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Abstract

Background/Aims: Mitochondrial ATP synthase, in addition to being involved in ATP synthesis,
is involved in permeability transition pore (PTP) formation, which precedes apoptosis in
mammalian cells and programmed cell death in yeast. Mutations in genes encoding ATP
synthase subunits cause neuromuscular disorders and have been identified in cancer samples.
PTP is also involved in pathology. We previously found that in Saccharomyces cerevisiae,
two mutations in ATP synthase subunit a (atp6-P763S and atp6-K90E, equivalent to those
detected in prostate and thyroid cancer samples, respectively) in the OM45-GFP background
affected ROS and calcium homeostasis and delayed yeast PTP (yPTP) induction upon calcium
treatment by modulating the dynamics of ATP synthase dimer/oligomer formation. The Om45
protein is a component of the porin complex, which is equivalent to mammalian VDAC. We
aimed to investigate yPTP function in atp6-P163S and atp6-K90E mutants lacking the e and
g dimerization subunits of ATP synthase. Methods: Triple mutants with the atp6-P163S or
atp6-K90E mutation, the OM45-GFP gene and deletion of the TIM171 gene encoding subunit e
were constructed by crossing and tetrad dissection. In spores capable of growing, the original
atp6 mutations reverted to wild type, and two compensatory mutations, namely, atp6-C33S-
T215C, were selected. The effects of these mutations on cellular physiology, mitochondrial
morphology, bioenergetics and permeability transition (PT) were analyzed by fluorescence
and electron microscopy, mitochondrial respiration, ATP synthase activity, calcium retention
capacity and swelling assays. Results: The atp6-C33S-T215C mutations in the OM45-GFP
background led to delayed growth at elevated temperature on both fermentative and
respiratory media and increased sensitivity to high calcium ions concentration or hydrogen
peroxide in the medium. The ATP synthase activity was reduced by approximately 50% and
mitochondrial network was hyperfused in these cells grown at elevated temperature. The
atp6-C33S-T215C stabilized ATP synthase dimers and restored the yPTP properties in Tim114
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cells. In OM45-GFP cells, in which Tim11 is present, these mutations increased the fraction of
swollen mitochondria by up to 85% vs 60% in the wild type, although the time required for
calcium release doubled. Conclusion: ATP synthase subunit e is essential in the S. cerevisiae
atp6-P163S and atp6-K90E mutants. In addition to subunits e and g, subunit a is critical for
yPTP induction and conduction. The increased yPTP conduction decrease the S. cerevisiae cell
fitness.

© 2020 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Mitochondrial ATP synthase, an enzyme that provides cellular energy in the form of ATP,
is composed of 17 subunits [1]. The intersubunit interactions are critical for the catalytic
activity of the enzyme. These subunits form two main enzyme domains: the hydrophobic
F, domain that embeds the enzyme in the inner mitochondrial membrane (IMM) and the
catalytic F, domain that is exposed in the matrix [2]. ATP synthase uses a proton gradient
established by the respiratory chain across the IMM. The higher concentration of protons
in the intermembrane space (IMS) than in the matrix enables ATP synthase to produce ATP
from ADP and inorganic phosphate [3]. Protons pass through the channel in the F domain
formed between the c-ring (consisting of ten ¢ subunits in Saccharomyces cerevisiae) and
the hydrophilic amino acids of subunit a (which is tightly attached to the c-ring), driving the
rotation of the ring. The proton enters from the IMS into the entry half-channel. It binds to
an acidic residue (cE58 in S. cerevisiae) in the second helix of subunit ¢ and, after an almost
complete rotation of the ring, is liberated to the exit half-channel on the matrix side [4, 5]. The
c-ring is tightly bound to the central stalk subunits y, 6, and &, of which subunit y protrudes
into the F, catalytic domain (composed of a hexamer of @ and 8 subunits). Subunit y rotates
with the ring and induces cyclic conformational changesin F, [6, 7]. Consequently, ADP and Pi
are sequentially converted to ATP at the catalytic sites of 5 subunits, according to the binding
change mechanism. In addition to subunits a and ¢, the F  domain consists of hydrophobic
subunits 8, i/, and fand the membrane part of subunit b. The hydrophilic part of b protrudes
into the matrix, interacts with the d, h, and OSCP (oligomycin sensitivity-conferring protein)
subunits and forms the external stalk that connects F with F. Three additional subunits,
namely, e, g, and k, stabilize the ATP synthase dimers [8] that self-assemble in longer ribbons
that are important for cristae formation [9, 10].

In addition to its main function in ATP production, IMM curvature and the formation
of the mitochondrial network [11], ATP synthase has been proposed to be directly involved
in the permeability transition (PT) [12-14]. PT is a Ca*-dependent increase in IMM
permeability to solutes and proteins with an exclusion limit of approximately 1500 Da due to
the formation of the unselective high-conductance permeability transition pore (PTP), also
called the mitochondrial megachannel (MMC) [15]. The PTP can open for a short duration
and assume a low conductance, probably contributing to Ca?* homeostasis and ROS signaling
[16, 17], or can open for a long period with a high conductance, contributing to cell death
[15]. A molecular explanation for this complex behavior of PTP, both in regulation and
channel composition, has not been provided. Understanding PTP function and regulation
is a major goal for scientists performing basic research and for clinicians because its
dysregulation is implicated in pathological conditions such as neurodegeneration, cancer,
cardiac hypertrophy and ischemia [18, 19]. The molecular composition of the channel
remains a subject of debate [20, 21]. ATP synthase dimers or tetramers (but not monomers)
eluted from native gels and reconstituted into liposomes form channels characterized by
different conductances depending on the model organism [14, 22-24]. Similar experiments
performed on the purified enzyme embedded in vesicles showed high-conductance channel
activity for the tetramers, the dimers and the monomers [25, 26]. It was also proposed that
PTP opening requires the dissociation of ATP synthase dimers [27]. Well characterized
modulators of the PTP have been identified to bind to and act on subunits of ATP synthase,
further corroborating its role as the molecular identity of the PTP. The divalent Mg, Mn?*,
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Sr2*or Ba?* cations have inhibitory effects on the PTP because they compete with Ca?*to bind
the catalytic site in the  subunit [28]. The specific PTP inducer Bz423 and the PTP regulator
protein CyPD bind to OSCP and at the same time, the inhibitory effect of matrix H* at a pH of
6.5 is achieved through the protonation of the unique histidine in the OSCP subunit [14, 29,
30]. Importantly, it was recently shown that deletion of the ¢ subunit prevents the assembly
of a functional ATP synthase [20]. This leads to loss of the PTP in mammalian cells, providing
a strong argument in favor of PTP formation by ATP synthase or its specific subunits [27, 31].

