233 

expression and activity were tested by treatment of the same amount of cells with 0.5% 234 

Triton X-100 in the presence of 10 mM CaCl2, and then monitoring light emission for 235 

24 minutes. Total light emission was calculated and used to normalize light emission 236 

according to the amount of expressed aequorin. All experiments were performed at 237 

least in three biological replicates. Parameters calculated from patterns of variation in 238 

[Ca2+]i in different cellular strains were compared to those of the wild type strain by 239 

pairwise comparison, and significance was assessed by Student’s t-test with  Šidák-240 

Bonferroni correction, that indicate p=0.01 as the significant threshold. 241 

2.4. Calcineurin activity assay 242 

Yeast cells bearing pAMS366 plasmid were grown at 28°C in liquid W0 or W0Gala 243 

medium to OD=2-3. 50 ml (1.5 x 109 cells)-aliquot of the culture was harvested and the 244 

pellet was frozen at -20°C. Samples were thawed, suspended in 700 µl of buffer Z (60 245 

mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, pH 7.0) and vortexed with 246 

glass beads 3 x 5 minutes with 2 minutes breaks on ice. The extracts were cleared by 247 
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centrifugation (5 minutes, 14000 rpm, 4°C). To measure β-galactosidase activity, 100 248 

µl of each extract was added into 1 ml of buffer Z and incubated at 30°C for 5 minutes, 249 

then 200 µl of 0.4% ONPG (o-nitrophenyl-β-galactopiranoside, Sigma-Aldrich) in 50 250 

mM Tris-HCl pH 8.0 was added and incubated at 30°C for suitable time (5-130 251 

minutes). The reaction was stopped with 500 µl of 1 M Na2CO3. Amount of newly 252 

created o-nitrophenol was measured spectrophotometrically at 420 nm and 560 nm. 253 

The results were normalized according to the concentration of protein in the extract, 254 

which was measured with Lowry procedure. For each condition, at least three 255 

independent biological replicates were performed. 256 

2.5. Determination of ROS level in cells 257 

The cytosolic superoxide (O2−), hydroxyl (OH−) and peroxynitrite (ONOO−) anions 258 

accumulation were measured by flow cytometry using dihydroethidium (DHE, Sigma) 259 

[72]. Cells were grown in YPGA, YPGalA or YPGlyA to OD=2-3. 3 OD of cells (3.6 x 260 

107) were then converted to spheroplasts with zymolyase 20T (Nacalai Tesque) for 15 261 

minutes at 36°C in PBS pH 7.5/1 M sorbitol buffer. Spheroplasts were washed twice in 262 

the same buffer, diluted to a density of 107 cells/ml in buffer supplemented with 10 µM 263 

DHE and incubated with shaking for 2 hours at 28°C, followed by overnight incubation 264 

in the fridge. The following day, the spheroplasts were washed and suspended to a 265 

concentration of 106 cells/ml, sonicated in ultrasound bath (3 x 3 s) and then analyzed 266 

by flow cytometry using BD FACS Calibur. The cytosolic H2O2 was measured by flow 267 

cytometry using 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA, Life 268 

Technologies). Cells were grown overnight in YPGA, YPGalA or YPGlyA to stationary 269 

phase, suspended in the same medium with H2DCFDA (5 µg/ml) to a density of 106–270 

107 cells/ml and grown additional 5 hours. Then cells were washed with PBS pH 7.5, 271 

suspended to a density of 106 cells/ml, sonicated as above and analyzed by flow 272 

cytometry. 10000 cells were counted in the FL1 channel for each sample. 273 

2.6. Measurements of mitochondrial Calcium Retention Capacity (CRC) and PTP 274 

kinetics 275 

Mitochondria were prepared by the enzymatic method as described in [73]. 276 

Extramitochondrial Ca2+ was measured by Calcium Green-5N (Molecular Probes) 277 

fluorescence using a λexc of 505 nm and λem of 530 nm in the presence of calcium 278 

ionophore ETH129 (5 µM, stock 5 mM in methanol, Sigma-Aldrich) and fatty acid-free 279 

BSA (Sigma-Aldrich) under constant stirring at 28°C using a FLX Spectrofluorimeter 280 

(SAFAS, Monaco). Mitochondria were diluted in CRC buffer (250 mM sucrose, 10 mM 281 
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Tris-MOPS, 10 µM EGTA-Tris, 5 mM Pi-Tris, 1 mM NADH, 5 µM ETH129, 1 µM 282 

Calcium Green-5N, 0.5 mg/ml BSA, pH 7.4) to the concentration of 500 µg/ml and 20 283 

µM CaCl2 was added every 20 s. Rapid increase of the fluorescence of Calcium Green 284 

was interpreted as release of calcium ions from the mitochondrial matrix to the buffer, 285 

likely due to permeability transition. The time needed for PTP opening after induction 286 

by 100 µM of calcium chloride in the presence of ETH129 calcium ionophore was 287 

assessed by measurement of light dispersion at 660 nm under constant stirring at 28°C 288 

(PTP assay). Mitochondria (300 µg/ml) were diluted in PTP buffer (0.3 M mannitol, 10 289 

mM HEPES-KOH, 25 µM EGTA, 0.5 mg/ml fatty acid free BSA, 2 mM KH2PO4, 2 mM 290 

NADH, 5 µM ETH129, pH 7.4) and 100 µM CaCl2 was added. PTP induction caused 291 

swelling of mitochondria and decrease in absorbance at 660 nm. For microscopic 292 

observation on mitochondrial swelling, mitochondria, isolated from cells grown at 36 293 

°C, were diluted (300 µg/ml) in 20 µl PTP buffer pre-warmed at 28°C containing 100 294 

nM MitoTracker green (Thermo Fisher) and put on a cover glass. After 100 µM CaCl2 295 

addition, the mitochondria were evaluated using a Nikon C1 confocal system built on 296 

TE2000E and equipped with a 60 Plan-Apochromat oil immersion objective (Nikon 297 

