Defining the pathogenesis of human mtDNA mutations using a yeast model : the case of T8851C 
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Abstract
More and more mutations are found in the mitochondrial DNA of various patients but ascertaining their pathogenesis is often difficult. Due to the conservation of mitochondrial function from yeast to humans, the unique ability of yeast to survive without production of ATP by oxidative phosphorylation, and the amenability of the yeast mitochondrial genome to site-directed mutagenesis, yeast is an excellent model for investigating the consequences of specific human mtDNA mutations.  Here we report the construction of a yeast model of a point mutation (T8851C) in the mitochondrially-encoded subunit a/6 of the ATP synthase that has been associated with bilateral striatal lesions, a group of rare human neurological disorders characterized by symmetric degeneration of the corpus striatum. The biochemical consequences of this mutation are unknown. The T8851C yeast displayed a very slow growth phenotype on non-fermentable carbon sources, both at 28°C (the optimal temperature for yeast growth) and at 36°C. Mitochondria from T8851C yeast grown in galactose at 28°C showed a 60% deficit in ATP production. When grown at 36°C the rate of ATP synthesis was below 5% that of the wild-type, indicating that heat renders the mutation much more deleterious. At both growth temperatures, the mutant F1FO complex was correctly assembled but had only very weak ATPase activity (about 10% that of the control), both in mitochondria and after purification. These findings indicate that a block in the proton-translocating domain of the ATP synthase is the primary cause of the neurological disorder in the patients carrying the T8851C mutation. 
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Introduction
Most of the cell’s energy, in the form of ATP, is produced in humans by an F1FO-type ATP synthase (or complex V) located in the inner mitochondrial membrane (Saraste, 1999). This enzyme synthesizes ATP from ADP and inorganic phosphate using the energy of the electrochemical proton gradient established by the mitochondrial electron transport chain. Pronounced defects in the ATP synthase can cause various disorders, especially in the highly energy-demanding neuromuscular system ADDIN EN.CITE.DATA 


(Schon et al., 2001, Houstek et al., 2006, Kucharczyk et al., 2009c) ADDIN EN.CITE . One of the genes most frequently implicated in such disorders is the mitochondrial ATP6 gene encoding ATP synthase subunit a (referred to as Atp6p or subunit 6 in yeast). This is a key subunit of the FO proton-translocating domain of the ATP synthase. Proton movements mediated by subunit a lead to the rotation of a transmembrane ring of subunits c, which results in conformational changes of the catalytic sites in the F1 extra-membrane domain of the enzyme that favor ATP synthesis and its release into the mitochondrial matrix. (Fillingame et al., 2003)
The best known and studied of the pathogenic ATP6 mutations are T8993G, T8993C, T9176G and T9176C that have been found in patients presenting with NARP (neuropathy ataxia retinitis pigmentosa) or MILS (Maternally-Inherited Leigh’s Syndrome). Unequivocal genetic evidence for the pathogenesis of these mutations has been reported and all impair the ATP synthase to some extent (Kucharczyk et al., 2009c). The unique ability of yeast to survive without production of ATP by oxidative phosphorylation and the amenability of the yeast mitochondrial genome to site-directed mutagenesis (Bonnefoy and Fox, 2001) has allowed us to create yeast models of T8993G ADDIN EN.CITE.DATA 


(Rak et al., 2007a) ADDIN EN.CITE , T8993C (Kucharczyk et al., 2009a), T9176G (Kucharczyk et al., 2009b) and T9176C (Kucharczyk et al., 2010). The ATP synthase defects observed in these yeast mutants correlate well with what is known about the consequences of these mutations in humans, which reflects a high level of evolutionary conservation within the regions of subunit a affected by these mutations. 


Another ATP6 mutation, T8851C, has been found in patients presenting with bilateral striatal lesions of childhood (BSLC), a group of rare neurological disorders characterized by symmetric degeneration of the corpus striatum (De Meirleir et al., 1995). This mutation leads to replacement of a relatively well-conserved tryptophan residue with arginine at position 109 of human subunit a. Nothing is known about its biochemical consequences. In this study, we show that in yeast the T8851C mutation severely affects the functioning of the ATP synthase and leads to several other secondary deficiencies that compromise the integrity of mitochondria.