Experiments in S. cerevisiae have also provided data supporting the role of ATP synthase
in the formation of the yeast PTP (yPTP, also called the yeast mitochondrial unspecific
channel, YMUC). Importantly, the features of the yPTP are similar to those of the mammalian
PTP, i.e., regulation by calcium, ROS, and matrix cyclophilin D and involvement in cell death
[22, 32, 33]. A unique feature of yeast ATP synthase is the presence of a cysteine at position
23 of the a subunit (Fig. 1). The disulfide bond formed between the cysteine residues of two
neighboring a subunits stabilizes the ATP synthase dimer even in the absence of subunits e, g
and k, as shown by BN-PAGE analysis of ATP synthase complexes isolated from mitochondria
incubated with Cu?*[34, 35]. The mitochondria of S. cerevisiae cells lacking subunits e and
g are desensitized to calcium but are able to form a long-lasting channel with 10 times
lower conductance than that of the wild-type channel. This permits calcium release but not
swelling, which requires the high-conductance channel to be formed [22, 32, 35]. The first
transmembrane domain of subunit b also plays a role in the stabilization of the open state of
the yPTP [35].

We have previously shown that mutations in the mitochondrial ATP6 gene of S. cerevisiae,
namely, atp6-P163S and atp6-K90E, leading to the substitution of proline 153 for serine or
lysine 80 for glutamic acid in subunit a, respectively (positions in mature subunit a after
the removal of the first ten amino acids in the presequence by the protease Atp23 [36]),
desensitized the yPTP to calcium in mitochondria bearing the Om45 protein fused to GFP.
Importantly, these two atp6 mutations were identified in prostate and thyroid cancer samples
and may contribute to cell immortalization by facilitating escape from apoptosis [37]. The
Om45 protein forms a complex with porin and interacts physically with the components
of the IMM: transporters, adenine nucleotides carrier, respiratory chain complexes IIl and
IV and ATP synthase [38]. It was proposed that this protein coordinates transport across
mitochondrial membranes. In this study, we asked whether the atp6-P163S or atp6-K90E
mutations influence the induction of the yPTP in mitochondria defective in ATP synthase
dimerization, i.e., lacking subunits e and g. Surprisingly, we found that subunit e is essential

Fig. 1. Location of C23 and T205 residues in subunit a within the dimeric F, complex of S. cerevisiae. The
Fig. was generated using the PDB 6B2Z structure obtained by H. Guo, S. Bueler and J. Rubinstein [1]. Both
residues are located in the loops between a-helices and are represented as sticks.
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in the atp6-P163S and atp6-K90E mutants. We show that subunit a of ATP synthase plays
a role in yPTP induction and conduction and provide the first in vivo evidence that yPTP
function is important for the fitness of S. cerevisiae cells.

Materials and Methods

Yeast strains

The S. cerevisiae strains used in this study were all isogenic derivatives of MR6 and are listed in Table 1. p+
indicates the complete wild-type mitochondrial genome (mtDNA; when followed by a mutation, it indicates
the complete mtDNA with a single introduced mutation), and p° indicates the strain lacking mitochondrial
DNA. The RKY62a and RKY61a strains were obtained by changing the mating type using a plasmid encoding
the HO endonuclease [39]. The KNY58 strain was constructed by integrating the tim11A::HphNTI cassette into
the TIM11locus ofthe MR6 strain. The cassette was amplified usingthe pMW?77/11 plasmid as atemplate [40]
with the following primers: 5'CACAGAAATTTTAGATAAAAGGAAGTATTATATCGGAACATAACGTATATAGGAA
CTAGCGAGTGAGTTAAAGGATGGGTAAAAAGCCTGAACTCACCG3' and 5'ATCCATCATAACTTCGTCATTCAGTG
CGAGCTAATGTGCATTTTTAGTATCCTATTTATGTTGAAGCTTCTATTTTATTCCTTTGCCCTCGGACGAGTGC3'.
The KNY67 strain was obtained by fusing GFP to the 3’ end of OM45 in its genomic locus in the KNY58
strain, according to [41]. Thus, all strains expressed Om45-GFP under the control of the OM45 gene
promoter. The KNY58, KNY67 and MR6-OM45GFP strains were depleted of mtDNA by culturing them in
liquid YPGalA medium at 37 °C and selecting respiration-deficient clones, yielding KNY59, KNY67-1 and
KNY40, respectively. The absence of mtDNA in these clones was confirmed by crossing with the RKY25
MATa (a [p*] strain bearing a point mutation in the ATP6 gene that confers respiratory deficiency [42]).
The diploid strains KNY68 and KNY70 were obtained by mating RKY61a with KNY59 and KNY67-1,
respectively. The diploid strains KNY68 and KNY71 were obtained by mating RKY62a with KNY59 and
KNY67-1, respectively. The KNY76-1 strain was obtained by sporulation and tetrad dissection of KNY68.
The KNY88 diploid strain was obtained by mating KNY76-1 with KNY40. The KNY89-1 and KNY91-1 strains
were obtained by sporulation of the KNY88 strain and subsequent tetrad dissection. The KNY103-1 strain
was obtained by fusing GFP to the OM45 gene in the KNY76-1 strain [41]. The absence of the Tim11 protein
and the presence of the GFP tag at the C-terminus of the Om45 protein were confirmed by Western blot
analysis using an anti-Tim11 antibody and GFP fluorescence, respectively. The sequence of the ATP6 gene
was verified by sequencing in all haploid strains with 0Atp6-1 5'TAATATACGGGGGTGGGTCCCTCAC3' and
0ATP6-10 5'GGGCCGAACTCCGAAGGAGTAAG3’, which were also used for ATP6 gene amplification.