Instruments B.V. Europe, Amsterdam, The Netherlands). MitoTracker green were 298 

excited with a Sapphire 488 nm laser (Coherent, Santa Clara, CA, USA) and observed 299 

using the 515/530 nm emission filter. The images were collected before and after 300 

calcium addition during 10 minutes. Following the deconvolution images were 301 

processed using the threshold function of ImageJ software and the area of the 302 

individual mitochondrion was calculated using “particle analysis” feature, with a lower 303 

limit of 0.5 µm2 to exclude any non-mitochondrial material.  304 

2.7. BN-PAGE assessment of dimerization of ATP synthase complexes under 305 

PTP induction 306 

PTP assay was performed as above. For each experiment, 450 µg of protein from 307 

isolated mitochondria was suspended in 1.5 ml of PTP buffer. 100 µM CaCl2 was 308 

added. After 0.5, 1, 2.5 or 5 minutes, 1.33 ml of the reaction (400 µg protein) was 309 

collected in a new Eppendorf tube, put onto ice and immediately centrifuged (14000 310 

rpm, 4°C, 5 minutes). The pellet was suspended in 100 µl of Extraction Buffer (30 mM 311 

HEPES, 150 mM potassium acetate, 12% glycerol, 2 mM 6-aminocaproic acid, 1 mM 312 

EGTA, 2% digitonin (Sigma), protease inhibitor cocktail tablets (Roche), pH 7.4) and 313 

incubated for 30 minutes on ice. The extract was cleared by centrifugation (14000 rpm, 314 

4°C, 30 minutes), 4.5 µl of loading dye was added (5% Serva Blue G-250, 750 mM 6-315 
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aminocaproic acid) and 160 µg protein was loaded per lane into NativePAGETM 3-12% 316 

Bis-Tris Gel (Invitrogen) for BN-PAGE electrophoresis. After transfer onto PVDF 317 

membrane the ATP synthase complexes were detected by Atp2 antibody (gift from M-318 

F. Giraux, CNRS, Bordeaux, France). 319 

2.8. Miscellaneous procedures 320 

Mitophagy was analyzed according to [65, 70]. To induce mitophagy cells pre-grown 321 

in rich glucose medium were transferred to YPGlyA (to assess the amount of 322 

processed Om45p-GFP) or W0 – uracil with glycerol medium (for mtRosella plasmid 323 

selection) for 3-5 days. Total protein extracts were prepared from cells expressing 324 

Om45p-GFP by NaOH/TCA method and the amount of Om45p-GFP and free GFP 325 

were assessed by Western blotting using anti-GFP antibody (Roche). Cells expressing 326 

mtRosella plasmid were examined every day of growth using an Axio Imager M2 327 

microscope (Zeiss) equipped with 38HE and 20HE filter sets for green and red 328 

fluorescence, respectively, and were documented using Axio Vision 4.8. Methods for 329 

measurement of mitochondrial respiration, ATP synthesis, hydrolysis and membrane 330 

potential were previously described [22, 24]. For BN-PAGE analysis of ATP synthase, 331 

400 µg of mitochondrial proteins were thawed and centrifuged (14000 rpm, 4°C, 5 332 

minutes) to obtain the pellet of crude mitochondria. The pellet was then suspended in 333 

100 µl of Extraction Buffer and processed as above. For SDS-PAGE analysis 50 µg of 334 

total protein NaOH/TCA precipitates were loaded per lane of 12% SDS-PAGE gel, 335 

transferred onto nitrocellulose membrane and analyzed by Western blotting. For 336 

steady-state analysis of calcium pumps, 15 µg of membrane proteins were loaded per 337 

gel and processed for Western blot according to [74]. Unless otherwise stated in the 338 

figure legends, each experiment was repeated at least three times. Intensity of bands 339 

was quantified using ImageJ. Data are presented as average ± s.d. or as 340 

representative experiment. Student’s t-test was used to assess significant differences 341 

with the respective control. Multiple sequence alignment of ATP synthase subunits a 342 

was performed using COBALT [75]. The homology models of human and yeast ac 343 

complex are based on the atomic models build in the cryo-electron microscopy density 344 

map of the bovine ATP synthase (PDB id: 2HLD) as described in Niedzwiecka et al. 345 

[28]. 346 

 347 

 348 

 349 



 

12 
 

3. Results 350 
3.1. atp6-P163S and atp6-K90E mutations lead to oxidative stress and ROS 351 

production in OM45-GFP background 352 

 Previously we have shown that four cancer related mutations in MT-ATP6 gene 353 

in positions m.8914C>A, m.8932C>T, m.8953A>G, m.9131T>C, identified in thyroid, 354 

prostate, para-thyroid and breast cancer, respectively, have limited impact on 355 

OXPHOS when modeled in yeast (amino acid changes in human MTATP6/yAtp6 356 

proteins: P130/157T, P136/163S, I143/170V, L202/232P, see Fig. S1 for a sequence 357 

alignment that shows the 2D positions of the mutations) [28]. One mutation, Atp6-358 

P163S, reduced ATP synthesis rate to 50% of the wild type enzyme in mitochondria 359 

isolated from cells grown at elevated temperature. The fifth mutation, changing the 360 

conserved lysine 90 into glutamic acid, corresponding to K64 in human MTATP6 361 

protein, identified in thyroid cancer, was found to be neutral for OXPHOS activity as 362 

well (supplementary results, Fig. S2) [76]. These mutations were identified in cancer 363 

samples, often in homoplasmic state, suggesting that they may be significant for other 364 

processes important during tumorigenesis. Since microautophagic vacuolar 365 

membrane invaginations and presence of mitochondria in autophagosomes were 366 

previously observed in some other atp6 mutants constructed in our laboratory (atp6-367 

W136R and atp6-L247R, corresponding to human m.8851T>C and m.9176T>G 368 

mutations, leading to FBSN or MILS syndromes, respectively, [24, 26] and 369 

unpublished), we also investigated the mitophagy process, often defective or modified 370 

in cancers [77]. As a marker of mitophagy we used the Om45p protein fused to GFP 371 

in wild type and cancer-related atp6 mutants strains. Though, we did not observe 372 

significant difference in mitophagy rate by this method (supplementary results and Fig. 373 

S3). 374 

Identification of hypersensitivity or resistance to inhibitors of growth of yeast 375 

mutants can be useful in elucidating the effect of mutations and thus the function of 376 

genes within the cell [78]. We screened the atp6 mutants for growth phenotypes on 377 

plates supplemented with different compounds, especially those known for inducing 378 

oxidative stress: H2O2, cumene hydroperoxide, tert-butyl hydroperoxide, rapamycin 379 