Materials and Methods

Construction of a yeast atp6-W136R mutant. Using the QuikChange XL Site-directed Mutagenesis Kit of Stratagene, we changed the tryptophan TGA codon at position 136 in the yeast ATP6 gene into arginine AGA codon, with primers 5’CTCTTTAAGTATTGTTATTAGATTAGGTAATACTATTTTAGG

and 5’CCTAAAATAGTATTACCTAATCTAATAACAATACTTAAAGAG (in bold the mutator codon). The mutation was introduced into a Bam HI-Eco RI fragment of the ATP6 locus cloned into pUC19 (plasmid pSDC8, see (Zeng et al., 2007)). The mutated ATP6 fragment was liberated and ligated with pJM2 ADDIN EN.CITE.DATA 


(Steele et al., 1996) ADDIN EN.CITE  cut with Bam HI and Eco RI, yielding plasmid pRK4. The 3’ part of the wild type ATP6 locus was excised with SapI + EcoRI from pSDC9 ADDIN EN.CITE.DATA 


(Rak et al., 2007a) ADDIN EN.CITE  and ligated between the same sites of pRK4, to give pRK10, thus reconstructing a complete ATP6 gene containing the W136R mutation in pJM2. The 0 strain DFS160 was co-transformed with pRK10 and the nuclear selectable LEU2 plasmid pFL46 by microprojectile as described previously (Bonnefoy and Fox, 2001). Mitochondrial transformants were identified among the Leu+ clones by their ability to produce respiring clones when mated with the non-respiring NB40-3C strain, which bears a deletion in the mitochondrial COX2 gene. One mitochondrial transformant (synthetic - RKY36) was crossed to the atp6::ARG8m deletion strain MR10 ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE  to produce cytoductants (called RKY39) harboring the MR10 nucleus in which the ARG8m ORF had been replaced with the atp6-W136R gene. 

Purification and analysis of the kinetics of the yeast ATP-synthase- To facilitate purification of the yeast ATP-synthase, a hexa-histidine tag was added to one of its small components, subunit i, encoded by the nuclear ATP18 gene (Vaillier et al., 1999). The MR6 and RKY39 strains were transformed with a 3 kbp linear EcoR1-BamH1 fragment containing a 0.65 kbp sequence corresponding to the upstream region of ATP18, followed by the ATP18 coding sequence fused at the 3’ end to a sequence encoding the hexa-histidine tag, a lox-KanR-lox selection cassette and a 0.53 kbp fragment analogous to the downstream region of the ATP18 gene. Transformants were selected on YPD + G418 (400 µg/ml) and analyzed by PCR (using whole cells) with the primers 5'-GGAACAATCAGCTGAGATGTG (forward) and 5'-CACGCATTACGAATATATTTCTATATAC (reverse) to verify the insertion of the EcoR1-BamH1 fragment at the ATP18 locus. Cells were transformed with the plasmid pSH47 to allow excision of the loxP-KanR-loxP cassette on galactose medium (Guldener et al., 1996). The plasmid pSH47 was then eliminated by growing the cells on 5-FOA medium 1.7% (w/v) yeast nitrogen base without nitrogen or amino acids, 2% (w/v) glucose, uracil (10mg/L), proline (1g/L), fluoroorotic acid (300mg/L), supplemented with the required amino acids (20mg/L)). 

Mitochondria from the wild type MR6+ATP18(His)6 and mutant MR39+ATP18(His)6 strains were prepared by the zymolyase method (Guerin et al., 1979). Submitochondrial particles were prepared according to (MacLennan and Asai, 1968) and centrifuged at 48 000 g for 45 min at 4°C. Pellets were suspended at a concentration of 10 mg of starting mitochondrial protein per mL of buffer "A" (150 mM potassium acetate, 10% (V/V) glycerol, 2 mM PMSF, 2 mM e-ACA, 30 mM HEPES pH 7.4 and EDTA-free protease inhibitor cocktail) containing 0.75% (W/V) H12-TAC (C2H5-C6F12-C2H4-S-poly-Tris-(hydroxymethyl)acrylamidomethane), as described in ADDIN EN.CITE.DATA 