Growth conditions

Strains were grown in rich YPGA medium (1% Bacto yeast extract, 1% Bacto peptone, 2% glucose, 40
mg/l adenine) at 28 or 36 °C with shaking at 200 rpm. For mitochondrial isolation, strains were grown in
rich YPGalA medium (1% Bacto yeast extract, 1% Bacto peptone, 2% galactose, 40 mg/l adenine) to an 0D
of 4. Respiratory YPGlyA medium contained 1% Bacto yeast extract, 1% Bacto peptone, 2% glycerol, and 40
mg/l adenine (Difco, Becton Dickinson). W0 complete minimal medium contained 6.7% yeast nitrogen base
w/o amino acids and 2% galactose, supplemented with appropriate drop-out amino acid stock (Sunrise) for
plasmid selection. The liquid media were solidified by addition of 2% Bacto agar (Difco, Becton Dickinson).
An 0D, of 1 corresponds to 1.2 x 107 cells/ml for the MR6 strain. Geneticin or hygromycin were added to

YPGA at a concentration of 200 pg/ml or 300 pg/ml, respectively.

Measurement of oxygen consumption and ATP synthase activity

Mitochondria were isolated from cells grown in YPGalA medium at 28 °C according to the protocol
described in reference [43]. Oxygen consumption rates were measured using a Clarke electrode in
respiration buffer (0.65 M mannitol, 0.36 mM EGTA, 5 mM Tris-phosphate, 10 mM Tris-maleate pH=6.8)
after consecutively adding 75 pg of mitochondrial proteins, 4 mM NADH (state 4 respiration), 150 uM ADP
(state 3) or 4 uM carbonyl cyanide m-chlorophenylhydrazone (CCCP) (uncoupled respiration), as previously
described [44]. The rates of ATP synthesis were determined under the same experimental conditions with
750 uM ADP; aliquots were withdrawn from the oxygraph cuvette every 15 seconds, and the reaction was
stopped with 3.5% (w/v) perchloric acid and 12.5 mM EDTA. The samples were then neutralized to pH 6.5
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Table 1. Strains used in the study

Strain Nuclear genotype mtDNA Source

MR6 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 p* [47]

RKY62 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 p* atp6-K90E [371]

RKY61 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 p* atp6-P163S [56]
RKY62a MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 p* atp6-K90E S{Eé;
RKY61a MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 p* atp6-P163S s{gés}r

MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 OM45- .
MR6-OM45GFP GFP:KanMX6 p [37]
MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 OM45- ,

RKY61-OM45GFP CFP-KanMX6 p* atp6-P163S [37]
KNY58 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 tim11A::HphNTI p* S'El?(lisy
KNY59 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 tim11A::HphNTI po S'lt‘ll:(ljsy

KNY40 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 OM45- " This
GFP::KanMX6 P study

KNY67 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 tim11A::HphNTI . This
OM45-GFP::KanMX6 p study

KNY67-1 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 tim11A::HphNTI " This
OM45-GFP::KanMX6 P study

MATa/a ade2-1/ade2-1 his3-11,15/ his3-11,15 trp1-1/trp1-1 leu2-3,112/leu2- . . This
KNY68 3,112 ura3-1/ura3-1 arg8:HIS3/arg8:HIS3 tim11A::HphNTI/TIM11 pratp6-P1635 gy

MATa/a ade2-1/ade2-1 his3-11,15/ his3-11,15 trp1-1/trp1-1 leu2-3,112/leu2- . : This
KNY69 3,112 ura3-1/ura3-1 arg8:HIS3/arg8::HIS3 tim11A::HphNTI/TIM11 pratp6-K0E 4y

MATa/a ade2-1/ade2-1 his3-11,15/ his3-11,15 trp1-1/trp1-1 leu2-3,112/leu2- Thi

KNY70 3,112 ura3-1/ura3-1 arg8::HIS3/arg8::HIS3 tim11A::HphNTI/TIM11 OM45- p* atp6-P163S + (115
GFP::KanMX6,/0M45 study

MATa/a ade2-1/ade2-1 his3-11,15/ his3-11,15 trp1-1/trp1-1 leu2-3,112/leu2- This

KNY71 3,112 ura3-1/ura3-1 arg8::HIS3/arg8::HIS3 tim11A::HphNTI/TIM11 OM45- p* atp6-K90E tud
GFP::KanMX6,/0M45 study

) 1 2l i ) : . . . p* atp6-C33S- This
KNY76-1 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 tim11A::HphNTI T215C study
MATa/a ade2-1/ade2-1 his3-11,15/ his3-11,15 trp1-1/trp1-1 leu2-3,112/leu2- + atp6-C33S- This

KNY88 3,112 ura3-1/ura3-1 arg8::HIS3/arg8::HIS3 tim11A::HphNTI/TIM11 OM45- P TI;ISC stud
GFP::KanMX6,/0M45 y

KNY89-1 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 OM45- p* atp6-C33S- This
GFP::KanMX6 T215C study

. o pien . : ) . p* atp6-C33S- This
KNY91-1 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 T215C study
KNY103-1 MATa ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 arg8::HIS3 tim11A::HphNTI p* atp6-C33S- This
OM45-GFP::KanMX6 T215C study

by the addition of KOH and 0.3 M MOPS. The synthetized ATP was quantified using a luciferin/luciferase
assay (Kinase-Glo Max Luminescence Kinase Assay, Promega) in a Beckman Coulter Paradigm plate reader.
The participation of F F -ATP synthase in ATP production was assessed by measuring the sensitivity of
ATP synthesis to oligomycin (3 pg/ml). The specific ATPase activity at pH 8.4 of nonosmotically protected
mitochondria was measured using the procedure described by M. Somlo [45].