[79]. Screening also for synthetic lethality, we included the mutants in OM45-GFP 380 

background, because Om45p is in complex with yeast VDAC homolog, Por1p, 381 

expression of which is sometimes up-regulated in cancers [62, 80, 81]. As shown in 382 

Fig. 2A, atp6-P163S OM45-GFP double mutant grew more poorly on fermentative 383 
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media at elevated temperature (36°C), indicating its defective adaptation to heat. 384 

Moreover, in the OM45-GFP background, two atp6 mutations, atp6-K90E and atp6-385 

P163S, increased sensitivity of yeast to hydrogen peroxide and rapamycin, at normal 386 

(28°C) and elevated (36°C) temperatures. Rapamycin, by inhibition of the Tor protein 387 

kinase, elicits many of the cellular responses that are triggered by nutrient starvation, 388 

such as inhibition of protein synthesis, down-regulation of amino acid permeases, 389 

protein degradation, autophagy, cell cycle arrest and higher ROS level [82, 83]. These 390 

phenotypes suggested ROS detoxification be defective in the double mutants atp6-391 

K90E OM45-GFP and atp6-P163S OM45-GFP. We thus evaluated the cellular levels 392 

of ROS in single and double mutants grown in rich glucose, galactose (fermentation) 393 

or ethanol (respiratory) media at both temperatures, using DHE and H2DCFDA probes 394 

specific for superoxide anion and hydrogen peroxide, respectively [84, 85]. As positive 395 

controls, we used sod1∆ strain, deprived of a cytosolic copper-zinc superoxide 396 

dismutase that enables cells to detoxify superoxide, for DHE staining [86]; for 397 

H2DCFDA staining, the wild type strain treated with antimycin A (in glucose repression 398 

conditions) or high concentration of H2O2 in glucose de-repression conditions were 399 

used [87, 88]. Antimycin A treatment induces production of superoxide anion, which is 400 

immediately metabolized by Sod1p and Sod2p superoxide dismutases to H2O2. 401 

Neutralization of H2O2 by catalase T is much slower in glucose than in galactose or 402 

ethanol, conditions when catalase A is active (our unpublished observations and [89, 403 

90]). Similar results were obtained for strains grown at 28 and 36°C. Higher ROS level 404 

was observed in the double, but not single mutants, grown in rich glucose medium (Fig. 405 

2B), as well as in the control strains. The percentage of ROS accumulating cells in the 406 

mutants varied from 40 to 50% of cells in population. When cells were grown in glucose 407 

de-repression conditions, i.e. galactose (fermentative) or glycerol (respiratory) media, 408 

the percentage of ROS accumulating cells in double mutants reached up to 70%. It is 409 

worth mentioning that the single OM45-GFP mutant also presented higher ROS level 410 

when grown in galactose or respiratory media (from 45 to 60%). 411 
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 412 

 413 

Fig. 2. Atp6-K90E and Atp6-P163S mutations in Atp6p lead to increased ROS 414 

level in Om45-GFP cells. (A) Fresh liquid glucose cultures were serially diluted, 415 

spotted onto rich medium plates, incubated at the indicated temperatures and 416 

photographed after the indicated number of days. Growth test in the presence of 417 

rapamycin is shown only at 28ºC, as it stops growth of WT at 36ºC. (B) Percentage of 418 
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ROS accumulating cells cultured in rich glucose, galactose or glycerol media at 28°C 419 

and stained with DHE (upper panel) or H2DCFDA (lower panel), as described in 420 

Materials and Methods. As a control, yeast cells deleted for SOD1 gene were used for 421 

DHE staining, and wild type cells treated with 20 µM antimycin A or 20 mM H2O2 for 422 

45 minutes for H2DCFDA staining. The error bars and p-values versus wild type control 423 

were calculated from at least three independent experiments and are indicated. 424 

 425 

3.2. The ATPase activity of ATP synthase is reduced in double atp6-P163S 426 
OM45-GFP and atp6-K90E OM45-GFP mutants 427 

 The higher ROS level in the double atp6-P163S OM45-GFP and atp6-K90E 428 

OM45-GFP mutants may be caused by dysfunction of OXPHOS, although the growth 429 

on respiratory medium has not been abolished (Fig. 2A). This does not actually imply 430 

that the OXPHOS functions normally, as the activity of ATP synthase needs to be 431 

decreased by at least 80% to affect yeast respiratory growth [23, 91]. Thus, the 432 

respiratory activities and assembly/stability of ATP synthase were measured in 433 

mitochondria from mutant cells grown at 36°C, as only at this temperature the single 434 

atp6-P163S mutant mitochondria presented decreased respiration and ATP synthesis 435 

of about 50% (measured at state 3 with NADH as a respiratory substrate) (Fig. 3A, 436 

[28]). In contrast, mitochondria isolated from atp6-K90E mutant respired and produced 437 

ATP with even higher efficiency comparing to the control mitochondria (Fig. S2B). 438 

Surprisingly, the modification of Om45p protein by GFP tag also lead to a reduction of 439 

respiration and the rate of ATP synthesis to 40-60% of the control mitochondria. These 440 

activities in the double mutants were the same as in single Om45p-GFP mitochondria. 441 

In all mutants, the CCCP-induced stimulation of respiration, relative to state 4 (NADH 442 

alone), was similar to wild type mitochondria, indicating the lack of passive permeability 443 

for protons of the inner mitochondrial membrane (Fig. 3A, upper panel). The maximal 444 

rate of mitochondrial ATP hydrolysis was then measured, in non-osmotically protected 445 

mitochondria buffered at pH 8.4 and in the presence of saturating amounts of ATP. In 446 

fact, a pH value of 8.4 is optimal for the F1-ATPase activity and prevents binding of F1 447 

inhibitor protein Inh1 (IF1) to ATP synthase [92]. Furthermore, in these conditions the 448 

F1-ATPase is not constrained by any proton gradient across the inner mitochondrial 449 

membrane. In control and single mutants mitochondria, the maximal ATPase activity 450 

was at the same level and dropped to about 50% in the presence of oligomycin. The 451 

maximal ATPase activity was considerably reduced in atp6-P163S OM45-GFP and 452 
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atp6-K90E OM45-GFP double mutants, to 70% of the control mitochondria, but was 453 

more efficiently inhibited by oligomycin than in control or single mutants mitochondria 454 