(Talbot et al., 2009) ADDIN EN.CITE . After 30 min of incubation at 4°C, the extract was clarified by centrifugation (30 min, 4°C, 25 000 g). The supernatant was diluted with two volumes of washing buffer "W" (50 mM NaCl, 10% (V/V) glycerol, 10 mM imidazole, 20 mM sodium phosphate pH 7.9) and mixed with Ni-NTA-agarose beads (Qiagen) such that there was 0.25 mL of slurry per 10 mg of starting mitochondrial protein. After an overnight incubation at 4°C, beads were washed with 25 volumes of buffer "W" containing 0.1 % (W/V) H12-TAC. ATP-synthase was eluted with buffer "E" (50 mM NaCl, 10% (V/V) glycerol, 250 mM imidazole, 0.1 % (W/V) H12-TAC, 20 mM sodium phosphate pH 7.9). Egg phosphatidylcholine (PC) purified according to (Singleton et al., 1965) was suspended in 5 mM MgCl2, 50 mM HEPES pH 7.5 to a concentration of 10 mg mL-1 and then sonicated three times for 5 minutes at 4°C (75TS Annemasse sonicator, 120 V). Purified enzymes were mixed immediately after their elution from the Ni-NTA resin with PC, to a lipid/protein molar ratio of ~ 250. Eluted proteins (0.4 mg), relipidated or not, were analyzed under native conditions (BN-PAGE) on a 3-13% linear gradient polyacrylamide gel ADDIN EN.CITE.DATA 


(Schagger et al., 1994) ADDIN EN.CITE . The ATPase activity of the purified enzymes was evaluated by monitoring NADH oxidation at 340 nm through a coupled reaction with pyruvate kinase (PK) and lactate dehydrogenase (LDH) (Tietz and Ochoa, 1958). The decrease in absorbance at 340 nm reflects ATPase activity. Activity assays were performed at 28°C under magnetic stirring in 1.5 mL of activity buffer (20 units mL-1 of PK, 30 units mL-1 of LDH, 2 mM PEP, 0.2 mM NADH, 5 mM MgCl2, 50 mM HEPES pH 7.5) using 15 µg of the enriched ATP-synthase fraction. The molar extinction coefficient of NADH at 340 nm was 6220 M-1 cm-1 and the pathlength was 1 cm. Initial rates were measured for ATP concentrations from 11 µM to 2000 µM. Kmapp and Vmax values were obtained by fitting data with a single site Michaelis-Menten kinetics using Graphpad Prism software.

Measurement of respiration and ATP synthesis/hydrolysis activities in whole mitochondria. For these assays, mitochondria were prepared by the enzymatic method of (Guerin et al., 1979). The rates of ATP synthesis were determined as described in (Rak et al., 2007a). For respiration ATP synthesis and transmembrane potential (ΔΨ) measurements, freshly prepared mitochondria were diluted to 0.15 mg/mL in the reaction medium thermostated  at 28 °C and containing 10 mM Tris-maleate (pH 6.8), 0.65 M sorbitol, 0.3 mM EGTA, and 3 mM potassium phosphate. Oxygen consumption rates were measured using a Clarke electrode and a OXM204 oxymeter from Heto (France) as described (Rigoulet and Guerin, 1979). The different respiration states were measured after consecutive additions of 4 mM NADH for State 2, 150 µM ADP for State 3 and State 4, 4µM carbonyl cyanide m-chlorophenylhydrazone

 (CCCP) for uncoupled respiration and finally 12.5 mM ascorbate (Asc), 1.4 mM N,N,N,N,-tetramethyl-p-phenylenediamine (TMPD) for Complex IV respiration activity. The rates of ATP synthesis were determined as described in (Rak et al., 2007a) in the same condition using 750 µM ADP. Aliquots were withdrawn from the oxygraph cuvette every 15 seconds and reaction was stopped by 3.5% (w/v) perchloric acid, 12.5 mM EDTA. Samples were then neutralized to pH 6.5 by addition of KOH, 0.3 M MOPS. ATP was quantified by luciferin/luciferase assay (ATPLite kit from Perkin Elmer) on a LKB bioluminometer. Participation of the F1FO-ATP synthase to ATP production was assessed by oligomycin addition (3 μg/mL). Variations in transmembrane potential (ΔΨ) were evaluated as in (Emaus et al., 1986) by monitoring the quenching of rhodamine 123 fluorescence (0.5 μM) using a λexc of 485 nm and a λem of 533 nm using a FLX Spectrofluorimeter (SAFAS, Monaco) under constant stirring. Transmembrane potential was generated by addition of ethanol [1% (v/v) final concentration]. ATP synthesis (state 3 of respiration) was initiated by addition of 50 µM ADP. When State 4 was reached, respiratory was inhibited by adding 0.3 mM KCN in order to measure the ΔΨ produced by the hydrolysis of the synthetised ATP.  ΔΨ was collapsed by adding 3 µM CCCP.