Measurement of the mitochondrial calcium retention capacity and swelling

A previously developed method for measurement of mitochondrial calcium retention capacity
(described in detail in [37]) was used to measure the time of yPTP opening after Ca?* addition. Briefly,
mitochondria were diluted in CRC buffer (250 mM sucrose, 10 mM Tris-MOPS, 10 uM EGTA-Tris, 5 mM
P-Tris, 1 mM NADH, 5 uM ETH129, 1 uM Calcium Green-5N (Thermo Fisher), 0.5 mg/ml BSA, pH 7.4) to a
concentration of 500 pg/ml, and 50 uM CaCl, was added. The rapid increase in the fluorescence of Calcium
Green-5N was as attributed to the release of calcium ions from the mitochondrial matrix into the buffer,
likely due to the PT. Matrix swelling was evaluated by measuring optical density changes at 540 nm with a
Varian Cary Bio UV-Vis spectrophotometer. Mitochondria (500 pg/ml) were suspended in 2 ml of CRC buffer
without Calcium Green-5N, and then, 140 uM CaCl, and 10 pM alamethicin were added.
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BN-PAGE, SDS-PAGE and Western blotting

These methods have been described previously [37]. For cross-linking experiments, mitochondria
were incubated for 20 or 30 minutes at room temperature at 1 mg/ml in 250 mM sucrose, 5 mM Piand 2 mM
CuClz. Then, 5 mM N-ethylmaleimide and 5 mM EDTA were added to block the cross-linking reaction, and
the incubations were transferred to ice for 10 minutes and centrifuged. Then, the ATP synthase complexes
were liberated from IMM by incubation with 1.5% digitonin in extraction buffer (30 mM HEPES, 150 mM
potassium acetate, 12% glycerol, 2 mM 6-aminocaproic acid, 1 mM EGTA, protease inhibitor cocktail tablets
(Roche), pH 7.4) for 20 minutes and separated by BN-PAGE. Polyclonal rabbit anti-ATP synthase subunit
antibodies (a gift from Marie-France Giraud, Bordeaux, France) were used.

Morphology of the mitochondria and mitochondrial network

The mitochondrial network waslabelled with RFP using the pXY142-RFP plasmid encoding RFP fused to
the mitochondrial targeting sequence [46]. Cells were grown at 28 or 36 °C in W0-galactose medium lacking
leucine to an OD of 1 and used directly for fluorescence microscopy. The morphology of the mitochondria
was assessed in whole cells grown in YPGalA medium at 28 or 36 °C to an OD of 1 and processed for electron
microscopy as described previously [47]. Briefly, cells grown in YPGalA medium were fixed by incubation
overnight in 2% paraformaldehyde + 2. 5% glutaraldehyde in cacodylate buffer (pH 7.4). Then, the cells
were rinsed in cacodylate buffer and deionized water. Cells were immersed in 6% KMn0O4 water solution
for 1 hour at room temperature, rinsed 5 times in water and dehydrated in an ethanol gradient (30-100%).
Then, the material was embedded in epoxy resin (Epon 812). Thin 50-nm sections were stained with 9%
uranyl acetate and lead nitrate. Images were acquired using a JEM-1200 EX (Jeol, Japan) transmission
electron microscope (80 keV) equipped with a MORADA camera and iTEM 1233 software.

Statistical analyses

Unless otherwise stated in the figure legends, each experiment was repeated at least three times.
The intensity of the bands was quantified using Image]. Data are presented as the average * s.d. or as a
representative experiment. Student’s t-test was used to assess significant differences with the respective
control.

Results

Tim11 is essential in atp6 mutants

Our previous study indicated that the atp6-P163S or atp6-K90F mutation in the OM45-
GFP background in S. cerevisiae conferred sensitivity to high calcium concentrations or
hydrogen peroxide in the medium. The yPTP was desensitized to calcium in these double
mutants [37]. The time of yPTP induction by calcium was longer in atp6-P163S OM45-GFP
and atp6-K90E OM45-GFP mitochondria (grown at 36 °C) than in control mitochondria and
comparable to the induction time in tim11A4 mitochondria lacking ATP synthase dimers [37].
Assuming that the hypothesis regarding the formation of the PTP core by ATP synthase
dimers is true, we expected to observe an effect of the atp6-P163S or atp6-K90E mutation on
yPTP induction in tim11A4 cells. Deletion of the TIM11 gene not only leads to a lack of subunit
e but also causes a lack of the g subunit (Supplementary Fig. S1, [22] - for all supplemental
material see www.cellphysiolbiochem.com). Efforts to delete the TIM11 gene by one-step
integration of the tim11::HphNTI cassette into the TIM11 locus of single atp6-P163S, atp6-
K90E, and OM45-GFP mutants and double atp6-P163S OM45-GFP and atp6-K90E OM45-GFP
mutants were ineffective. Using this method, we replaced the coding sequence of TIM11 with
the tim11::HphNTI cassette in a strain bearing the wild-type ATP6 gene only. We hypothesized
that Tim11 is essential in the single mutants atp6-P163S, atp6-K90E, and OM45-GFP and
double mutants atp6-P163S OM45-GFP and atp6-K90E OM45-GFP. To verify this hypothesis,
we aimed to introduce the tim11::HphNTI deletion into the above mutants by the classical
genetic method of diploid sporulation and tetrad dissection. The tim11::HphNTI [p°] strain
was crossed with the single mutants atp6-P163S and atp6-K90F and double mutants atp6-
P163S OM45-GFP and atp6-K90E OM45-GFP; the obtained diploids were sporulated, and
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tetrads were dissected. Despite very efficient sporulation, only a few spores were able
to grow on plates with twenty dissected tetrads (at least forty tetrads were analyzed per
crossing (Supplementary Fig. S2)).