(60% vs 40-50%), indicating that ATP synthase complexes are more stable in these 455 

mutants (Fig. 3A). According to this, a lower ratio between free F1 and fully assembled 456 

enzyme is present in atp6-P163S OM45-GFP and atp6-K90E OM45-GFP mutants 457 

than in control mitochondria (Fig. 3B). The amount of fully assembled enzyme in atp6-458 

P163S mutant, assessed by the steady state analysis of Atp6p, which is immediately 459 

degraded when not incorporated into the complex, is not further decreased by OM45-460 

GFP mutation [93]. The amount of ATP synthase subunits and ATPase inhibitor protein 461 

Inh1 bound to F1 was unchanged (Fig. 3B,C). 462 

 463 

Fig. 3. ATPase activity is reduced in the double atp6-P163S OM45-GFP and atp6-464 

K90E OM45-GFP mutants. (A) Mitochondria were isolated from strains grown in rich 465 

galactose medium, at 36°C. Oxygen consumption rates were measured after 466 

consecutively adding 4 mM NADH (state 4 respiration), 150 µM ADP (state 3) or 4 µM 467 

carbonyl cyanide m-chlorophenylhydrazone (CCCP) (uncoupled respiration). The 468 

rates of ATP synthesis were determined using 4 mM NADH and 750 µM ADP, in the 469 
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presence/absence of 3 mM oligomycin. For the ATPase assays, mitochondria kept at 470 

–80°C were thawed and the reaction was performed in the absence of osmotic 471 

protection at pH 8.4. The respiratory activities are presented as a ADP/NADH and 472 

CCCP/NADH ratio, ATP synthesis and hydrolysis activities (darker rectangles) are 473 

expressed in percentage with respect to wild type mitochondria, whereas the activities 474 

in the presence of oligomycin (lighter rectangles) are expressed as the percentage of 475 

corresponding activities without the drug and are indicated. (B,C) BN- and SDS-PAGE 476 

analysis of ATP synthase complexes, subunits and Inh1 ATPase inhibitor bound to F1. 477 

Dimeric (V2), monomeric (V1) F1FO complexes, free F1 and separate subunits were 478 

revealed by Western blot with indicated antibodies. The error bars represent standard 479 

errors calculated from four independent experiments, the p values were calculated 480 

versus wild type control, or the single mutants where indicated. P value for the 481 

percentage of ATPase activity inhibition by oligomycin was calculated separately and 482 

is indicated. The representative gels are shown. 483 

3.3. atp6-P163S and atp6-K90E mutations affect calcium homeostasis in 484 
OM45-GFP background 485 

 ROS and calcium homeostasis were suggested to interplay in the cellular 486 

signaling and development of diseases [94-97]. Thus, calcium sensitivity was verified 487 

for single and double mutants. The atp6-P163S OM45-GFP and atp6-K90E OM45-488 

GFP double mutants were not able to grow on medium supplemented with high 489 

concentrations of calcium ions, particularly at the restrictive temperature of 36°C, while 490 

the single mutants were growing as well as the control strain (Fig. 4A). This phenotype 491 

was suppressed by the overexpression of calcium pumps such as Pmc1p and, albeit 492 

less efficiently Pmr1p, which decrease the level of cytosolic calcium concentration by 493 

pumping calcium into the vacuole or Golgi compartments, respectively (Fig. 4B). The 494 

calcium sensitivity of the mutants was ROS-dependent as addition of ROS scavengers 495 

suppressed calcium sensitivity (Fig. 4A). 496 

We wondered if the observed phenotype could be linked to the function of the 497 

whole porin complex, which may be impaired by the modification of the C-terminal part 498 

of Om45p by GFP. To answer this question we deleted OM14 gene in double mutants, 499 

thus disrupting the bridge connecting Om45p-GFP to Por1p. As shown in Fig. 4C, 500 

rapamycin and calcium sensitivities of the double atp6-P163S OM45-GFP and atp6-501 

K90E OM45-GFP mutants were suppressed by the lack of Om14p. Thus, the presence 502 



 

18 
 

of GFP tag at the C-terminal part of Om45p provokes an unknown defect in the whole 503 

Por1p-Om14p-Om45p protein complex functioning which is responsible for the 504 

observed phenotypes in atp6-K90E OM45-GFP and atp6-P163S OM45-GFP double 505 

mutants. 506 

 507 

 508 

Fig. 4. Atp6-K90E and Atp6-P163S mutations in Atp6p lead to increased 509 

sensitivity to calcium ions when porin complex is modified by Om45p-GFP. 510 

Precultures in glucose rich (A,C) or minimal medium without uracil for plasmid selection 511 

(B), were serially diluted and spotted onto rich medium with glucose, or glucose 512 

supplemented with either 0.3M or 0.5M CaCl2, rapamycin 50 ng/ml, or 0.5M CaCl2 513 

together with either ROS scavengers (5 mM L-ascorbic acid, 5 mM L-cystein, 5 mM 514 

reduced L-glutathione and 5 mM N-acetyl-L-cysteine) or 10 mM EGTA, as indicated. 515 

Plates were photographed after the indicated number of days of incubation at 36°C, 516 

except for rapamycin plate, which was incubated at 28°C. The difference in growth of 517 
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the double atp6-P163S OM45-GFP or atp6-K90E OM45-GFP mutants on medium 518 

supplemented with 0.3M CaCl2 on (B) and (C) is due to different medium: minimal (B) 519 

or complete (C). 520 

Then, we measured the concentration of calcium in cytosol and mitochondrial 521 

matrix in yeast cells in vivo, by using aequorin, a luminescent protein. Consistently with 522 

previously reported results [39], and in sharp contrast to mammalian cells, cytosolic 523 

and mitochondrial resting calcium concentrations in yeast living cells are quite similar, 524 

despite a very steep electrochemical gradient toward calcium entry into the 525 

mitochondrial compartment. In this condition, only atp6-P163S OM45-GFP mutant 526 

showed significantly higher calcium concentration both in cytosol (130% vs. wild type) 527 

and in mitochondrial matrix (two-fold) (Fig. 5A,B). As calcium sensitivity of the mutants 528 