The specific ATPase activity at pH 8.4 of non-osmotically protected mitochondria was measured as described in (Somlo, 1968).  ATP hydrolysis by alamethicin-permeabilized mitochondria was measured as described in (Venard et al., 2003). 

Miscellaneous Procedures. Determination of -/0 cells in yeast cultures and EM experiments were performed as described in ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE .

RESULTS

Genetic stability and respiratory growth of a yeast model of T8851C (atp6-W136R). The tryptophan residue 109 of human subunit a modified by the T8851C mutation corresponds to the tryptophan residue 136 of the homologous yeast Atp6p protein (see Fig. 1). The corresponding TGA codon was converted into arginine AGA codon (see Materials and Methods). Yeast atp6-W136R clones  grew well on glucose (a fermentable substrate) but displayed very poor growth from non-fermentable carbon source like glycerol, both at 28°C (the optimal temperature for yeast growth) and at 36°C (Fig. 2). ATP synthase mutations often increase in yeast the production, up to 100%, of -/0 petites issued from large deletions in the mtDNA (reviewed in ADDIN EN.CITE.DATA 


(Contamine and Picard, 2000) ADDIN EN.CITE ). The influence of the atp6-W136R mutation on petite production was estimated by growing the cells under conditions that do not require respiration, in rich media containing either glucose (a substrate that represses mitochondrial functions) or galactose (a fermentable carbon source that does not elicit repression of mitochondrial functions). In these conditions, the atp6-W136R clones never produced more than 20% -/0 cells vs. 2-5% for the parental strain MR6 (henceforth referred to as WT). The respiratory growth deficiency induced by the atp6-W136R mutation was thus not due to defects in mtDNA maintenance. Full respiratory competence was restored to those atp6-W136R cells that contained a complete (+) mitochondrial genome by crossing with SDC30, a synthetic - strain whose mitochondria contained only the wild type ATP6 gene, which demonstrates that the tryptophan to arginine substitution in Atp6p is responsible for the respiratory deficiency.

Consequences of the atp6-W136R mutation on various activities related to respiration and oxidative phosphorylation. 

a) Mitochondrial oxygen consumption. Mitochondrial respiration was measured first with NADH whose electrons enter the respiratory chain through the external NADH-ubiquinone oxidoreductase. Mitochondria from the mutant grown in galactose at 28°C showed a 40-50% deficit in respiration relative to the WT grown at the same temperature, both at state 3 (i.e. in presence of an excess of ADP, phosphorylating conditions) and in the presence of the membrane potential uncoupler CCCP where respiration is maximal (Table 2). The CCCP-induced stimulation of respiration, relative to state 4 (NADH alone), was similar in the WT (3.7 fold) and the mutant (3.8 fold), indicating that the atp6-W136R mutation did not modify the passive permeability for protons of the inner mitochondrial membrane. The atp6-W136R mutant displayed also a substantial respiratory deficit (~50%) when electrons were delivered directly to complex IV, from ascorbate/TMPD. The impact of the atp6-W136R mutation on respiration was larger in cells grown at 36°C: at state 3 and in uncoupled conditions, the rate of oxygen consumption was only 10-15% that of the WT, both with NADH and ascorbate/TMPD. 

We next evaluated the amounts of complexes III and IV in mitochondria by Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) using conditions in which these complexes are resolved mainly as two supercomplexes consisting of one complex III dimer combined with either one (III2IV1) or two (III2IV2) complexes IV, and a small amount of free complex III (Wittig and Schagger, 2007). After transfer onto a nitrocellulose membrane, these complexes were revealed with antibodies against the cytochrome b subunit of complex III. Only a partial deficit in III2IV2 was observed in the mutant grown at 28°C (Fig. 3C), whereas both supercomplexes were in very low amounts in the mutant grown at 36°C. Consistent with these data, the steady state levels of cytochrome b and cox2, estimated via SDS-PAGE, displayed substantial decrease in the mutant grown at 36°C, whereas these two proteins were much less affected in the mutant grown at 28°C (Fig. 3D).

b) Mitochondrial ATP synthesis/hydrolysis. The rate of ATP synthesis (measured at state 3 with NADH as a respiratory substrate) was ~60% and ~90% lower in the mutant atp6-W136R than the WT after growth at 28°C and 36°C, respectively (Table 2). As oxygen consumption rates were reduced in similar proportions under identical conditions (see above), it can be inferred that the atp6-W136R mutation has only a minor impact on the efficiency of oxidative phosphorylation, i.e. the number of ATP molecules formed per electron transferred to oxygen. In other words, the passive permeability to protons of the inner mitochondrial membrane was not increased by the atp6-W136R mutation.