The presence of the tim11::HphNTI deletion or Om45-GFP in spores was analyzed by
testing S. cerevisiae growth on hygromycin- or geneticin-containing plates and by evaluating
GFP fluorescence. The ATP6 gene was entirely sequenced. Surprisingly, in every spore,
independent of the presence of the tim11::HphNTI deletion or Om45-GFP, the TCA codon for
Atp6-S153 and the GAA codon for Atp6-E80 reverted to the wild-type CCA and AAA codons
for proline and lysine, respectively, but two additional mutations appeared, leading to the
substitution of the cysteine in position 23 of mature Atp6p with a serine and the threonine
in position 205 with a cysteine (Atp6-C23S-T205C, designated Atp6-CSTC) (Fig. 1). Although
we were not able to delete the TIM11 gene by one-step transformation in the OM45-GFP
strain, OM45 was fused to GFP as described in [41] in tim11::HphNTI and tim11::HphNTI atp6-
CSTC mutants. The lack of subunit e or g in the analyzed strains was confirmed by Western
blotting with anti-Tim11 or anti-Atp20 (Supplementary Fig. S1). We therefore concluded
that the Tim11 subunit, which is nonessential for the growth of S. cerevisiae cells even in
respiratory medium, is essential in cells expressing the Atp6-P153S, Atp6-K80E, Atp6-P153S
and Om45-GFP or Atp6-K80E and Om45-GFP proteins. This protein nomenclature will be
used throughout the remainder of this paper.

Effect of Atp6-CSTC on growth phenotypes, mitochondrial DNA stability, the mitochondrial

network and morphology

We first established the impact of Atp6-CSTC substitutions on S. cerevisiae growth, the
stability of the mtDNA, and the morphology of the mitochondria and the mitochondrial
network. Atp6-CSTC did not disturb the growth of S. cerevisiae cells, but in the Om45-GFP
background, it led to delayed growth at elevated temperature on both fermentative and
respiratory media (Fig. 2A). The Atp6-P153S or Atp6-K80E substitution in Om45-GFP led
to increased sensitivity to high calcium ions concentration or hydrogen peroxide in the
medium [37]. Atp6-CSTC Om45-GFP cells were also hypersensitive to calcium ions and
hydrogen peroxide (Fig. 2A). These growth phenotypes of Atp6-CSTC Om45-GFP cells were
suppressed by deletion of subunit e.

Tim11, due to its role in the dimerization of ATP synthase, is critical for cristae
invaginations [9, 10]. Thus, we examined the mitochondrial network and morphology in
vivo by fluorescence and electron microscopy, respectively. The mitochondria of cells lacking
Tim11 did not form cristae. However, their inner membrane formed onion-like structures,
which was the phenotype observed in cells grown at normal and elevated temperatures.
Additionally, the mitochondrial network in Tim11A cells grown at 36 °C was not tubular,
reaching all cell surface, but accumulated on one or two poles of a cell, forming long tubules
close to the cell membrane (Fig. 3A; at 28 °C, this phenotype is visible only in single cells) [48,
49]. Atp6-CSTC substitutions alone did not influence the mitochondrial network but restored
its defect in Tim11A cells (also in the Om45-GFP background; Fig. 3A). However, Atp6-CSTC
substitutions did not restore the onion-like cristae morphology of mitochondria caused by
Tim11 deletion, and 100% of the mitochondria of cells lacking subunit e, regardless of CSTC
substitutions in subunit a and the presence of Om45-GFP, had an aberrant cristae morphology
(Fig. 3B). Tim11A cells were also genetically unstable, with up to 60% of cells grown to late
logarithmic phase at permissive temperature losing mtDNA in comparison to 3% of cells
of the wild-type strain. The mtDNA instability of Tim11A was also partially suppressed by
Atp6-CSTC substitutions (Fig. 2B). Interestingly, while the cristae morphology was normal in
the Atp6-CSTC Om45-GFP double mutant, the mitochondrial network, which was normal at
a permissive temperature, was hyperfused during growth at elevated temperature (Fig. 34,
B) and exhibited a phenotype much stronger than that observed in the Tim11A cells. Strong
defects in the mitochondrial network, together with increased ROS levels and deregulation
of calcium homeostasis, may contribute to the temperature sensitivity phenotype of Atp6-
CSTC Om45-GFP cells.
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Fig. 2. Atp6-CSTC Om45-GFP cells are temperature sensitive and display hydrogen peroxide and calcium
ion sensitivity suppressed by Tim11 deletion. A) Growth phenotypes. Overnight precultures were serially
diluted 10-fold, spotted on plates and incubated at the indicated temperatures for 2-4 days. Representative
plates are shown. B) Stability of mtDNA. Cells were grown at permissive temperature in YPGalA medium to
an OD of 4. Approximately 100 cells were spread on YPGA plates and grown, and the percentage of petite
colonies was counted. Experiments were performed in at least four replicates.
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Atp6-CSTC restored respiration and ATP synthase activity in Tim11A cells