was ROS-dependent (Fig. 4A), we monitored calcium flux upon oxidative stress 529 

induced by addition of 10 mM H2O2. A rapid increase of Ca2+ concentration in both 530 

cytosol and mitochondrial matrix was observed, then it slowly decreased, and finally 531 

achieved a new plateau level which was higher than the basal level. In comparison to 532 

the wild type strain, the new plateau level was two-times higher for cytosolic calcium 533 

concentration in atp6-P163S OM45-GFP mutant and for the mitochondrial matrix 534 

calcium concentration in both atp6-P163S OM45-GFP and atp6-K90E OM45-GFP 535 

mutants. This experiment further confirmed the defect in calcium homeostasis 536 

regulation in the double mutants. 537 

In response to stress, cytosolic calcium concentration increases and calcium 538 

ions bind calmodulin, which activates calcineurin [98, 99]. Consequently, calcineurin 539 

dephosphorylates the Calcineurin Response Zinc finger transcription factor (Crz1p), 540 

which activates expression of several stress response genes controlled by promoters 541 

containing Calcineurin-Dependent Response Element (CDRE) sequences.  Thus, the 542 

Ca2+/calmodulin/calcineurin pathway activity was assessed using lacZ reporter gene 543 

under the control of an artificial 4xCDRE containing promoter expressed from plasmid. 544 

Surprisingly, in glucose medium, calcineurin activity was-three times lower in the atp6-545 

P163S OM45-GFP strain in comparison to wild type strain, despite the inability of this 546 

mutant to maintain a proper resting cytosolic calcium concentration (Fig. 5C). In the 547 

absence of glucose repression (on galactose), when Crz1p is free from PKA-548 

dependent inhibition [100], calcineurin-dependent Crz1p activity was three-times lower 549 

in the atp6-P163S OM45-GFP mutant, but also two-times lower in the atp6-K90E 550 
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OM45-GFP mutant in comparison to wild type strain. This suggests that the higher 551 

calcium cytosolic and mitochondrial concentrations may be caused by a defect in 552 

calcineurin activation. Expression of calcineurin-dependent calcium transporters could 553 

also be affected by calcineurin activity reduction. We assessed the Pmr1p, Pmc1p, 554 

Yvc1p, and Vcx1p levels in total membrane extracts from glucose grown cells by 555 

Western blotting. The level of these calcium transporters was not reduced in double 556 

mutants (Fig. 5D) [74]. Taken together, these data demonstrate that both atp6-P163S 557 

and atp6-K90E mutations impair calcium homeostasis in OM45-GFP cells. This effect 558 

is indeed less severe for the atp6-K90E OM45-GFP mutant, and while it is not evident 559 

during exponential growth on glucose, it is observed under glucose derepression (Fig. 560 

5C) or oxidative stress conditions (Fig. 5B). 561 

 562 
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 563 

Fig. 5. Cytosolic and mitochondrial calcium concentration is elevated in double 564 

mutants atp6-P163S OM45-GFP and atp6-K90E OM45-GFP. Yeast cells with 565 

plasmids encoding cytoplasmic aequorin (A), mitochondrial aequorin (B) or 566 

4xCDRE∷lacZ reporter (C) were grown on minimal glucose or galactose medium 567 

without uracil at 28°C to early logarithmic phase (A, B) or to late logarithmic phase (C). 568 

(A, B) Apoaequorin-expressing cells were loaded with coelenterazine (see Materials 569 

and Methods) and the luminescence of aequorin was measured before and after 570 

addition of 10 mM H2O2. (C) Protein extracts were prepared using glass beads and 571 

proceeded to calcineurin activity assay. (D) Proteins (15 µg) from the membrane-572 

enriched fractions of exponentially glucose grown cells (OD600 = 1.2) of the indicated 573 

strains were separated by SDS-PAGE and transferred to nitrocellulose membrane, 574 

which were then immunoblotted with antibodies against Pmc1p, Pmr1p, Vcx1p, Yvc1p 575 

and Por1 as a loading control. The error bars and p-values in comparison to wild type 576 

indicated by * were calculated from at least three independent experiments. 577 

 578 

3.4. atp6-P163S and atp6-K90E mutations influence yPTP induction by 579 
calcium in OM45-GFP background 580 

 The process in which ROS, calcium and ATP synthase are all engaged is the 581 

permeability transition [56, 57, 101, 102]. The induction and regulation of the PTP are 582 

evolutionary conserved and ATP synthase dimers were found to form yPTP in vitro, 583 

while the deletion of subunits e or g, necessary for dimer formation, affected its 584 

induction [103]. We thus investigated the PTP induction in the atp6-P163S and atp6-585 

K90E mutants in OM45-GFP background by two assays. The tim11Δ strain, lacking 586 
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the non-essential e subunit of ATPase, in which PTP induction delay is documented, 587 

was included as a positive control, but to the experiment performed at 28°C only, 588 

because of high instability of mtDNA in this strain at elevated temperature (75% of o 589 

cells versus 55% at 28 °C) [103]. In each assay, the ETH129 ionophore was added, 590 

since this is required to allow Ca2+ uptake by energized yeast mitochondria [104]. The 591 

mitochondria were isolated from all strains the same day, as the variability in growth 592 

conditions and mitochondria preparation process influenced the results of the assays 593 

very strongly. We performed the analysis at two temperatures, as calcium and H2O2 594 

sensitivities were more pronounced at elevated temperature (Fig. 2, 4). At first, the 595 

propensity of the yPTP to open was assessed based on the calcium retention capacity 596 

(CRC), i.e. the maximal Ca2+ load retained by mitochondria before onset of the 597 

permeability transition [105]. The energized yeast mitochondria were allowed to 598 

accumulate Ca2+, provided as a train of pulses of 20 µM concentration, until onset of 599 

the permeability transition, which causes depolarization followed by rapid Ca2+ release 600 

from mitochondria and increase of its concentration in the buffer. As shown in Fig. 6A 601 

and S4, the CRC was slightly lower (of 20 µM of calcium) in the mitochondria of single 602 

atp6-K90E and slightly higher (of 20 µM of calcium) in the mitochondria of double atp6-603 