We next measured the rate of mitochondrial ATP hydrolysis by non-osmotically protected mitochondria buffered at pH 8.4 and in the presence of saturating amounts of ATP, i.e. conditions in which the mitochondrial ATPase activity is maximal. A pH value of 8.4 is optimal for the F1-ATPase activity and prevents the binding of IF1 to ATP synthase. Furthermore, in these conditions the F1-ATPase is not constrained by any proton gradient across the inner mitochondrial membrane. In WT mitochondria most of the ATPase activity was as expected mediated by the F1 as evidenced by its large (85%) inhibition by oligomycin (Table 2). The mitochondrial ATPase activity was considerably reduced in the mutant atp6-W136R, by 84% in cells grown at 28°C and 91% in cells grown at 36°C, and about 50% of these activities were sensitive to oligomycin. 


c) Assembly/stability of the ATP synthase. 

We next evaluated the influence of the atp6-W136R mutation on the assembly/stability of ATP synthase via CN- and BN-PAGE, using mitochondria solubilized with 2% digitonin. CN-PAGE preserves better than BN-PAGE the integrity of multiprotein complexes (Wittig and Schagger, 2009). In a previous study, we could detect by CN-PAGE but not by BN-PAGE, in a yeast strain lacking the whole ATP6 gene, assemblies containing most ATP synthase subunits ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE . These results provided direct evidence that in the absence of Atp6p, the other ATP synthase subunits can still assemble; however the resulting assemblies are quite fragile especially in BN gels where they disrupt into several subcomplexes, among which free F1 and subunit Atp9p-ring. These subcomplexes were also detected, in addition to fully assembled F1FO complexes, in yeast models of the pathogenic mutations T9176G/atp6-L247R (Kucharczyk et al., 2009b), T9176C/atp6-L247P (Kucharczyk et al., 2010) and T8993C/atp6-L183P (Kucharczyk et al., 2009a), indicating that these mutations partially compromise the assembly/stability of Atp6p, whereas the T8993G/atp6-L183R mutation had no such effect  ADDIN EN.CITE.DATA 


(Rak et al., 2007a) ADDIN EN.CITE . Our CN-PAGE analysis of the mutant atp6-W136R, grown at 28°C and 36°C, revealed two main in-gel ATPase signals corresponding to fully assembled, dimeric and monomeric, F1FO complexes, as in the WT (Fig. 3A). However, the intensity of these signals was much lower in the mutant compared to the WT. When the proteins were stained with Coomassie brilliant blue, it appeared that all the analyzed samples contained similar or only slightly decreased ATP synthase quantities (Fig. 3A). These data corroborate the ten-fold reduction in mitochondrial ATPase activity in the mutant (see above) and indicate that this property is not the consequence of a poor accumulation of ATP synthase but rather an indication that the functioning of the enzyme is strongly impaired. BN-PAGE analysis failed to detect any partial ATP synthase assembly in the mutant atp6-W136R both at 28°C or 36°C (Fig. 3B), which supports further that the tryptophane to arginine change had no important, if any, effect on the assembly/stability of Atp6p. Consistent with these BN- and CN-PAGE analyses, representative subunits of the different ATP synthase domains (OSCP, Atp9p, and -F1) showed normal or only slightly decreased steady state levels in the mutant (Fig. 4D). 

d) Energization of the inner mitochondrial membrane. Energization of the inner mitochondrial membrane was measured in samples of whole mitochondria using a fluorescent dye, Rhodamine 123 (Rh-123), to monitor changes in the membrane potential () (Fig. 4). We first energized mitochondria using ethanol as a respiratory substrate instead of NADH because the fluorescence of the latter overlaps that of Rhodamine 123 (Fig. 4A,B). Despite a 50% decrease in the rate of respiration, the mitochondrial inner membrane could be energized correctly in the mutant grown at 28°C. This finding is consistent with previous studies showing that respiratory activity needs to be decreased by more than 80% to obviously affect the membrane potential ADDIN EN.CITE.DATA 