Normal respiratory growth in S. cerevisiae does not indicate that OXPHOS is as efficient
as it is in wild-type cells. Respiratory growth defects appear only when ATP synthase
activity decreases below 20% of the wild-type level [50, 51]. To explain the temperature-
sensitive phenotype of the Atp6-CSTC Om45-GFP strain, we measured oxygen consumption
and ATP synthesis. Mitochondria were isolated from all strains grown only at 28 °C, as
culturing the Tim11A strain at 36 °C resulted in more than 70% petite cells. The oxygen
consumption and ATP synthesis of Tim11A mitochondria were reduced by approximately 45
and 55%, respectively, in comparison to those of the control mitochondria, regardless of the
presence of Om45-GFP (Fig. 4). Interestingly, the defect in the oxidative phosphorylation in
mitochondria lacking Tim11 was suppressed by Atp6-CSTC, in both the wild-type and Om45-
GFP backgrounds. Atp6-CSTC substitution alone did not influence oxygen consumption and
ATP synthesis, but in combination with Om45-GFP, it reduced these activities to a level
comparable to that in Tim11A mitochondria. Then, we measured the maximal ATPase

Fig. 3. Atp6-CSTC substitutions restored the mitochondrial network in Tim11A cells but led to the
aggregation of mitochondria in Om45-GFP cells expressing Tim11. A) Cells bearing plasmids expressing
RFP fused to the mitochondrial targeting sequence were grown at 36 °C in liquid W0-GalA without leucine
to an OD of 1 and immediately viewed by fluorescence microscopy. B) Morphology of mitochondria in cells
grown in complete galactose medium at 36 °C. Defective mitochondrial network (A) or cristae invagination
(B) is shown by arrows. Representative images are shown.
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activity in nonosmotically protected mitochondria buffered at pH 8.4 and in the presence of
saturating amounts of ATP. A pH value of 8.4 is optimal for F -ATPase activity and prevents
the binding of the F, inhibitor protein Inh1 (IF,) to ATP synthase [52]. In all strains, the
maximal ATPase activity was the same (Fig. 4, gray bars), but the oligomycin-sensitive ATPase
activity varied. In the mitochondria of most strains, approximately 85% of ATPase activity
was sensitive to oligomycin. However, in the single mutant Tim11A and double mutant
Tim11A Om45-GFP mitochondria, the sensitivity to oligomycin decreased to approximately
60%. This indicates the reduced stability of the ATP synthase complexes. We concluded that
Atp6-CSTC substitutions alone had no effect on oxygen consumption, ATP synthesis and
ATP hydrolysis but restored these activities to the wild-type level in mitochondria lacking
Tim11. When subunit e was present in the Om45-GFP background, Atp6-CSTC substitutions
decreased oxygen consumption and ATP synthesis by approximately 50%. Decreased ATP
synthesis may also contribute to the temperature-sensitive phenotype of Atp6-CSTC Om45-
GFP cells.

Atp6-CSTC stabilized ATP synthase dimers but not by disulfide bond formation between a

subunits

Subunit e is critical for the dimerization of ATP synthase. In the absence of this subunit,
the amount of fully assembled ATP synthase was normal (as assessed here based on the
amount of subunit a, which is immediately degraded when not assembled into the enzyme,
Supplementary Fig. S1, [42, 53, 54]). However, these complexes were exclusively found in
the monomeric form. The monomer of the enzyme lacking subunit e exhibited reduced
stability [48], as indicated by the presence of free F, in the BN-PAGE analysis of the enzyme
complexes extracted from the IMM (Fig. 5, left panel) and by the increase in ATPase activity
in the presence of oligomycin (Fig. 4). Oligomycin inhibits only the coupled enzyme;
therefore, oligomycin-insensitive ATP hydrolysis is carried out by free F, [42]. The Atp6-
CSTC substitutions increased the stability of ATP synthase dimers in Tim11A cells (Fig. 54,
left panel) and partially restored the oligomycin-sensitive ATPase activity (Fig. 4).

To further study the impact of Atp6-CSTC substitutions on ATP synthase dimerization,
we performed an analysis of ATP synthase complexes by BN-PAGE after Cu?* treatment,
which stabilized the dimers in Ae/Ag cells [22, 34, 35, 55]. Copper caused the cross-linking
and stabilization of ATP synthase dimers in wild-type and Tim11A mitochondria (also in
the Om45-GFP background) but not in those bearing Atp6-CSTC substitutions. This suggests
that the cysteine at position 205 enables copper-dependent dimer stabilisation (Fig. 5, right
panel). Thus, Atp6-CSTC substitutions stabilized ATP synthase dimers in cells lacking subunit
e but not by disulfide bond formation between neighboring a subunits in these dimers.

Atp6-CSTC substitutions compensated for the lack of subunit e during yPTP induction

The absence of subunit e (and of subunit g as a consequence, Supplementary Fig.
S1) decreased Ca** sensitivity and the conductance of the yPTP [22, 35]. We previously
determined that subunit a mutations leading to Atp6-P153S or Atp6-K80E substitutions
desensitized the yPTP to calcium in Om45-GFP mitochondria. This finding correlated with
the sensitivity of cells to high calcium and hydrogen peroxide in the medium [37]. Atp6-CSTC
Om45-GFP cells were also hypersensitive to calcium ions and hydrogen peroxide, suggesting
that these substitutions may be significant for PT (Fig. 2A). We then asked how Atp6-CSTC
substitutions influence the yPTP, especially in Tim11A and Om45-GFP mitochondria. For this
purpose, we analyzed the rate of yPTP opening after high calcium addition by measuring
the time necessary for calcium release into the buffer using the calcium retention capacity
determination method. In this protocol, Ca?* release occurs due to the depolarization of
the membrane and therefore is compatible with the opening of a relatively small PTP [21].
Mitochondria were loaded with 50 uM CaCl,, which was completely taken up into the matrix
via the calcium ionophore ETH129. After 2-3 minutes, calcium was released into the buffer
through the yPTP in the mitochondria of most strains, except for the single mutant Tim11A
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Fig. 4. State 3, ATP synthesis and ATP hydrolysis activities in mitochondria isolated from the indicated
strains. Strains were grown in rich galactose medium at 28 °C. Oxygen consumption rates were measured
after consecutively adding 4 mM NADH and 150 pM ADP (state 3). The rates of ATP synthesis were
determined using 4 mM NADH and 750 uM ADP in the presence/absence of 20 ug of oligomycin/mg of
protein. For ATPase activity, mitochondria kept at -80 °C were thawed, and the reaction was performed in
the absence of osmotic protection at pH 8.4. The error bars represent standard errors calculated from at
least three independent experiments, and the p values were calculated versus the wild-type control or the
single mutants where indicated. In the case of ATP hydrolysis activity, p values are related to oligomycin
resistant activity.
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Fig. 5. Atp6-CSTC
stabilizes ATP synthase
dimers in the Tim11A
cells but not through
disulfide bond between
a subunits. The steady-
state ATP synthase
complexes were
extracted from 200
pg of mitochondria
untreated (the left
panel) or pretreated A & == - - - - -
with 2 mM Cu? (the |v
right panel), subjected
to BN-PAGE and |F -