P163S OM45-GFP mutants grown at both temperatures, the difference not being 604 

statistically significant. The CRC results for other strains mitochondria were not 605 

different from wild type mitochondria. Next, we measured the time of PTP opening after 606 

calcium stimulation by the mitochondrial swelling assay. The CRC experiment 607 

indicated that 100 µM concentration of calcium chloride is enough to open yPTP. Thus 608 

the swelling assay was performed with this concentration of calcium ions to measure 609 

the time required for induction of the permeability transition. After addition, calcium 610 

lead to the rapid increase in the dispersion of the 660 nm wave [106]. Then, after a few 611 

minutes, PTP opens (indicated by arrows on Fig. S4) allowing the equilibration of 612 

sucrose and water across mitochondrial membrane and the swelling of mitochondria 613 

manifesting in a fast decrease in absorbance. In accordance to CRC assay, calcium 614 

induced the permeability transition in mitochondria of single atp6-K90E mutant in a 615 

shorter time than in wild type mitochondria (after about 60% of the time needed by wild 616 

type mitochondria, at elevated temperature). Surprisingly, the permeability induction in 617 

mitochondria of both atp6-K90E OM45-GFP and atp6-P163S OM45-GFP mutants was 618 

delayed in comparison to wild type mitochondria, when isolated from cells grown at 619 

elevated temperature. The mutant mitochondria needed two-fold longer time to open 620 
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the channel (Fig. 6B). This effect, although less pronounced, was also seen in 621 

mitochondria isolated from atp6–P163S OM45-GFP mutant cells grown at 28ºC. 622 

To further confirm this result we have observed swelling of mitochondria from wild type, 623 

atp6–P163S OM45-GFP and atp6-K90E (stained with MitoTracker green) under 624 

confocal microscopy. Before calcium addition the size of mitochondria varied between 625 

0.5 -1.5 µm2, with no significant difference among the strains. Immediately after 626 

calcium addition, mitochondria started swelling and their diameter visibly increased, 627 

and finally ruptured, causing their number to decrease. Thus, the amount of swollen 628 

mitochondria was quantified after one minute after calcium addition. As shown in Fig. 629 

5C, 40% of wild type mitochondria were swollen at this time-point, comparing to 30% 630 

of double mutant atp6-P163S OM45-GFP and 60% of single mutant atp6-K90E 631 

mitochondria. This experiment further confirmed the impact of atp6 mutations and 632 

OM45-GFP tagging on permeability transition in yeast mitochondria. 633 

 634 
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 635 

Fig. 6. Properties of the permeability transition in yeast mitochondria. (A) Calcium 636 

retention capacity of yeast mitochondria calculated basing on CRC assay. The 637 

differences between strains are not statistically significant. (B) Time of PTP opening 638 

after calcium stimulation basing on swelling assay. Data are average of at least four 639 

independent experiments. The corresponding traces are shown in supplementary 640 

results Fig. S4. (C) Swelling of mitochondria observed under confocal microscopy and 641 

shown as percentage of enlarged mitochondria (> 1.5 µm2) at 1 minute time-point after 642 

addition of CaCl2. Data are average of three independent experiments. The asterisks 643 

indicate the statistical significance of the difference between mutants and the wild type. 644 

 645 

3.5. atp6-P163S and atp6-K90E mutations modulate the dynamics of ATP 646 

synthase dimers/oligomers formation during yPTP induction in OM45-647 

GFP background 648 

 The observed differences in time of PTP opening after calcium induction might 649 

be due to different dynamics of ATP synthase dimers/oligomers formation. We 650 

repeated the swelling assay at elevated temperature and the reaction was stopped at 651 

different times-points by putting mitochondria on ice and immediately extracting ATP 652 

synthase complexes for BN-PAGE analysis (Fig. 6B). Only strains with different PTP 653 

opening time compared to control mitochondria were picked for analysis - atp6-K90E 654 

and atp6-P163S OM45-GFP, in order to guarantee fast processing of samples during 655 

the same experiment. The strong induction of the oligomerization of ATP synthase is 656 

already evident 30 s after calcium addition in wild type mitochondria. As expected, in 657 

the atp6-K90E single mutant mitochondria the induction of dimerization/oligomerization 658 
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of ATP synthase by calcium ions was faster than in control mitochondria, whereas in 659 

the double atp6-P163S OM45-GFP mutant mitochondria it was slower (Fig. 7). 660 

Furthermore, a different ratio of dimers and oligomers to monomers was observed in 661 

mutants. In single atp6-K90E mutant, more dimeric and mainly oligomeric forms were 662 

present after 30s until 2.5 minutes from the start of the reaction. In particular there is 663 

more oligomers in that mutant. At the 5 minutes time point, the same ratio for the 664 

mutant and wild type control was reached. This is consistent with the faster PTP 665 

induction observed in this mutant (Fig. 6B, S4B right panel, green line). Conversely, in 666 

the double mutant atp6-P163S OM45-GFP the appearance of dimers/oligomers was 667 

slower in comparison to wild type mitochondria (Fig. 7); again, this correlates with the 668 

permeabilization of mitochondrial outer membrane, which only started after 5 minutes 669 

in this mutant (Fig. 6B, S4B right panel, light blue line). The ratio of dimers/oligomers 670 

to monomers was growing till 1 minute-time point in wild type mitochondria while until 671 

2.5 minutes-time point in the mutant mitochondria. After reaching the maximum value 672 

this ratio dropped and at the time-point of PTP opening was similar for all strains 673 

mitochondria. This experiment has clearly showed that i) calcium induction of 674 

permeability transition in yeast native mitochondria correlates with changes in the 675 

oligomerization states of ATP synthase, ii) atp6-K90E and atp6-P163S mutations of 676 

ATP synthase subunit a/Atp6 impinges on the dynamic of this changes iii) Om45p, a 677 

component of the yeast VDAC homolog Por1p complex (Por1p-Om14p-Om45p), has 678 

a significant role in this process. 679 
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 680 