Western blotting with oy +ou

Atp6-CSTC Tim11A Om45-GFP
Atp6-CSTC Tim11A Om45-GFP

WT

Tim11A

Atp6-CSTC Tim11A
Atp6-CSTC

Om45-GFP

Tim11A Om454-GFP
Atp6-CSTC Om45-GFP
WT

Tim11A

Atp6-CSTC Tim11A
Alp6-CSTC

Om45-GFP

Tim11A Om454-GFP
Atp6-CSTC Om45-GFP

anti-Atp2 antibody. anti-Atp2

Dimeric  (V,) and
monomeric (V,) F,F complexes and free F, were detected by Western blotting with the indicated antibodies.
Representative gels are shown.

and double mutant Tim11A Om45-GFP, as expected, as well as the double mutant Atp6-
CSTC Om45-GFP. The time of calcium release in these mitochondria was two times longer
than that in wild-type mitochondria (Fig. 6A). Thus, Atp6-CSTC substitutions restore yPTP
properties in Tim11A cells, but in Om45-GFP cells, in which Tim11 is present, Atp6-CSTC
substitutions have a contrasting effect. The Atp6-CSTC substitutions had a stronger effect
on the yPTP induction delay in Om45-GFP mitochondria than Atp6-P153S or Atp6-K80E, as
observed in mitochondria from cells grown at a physiological temperature of 28 °C, while
the two latter substitutions delayed yPTP induction only in mitochondria isolated from cells
grown at elevated temperatures [37].

Next, we measured the swelling of mitochondria induced by high (140 puM) Ca*
concentrations and caused by the diffusion of sucrose into the matrix. This is only possible
when a large yPTP is formed. Under this experimental condition, 60% of the wild-type
mitochondria were swollen 15 minutes after calcium addition (Fig. 6B). As expected, in
Tim11A, 25-30% of the mitochondria were swollen in both the wild-type and Om45-
GFP backgrounds [22, 35]. Atp6-CSTC substitutions restored the swelling of Tim11A
mitochondria partially in the Om45 wild-type background, increasing the fraction of swollen
mitochondria to approximately 35%, and fully in Om45-GFP mitochondria, increasing the
fraction of swollen mitochondria up to 75% in the Atp6-CSTC Tim11A Om45-GFP triple
mutant. Surprisingly, in the Om45-GFP background, when subunits e and g were present
and participated in stabilizing the ATP synthase dimers and yPTP, Atp6-CSTC substitutions
increased the fraction of swollen mitochondria by up to 85%, although the time required
for calcium release doubled (Fig. 6A). We therefore concluded that Atp6-CSTC substitutions
restored the yPTP in mitochondria depleted of dimerization subunits, in terms of both its
induction and conductance, in an Om45-GFP-dependent manner. The increased permeability
of the mitochondrial membrane in Atp6-CSTC Om45-GFP cells may have led to their
decreased growth rate at elevated temperature.
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Fig. 6. Properties of the PT in yeast mitochondria. A) Time of PTP opening after calcium stimulation based on
the CRC assay. Five hundred micrograms of mitochondria was suspended in CRC buffer, and 50 uM CaCl, was
added at time 0 and immediately taken up by mitochondria. The time of yPTP opening was determined by a
rapid increase in Calcium Green fluorescence due to calcium release into the buffer. Traces are representative
of atleast 5 independent experiments, and the histogram refers to the time of Ca?* release. B) Mitochondrial
swelling assay. Swelling was induced by the addition of 140 uM CaCl, to mitochondria suspended in CRC
buffer and measured as the decrease in absorbance at 540 nm. Alamethicin (10 pM) was added after 15
minutes of swelling for normalization of the experiment. The fraction of swollen mitochondria after yPTP
opening was calculated using maximal swelling induced by alamethicin as 1. Traces are representative of
at least 5 independent experiments, and the histogram refers to the fraction of swollen mitochondria 15
minutes after CaCl, addition. Statistical significance is indicated.
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Discussion

This paper extends the research on ATP synthase and its function as the PTP core, a
subject that is currently under discussion in the literature [21]. We previously reported that
the Atp6-P153S or Atp6-K80E substitution in Om45-GFP cells in S. cerevisiae led to calcium
and ROS homeostasis deregulation and delayed the induction of yPTP by calcium, while
OXPHOS functioned normally. Moreover, we have shown that the addition of calcium to
mitochondria induced the formation of dimeric and oligomeric complexes of ATP synthase
during yPTP formation,and P153S and K80OE amino acid substitutions in subunit a modulated
this process in an Om45-dependent manner [37]. We describe here another example of
amino acid substitutions in the a subunit, namely, Atp6-C23S-T205C, which modulate
the induction and conductance of yPTP. These two substitutions were selected in vivo as
spontaneous suppressors in Atp6-P153S, Atp6-K80E, Atp6-P153S Om45-GFP and Atp6-
K80E Om45-GFP cells [37], in which we additionally tried to delete subunit e. Interestingly,
S. cerevisiae cells reverted the original Atp6-P153S or Atp6-K80E amino acid substitution to
the wild-type amino acid and “moved” the cysteine from position 23 to position 205 of the
Atp6 sequence. The absence of subunits e and g had no effect on the growth of S. cerevisiae
cells but led to a lack of ATP synthase dimers and drastically reduced yPTP conductance
[35]. In S. cerevisiae, ATP synthase dimers are stabilized by the formation of disulfide bonds
between the cysteine residues in adjacent a subunits of two monomers, which also occurs
in cells lacking the e and g subunits (Fig. 1, Fig. 5; [35]). These genetic results indicate that
yPTP function is important for the fitness of S. cerevisiae cells. Complete yPTP dysfunction, a
situation possible when Atp6-P153S or Atp6-K80E is combined with the absence of subunit
e or g, is lethal. Unfortunately, we could not verify this hypothesis experimentally.

We analyzed the effects of Atp6-CSTC substitutions on ATP synthase activities and yPTP
formation. The transfer of the cysteine from position 23 to 205 suppressed the defects caused
by alack of ATP synthase dimerization subunits. Indeed, these substitutions (i) improved the
stability of the mitochondrial genome; (ii) restored the mitochondrial network but not its
morphology; (iii) stabilized the ATP synthase dimers and monomers and improved enzyme
function by restoring oxygen consumption and ATP synthesis to the wild-type level; and
(iv) restored the yPTP induction time to the wild-type level and increased yPTP conduction.
These results prove that Atp6-P153 and Atp6-K80 are, similar to subunit e, important for
ATP synthase dimer stabilization.

Markedly, Atp6-CSTC substitutions have deleterious effects on S. cerevisiae cells in the
presence of stable ATP synthase dimers in the Om45-GFP background, similar to Atp6-
P153S and Atp6-K80E [37]. Atp6-CSTC in the Om45-GFP background had even stronger
effects. These cells were not only sensitive to hydrogen peroxide or high concentrations
of calcium but also temperature sensitive when grown on fermentative medium. In these
cells, the oxygen consumption and ATP synthesis was reduced to 50% at physiological
growth temperature, while in Atp6-P153S Om45-GFP mitochondria only at elevated growth
temperature [37]. Interestingly, although yPTP opening is desensitized to calcium in Atp6-
CSTC Om45-GFP cells, even more than in Atp6-P153S Om45-GFP and Atp6-K80E Om45-GFP,
its conductance for sucrose is higher in Atp6-CSTC Om45-GFP than in the wild-type and
Atp6-P153S Om45-GFP cells (Supplementary Fig. S3B). Taking into account the fact that the
mitochondrial network at elevated growth temperatures is aggregated in Atp6-CSTC Om45-
GFP, as in Atp6-P153S Om45-GFP (Supplementary Fig. S3A), while Atp6-P153S Om45-GFP
mitochondria swell normally at permissive temperatures (Supplementary Fig. S3B) and
slightly slower than wild-type mitochondria at elevated temperatures [37, 56], we propose
that the increased conductance of the yPTP in Atp6-CSTC Om45-GFP cells contributes to
the temperature-sensitive growth phenotype, which is absent in Atp6-P153S Om45-GFP
cells. The yPTP function is therefore critical for S. cerevisiae cell fitness when overactivated
(especially at elevated temperature). The results presented here argue that subunit a has a
direct role in yPTP formation together with subunits e and g and the first transmembrane
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helix of subunit b [35]. Subunit a modulates yPTP induction by calcium ions, which we have
shown previously [37], and yPTP conductance, which we show here (Fig. 6B, Fig. 7).

The results presented in this paper are very important in the current debate regarding
the role of ATP synthase in PT, particularly because these results have been obtained in
vivo. There is evidence that PT is an evolutionarily conserved process between yeasts
and mammals [32, 57]. Understanding how the channel operates and its composition and
regulation are important objectives for medicine. Indeed, there is much data in the literature
showing that abnormal PTP function plays a role in diseases and pathological conditions,
including myopathies, Parkinson’s disease, diabetic encephalopathy, cardiomyopathy, and
ischemia/reperfusion [58-63]. Furthermore, mutations in the MT-ATP6 gene, encoding ATP
synthase subunit g, in addition to their presence in cancer samples [64, 65], are the cause
of myopathies, such as neurogenic ataxia retinitis pigmentosa (NARP; [66, 67]), maternally
inherited Leigh syndrome (MILS; [68-70]), mitochondrial encephalomyopathy, lactic
acidosis, stroke-like episodes (MELAS; [71]), and other diseases, including cardiomyopathies
[72]. Whether the role of subunit a in PTP regulation described here plays a role in the
pathogenesis of this group of diseases is an intriguing possibility that warrants further study.

Fig. 7. lllustration of the yPTP in Atp6-CSTC cells based on the presented results. Lack of the dimerization
subunits of ATP synthase (marked in green) leads to calcium-desensitized low-conductance yPTP (the
upper right panel). The substitutions Atp6-K80E or Atp6-P153S in subunit a in the Om45-GFP background
also lead to calcium-desensitized channels but with normal conductance (Fig. S3B, [37]). The function of
subunit e is essential in these cells, as its deletion was not possible. During TIM11 gene deletion selection
of compensatory mutations occurred, resulting in C23S and T205C residue substitutions in the Atp6. This
Atp6 variant (marked in purple) compensates for the lack of subunit e during yPTP formation, increasing
its conductance partially in the Om45 background (the lower left panel) but above the normal conductance
in the Om45-GFP background (the lower right panel). This high-conductance channel, induced by increased
calcium and ROS levels, contributes to the heat sensitivity of Atp6-CSTC Om45-GFP yeast cells.
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