Fig. 7. The differences in ATP synthase dimers and oligomers formation during 681 

permeability transition in yeast mitochondria. 450 µg of protein from isolated 682 

mitochondria was suspended in 1.5 ml of PTP buffer at 28°C and 100 µM CaCl2 was 683 

added. In every time-point, a 1.33 ml aliquot of the reaction was collected and 684 

subjected to the ATP synthase complexes extraction. 160 µg of protein/lane was 685 

loaded into NativePAGETM 3-12% Bis-Tris Gel and after migration, followed by 686 

Western blotting with anti-ATP synthase Atp2 subunit antibody. The upper panels 687 

show representative gels. Oligomeric (Vn), dimeric (V2) and monomeric (V1) F1FO 688 

complexes corresponding signals are indicated. The ratio of dimeric/oligomeric to the 689 

monomeric forms of the enzyme in each sample was calculated on image density 690 

results obtained using ImageJ. The standard errors and p-values were calculated from 691 

results of at least four independent experiments. The asterisks indicate the statistical 692 

significance of the difference between mutants and wild type control at the same time 693 

point. 694 

 695 

 696 



 

27 
 

4. Discussion 697 

Mitochondrial DNA mutations have recently attracted interest because of their 698 

high frequency in tumors. It was postulated that studies should concentrate more on 699 

OXPHOS dysfunction associated with a specific mutation [107]. Our work, focused on 700 

cancer-related mutations in ATP6 gene of ATP synthase, showed that one of five 701 

mutations modeled in yeast cells - atp6-P163S (equivalent to human m.8932C>T; 702 

MTATP6-P136S) reduced OXPHOS activity to 50% at elevated temperature (Fig. 3, 703 

[28]). Here we report, that two of these mutations: atp6-K90E and atp6-P163S, 704 

(corresponding to mutations m.8716A>G and m.8932C>T of human mtDNA, found in 705 

thyroid or prostate cancer) may be significant for cancer biology, although not due to 706 

OXPHOS activity impairment. In fact, both mutations affect ROS signaling, calcium 707 

homeostasis and permeability transition pore induction by calcium when functioning of 708 

porin complex in mitochondrial outer membrane is disturbed by GFP tag fused to its 709 

component Om45p [75]. 710 

The single OM45-GFP mutation is not neutral for mitochondrial functions. It 711 

leads to reduction of respiration and ATP synthesis and to elevated ROS level under 712 

glucose de-repression or respiration conditions. Thus, Om45p-GFP should not be 713 

considered as marker for mitochondria in mitophagy analysis, although the mutation 714 

itself does not actually change the mitophagy rate in our experimental conditions [65]. 715 

Combining the OM45-GFP mutation with either atp6-P163S or atp6-K90E mutation 716 

elicits much stronger effects for yeast cells than each single mutation. This includes 717 

high ROS level, also in fermentative conditions, and deregulation of calcium 718 

homeostasis leading to growth defects, already on complete media at elevated 719 

temperature. Suppression of growth defect either by overexpression of calcium pumps 720 

or by ROS scavengers and lack of growth phenotype in single OM45-GFP mutant, in 721 

which ROS accumulate but calcium homeostasis is normal, suggest an additive effect 722 

of high ROS and calcium homeostasis defects on double mutant cells fitness. We have 723 

no explanation why higher ROS level in single OM45-GFP cells does not cause 724 

calcium deregulation, but appearance of this phenotype in atp6 mutants underline the 725 

ATP synthase role in this process. 726 

In yeast cells calcium concentration in cytosol increases upon different stimuli 727 

such as environmental stresses, pheromones, nutrient availability, cell wall damage, 728 

[108]. In response to higher calcium concentration calcineurin is activated to reduce 729 
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the cytosolic calcium concentration to the basal level [109]. It induces the expression 730 

of a set of Ca2+-calcineurin – dependent target genes, including those encoding Pmc1p 731 

and Pmr1p transporters, and directly inhibits the function of vacuolar Ca2+/H+ 732 

exchanger, Vcx1p [110, 111]. The atp6-P163S OM45-GFP double mutant is unable to 733 

keep normal low cytosolic calcium level, which should activate calcineurin, while it is 734 

the opposite: calcineurin activity is lower, but the steady-state level of calcium pumps 735 

Pmr1p, Pmc1p, Vcx1p or Yvc1p is comparable to that in wild type cells. In atp6-K90E 736 

OM45-GFP mutant, only mitochondrial concentration of calcium is higher, and the 737 

down-regulation of calcineurin take place only when mitochondrial functions are 738 

derepressed – i.e. in galactose medium. Thus, it seems that the same mechanism is 739 

leading to lower activity of calcineurin in both mutants, and subsequent de-regulation 740 

of calcium pumps activity rather than expression, may be the cause of higher calcium 741 

concentration. This activity may be affected by ROS level, which is higher in atp6-742 

P163S OM45-GFP, correlating with more pronounced phenotypes than in atp6-K90E 743 

OM45-GFP mutant. Moreover, Pmr1p, Pmc1p, Yvc1p and catalytic calcineurin subunit 744 

Cna1p proteins are very rich in cysteines, suggesting their redox state may influence 745 

their activity [112]. The participation of Por1p in regulation of calcineurin activity - direct 746 

or through other proteins, like kinases - may not be excluded [113]. Calcium increase 747 

is probably originated from inside the cell, as an addition of EGTA to the calcium rich 748 

medium cannot suppress the calcium sensitivity (Fig. 4A). Our results, in accordance 749 

with the literature, indicate that an increase in cytosolic calcium concentration mediates 750 

the cytosolic effect of oxidative stress [114, 115]. 751 

 Elevated ROS and calcium concentration in the mitochondrial matrix are 752 

prominent inducers of the permeability transition [44]. ATP synthase dimers are 753 

postulated to form the core of the PTP basing on the in vitro experiments by the group 754 

of Paolo Bernardi [56, 57, 102, 103]. The experimental verification of PTP channel 755 

formation by ATP synthase dimers in intact cells is still lacking, but our data on isolated 756 

yeast mitochondria are in agreement with this hypothesis. Since yeast does not 757 

possess any MCU (mitochondrial calcium uniporter) identified to date, that would be 758 

responsible for rapid equilibration of calcium across the inner membrane, whether 759 

increased intracellular calcium/ROS levels can be the cause of mitochondrial outer 760 

membrane permeabilization in this organism is still under debate [40]. Our data not 761 

only supports the existence of calcium/ROS induced permeability transition in yeast, 762 

but also provides the first demonstration that ATP synthase and Por1p-Om14p-Om45p 763 
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protein complexes are involved in this process in isolated mitochondria. The regulatory 764 

role of yeast Por1p during yPTP induction had already been shown and it was 765 

postulated that the external calcium binding site is located within Por1p and that 766 

calcium binding to this site promotes closure of the channel [116]. Our data are in 767 

accordance with this paper as we observe a delay in yPTP induction when porin 768 

complex is somehow defective due to Om45p protein modification by GFP. Moreover 769 

we have shown that yPTP induction by calcium is dependent on ATP synthase alone, 770 

and more effective in atp6-K90E mutant mitochondria. It is possible that the structural 771 

remodeling of ATP synthase during permeability transition results in complexes 772 

different from those which are part of respirasomes during ATP production [117]. 773 

Further studies, with the use of more sophisticated methods, are necessary to verify 774 

this hypothesis. 775 

The lower hydrolytic activity of ATP synthase mutants in OM45-GFP 776 

background, which is used when the mitochondrial inner membrane potential drops 777 

[118, 119] – may be also a consequence of deregulation of ROS/calcium signaling. 778 

The ATPase activity of ATP synthase is inhibited by the inhibitor protein Inh1 (IF1) 779 

whose binding to catalytic sector of ATP synthase in a ratio 1:1 is optimal under energy 780 

deficiency [120], which is not greater than the ratio observed in the single OM45-GFP 781 

or atp6-P163S mutant (Fig. 3B). IF1 protein binds to calmodulin and this binding, 782 

regulated by low micromolar Ca2+, may regulate IF1 import into mitochondria [121]. 783 

The BN-PAGE analysis has showed that the amount of this protein bound to F1 784 

complexes is not different from the wild type enzyme, suggesting rather an IF1 785 

heperactivation. Higher calcium concentration in the double mutants may deregulate 786 

calmodulin binding to IF1 and consequently increase its activity, but this possibility 787 

needs further experimental verification. Why two mutations (atp6-K90E and atp6-788 

P163S) having different impact on ATP synthase activity result in the same growth 789 

phenotypes in OM45-GFP background [122]? In vacuo structural analysis has showed 790 

that both mutations may have the same effect on the structure of Atp6 subunit, mainly 791 

in the amino acid region containing the P163 (supplementary results, Fig. S5). Thus, it 792 

is possible that observed phenotypes of both atp6-P163S and atp6-K90E mutants, 793 

especially high calcium concentration in cytosol and matrix, result from distortion of 794 

this fragment of Atp6p. 795 

The observed yPTP channel induction delay in two ATP synthase mutants, but 796 

in the OM45-GFP background, is very interesting, as corresponding atp6 mutations 797 
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were found in cancer samples [76, 123] and Om45p is in a complex with the yeast 798 

VDAC homologue – Por1p [62]. In mammals, silencing VDAC inhibits PTP opening 799 

and protects cells from cell death, while its overexpression triggers PTP opening and 800 

induces apoptosis [81, 124]. VDAC proteins are overexpressed in many types of 801 

cancer cells, as well as hexokinase II (HKII), which binds to it on the mitochondrial 802 

membrane [125, 126]. Overexpression of VDAC together with HKII favors glycolysis 803 

(Warburg effect) and the protection against cells death [127, 128]. Thus, the role of 804 

VDAC as a modulator of PTP in cancer progression is supported by many experimental 805 

proofs, while the significance of mtDNA mutations for cancer remains still unclear. 806 

Many researchers consider that mtDNA mutations are rather a consequence of 807 

deregulation of ROS homeostasis in cancers and its mutagenic activity [129]. Others 808 

consider that mitochondrial dysfunctions, caused by mtDNA mutations, may initiate a 809 

complex cellular reprogramming that supports the formation and progression of 810 

cancers [14]. Here, we present evidence that mtDNA mutations selected during 811 

carcinogenesis may play a role in cancer specific cellular reprogramming. We propose 812 

the following scenario in the double mutants. Por1p complex function is inhibited by 813 

GFP, transport of metabolites into the mitochondria is less effective, which impinges 814 

on OXPHOS efficiency and raises ROS level, especially under respiratory conditions 815 

(Fig. 8). Interference on ATP synthase structural dynamics by the mutations in Atp6p, 816 

could activate a mitochondrial signaling cascade, through calcium accumulation in the 817 

mitochondrial matrix and the deregulation of the ROS/calcium/calcineurin signaling in 818 

the cell. Por1p complex tampering and ATP synthase dysfunction/structural changes 819 

caused by mutations have additive effect on desensitization of PTP to calcium while 820 

the single mutations have no effect (OM45-GFP, atp6-P163S) or the opposite one 821 

(atp6-K90E). Thus in cancer cell genetic background, often characterized by the 822 

presence of many nuclear mutations, these mtDNA mutations may be beneficial for 823 

proliferation and thus would be preserved.  824 

The results of our research are relevant from a medical point of view. Research 825 

to develop anti-cancer drugs that silence the expression of VDAC is already under way 826 

and is promising. Silencing VDAC by shRNA or VDAC-based peptides resulted in the 827 

induction of apoptosis in tumor cells [130-132]. Recent data focused the attention on 828 

ATP synthase as a therapeutic target, for instance observation that apoptosis inducing 829 

drug (i.e. apoptolidin) acts by inhibiting ATP synthase or that oligomycin modulates the 830 

pro-apoptotic action of TNF [133, 134]. Our results indicate that simultaneous targeting 831 
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of both VDAC and ATP synthase may be more effective in the activation of apoptosis 832 

than the modulation of activity of single complex. Nevertheless, development of such 833 

a therapeutic strategy needs further understanding of the molecular mechanisms of 834 

interaction between these two complexes, important for PTP induction. 835 

 836 

Fig. 8. The consequences of defective interaction between ATP synthase and 837 

porin complex in yeast cell. Defective functioning of both complexes, because of 838 

point Atp6p mutations and GFP tag at the Om45p, results in higher ROS and calcium 839 

level in the matrix and in the cytosol, likely due to higher release from an internal 840 

compartment. This is accompanied by a decrease in calcineurin activity by an unknown 841 

mechanism, which, although the amount of calcium transporters in the cell is 842 

unchanged, impairs the recovery of normal calcium concentrations. The higher calcium 843 

concentration persists in the cell and desensitizes yPTP for calcium. This inhibition 844 

may result from defective changes in ATP synthase structure during yPTP induction 845 

by matrix calcium and simultaneous inhibition of yPTP by porin, which has been 846 

proposed to bind cytosolic calcium in this process. 847 
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