(Rak et al., 2007a, Kucharczyk et al., 2009b) ADDIN EN.CITE . We then added a small amount of ADP (50 M), which is normally followed by a transient increase in fluorescence due to a  consumption by the ATP synthase to phosphorylate the added ADP. There was well a transient increase in fluorescence in the mutant but the time lag before recovery of the potential established before the ADP addition was quite long, which is due to the lower rate of ATP synthesis in the mutant compared to the WT. The membrane potential was then collapsed with KCN. In the WT, ~30% of the fluorescence variation signal was rapidly lost, followed by a phase of slower decrease. During this phase, the ATP synthase hydrolyzes the ATP that was produced before the addition of KCN and this is coupled to the pumping of protons out of the organelle until complete exhaustion of the ATP. The rapid increase in fluorescence after the addition of KCN was much higher in the mutant atp6-W136R than the WT (~80% vs ~30%), which reflects the very low mitochondrial ATP hydrolytic activity in the mutant (see above and below). We next evaluated the proton pumping activity of the ATP synthase in the presence of a large excess of external ATP in order to maintain a high concentration of ATP inside mitochondria during the whole experiment (Fig. 4C,D). It has been established that in these conditions the rate of ATP hydrolysis by the ATP synthase in WT mitochondria is only 5% that of its maximal ATP hydrolytic activity (Mourier et al., 2010).  Thus, it was expected that despite its strongly decreased ATP hydrolytic activity (10% that of the WT) the mutant could sustain a substantial potential, which was indeed observed. 

Purification and kinetic parameters of the ATP synthase of mutant atp6-W136R. To characterize the consequences of the atp6-W136R mutation further, we purified the ATP synthase. To facilitate enzyme purification, a (His)6-tag was added to the C-terminal extremity of subunit i. BN-PAGE analyses of the protein fractions eluted from Ni-NTA resin showed that the whole complex could be purified in substantial amounts from the mutant. Both the WT and mutated enzymes were detected exclusively in the monomeric form (Fig.5A, lanes 1 and 2). There was no apparent difference in subunit composition between the WT and the mutant in silver-stained SDS-PAGE gels (Fig. 5B), providing further evidence that the atp6-W136R mutation has little if any effect on ATP synthase assembly/stability.

Prior to measuring their ATP hydrolytic activity, the purified enzymes were relipidated with egg phosphatidylcholine to a lipid/protein molar ratio of 250. This increases the ATPase activity of the ATP synthase tenfold ADDIN EN.CITE.DATA 


(Talbot et al., 2009) ADDIN EN.CITE . Both the WT and mutant enzymes remained in the monomeric form after this relipidation (Fig.5A, lanes 3 and 4).  Apparent Km for ATP and Vmax values were estimated at pH 7.5 and pH 6.8. At both pH values, the mutated ATP synthase showed a very low Vmax, only 6-10% that of the wild type (Table 3; see also Fig.6 for a V=f[S] curve). Also, the apparent Km was four-fold lower than that of the WT. The ATPase activity of the mutated enzyme was slightly less sensitive to oligomycin, 75% vs 95% for the WT, both at pH 6.8 and pH 7.5 (Table 3). After a subsequent addition of IF1, a specific F1 inhibitor, only 4% of the ATPase activity measured with the mutated enzyme remained uninhibited, indicating an almost complete absence of contaminant ATPase activities. The lower sensitivity to oligomycin of the mutated enzyme may reflect a less efficient functional coupling between the F1 and FO sectors, as indicated also by the ATPase assays performed with whole mitochondria (see above).

ATP hydrolysis in intact mitochondria permeabilized with alamethicin. The Vmax and apparent Km for ATP hydrolysis were also measured using whole mitochondria permeabilized with alamethicin, in the presence of antimycin to block the respiratory chain and buffered at pH 7.5. Again, the apparent Km for the mutant was one quarter of that for the wild type (Table 4). The Vmax was also substantially lower than that for the WT, although the difference was less pronounced than in the assays using the purified enzymes (14% vs 6% if activity insensitive to IF1 is excluded). It is plausible that the mutant ATP synthase is more perturbed than the wild type when isolated from the membrane. Like in the other ATPase assays described above, the ATPase activity of the mutant was a little less efficiently inhibited than the WT by oligomycin (83% versus 96%, respectively). The Vmax of ATP hydrolysis by WT ATP synthase was 17-fold higher than that by WT mitochondria permeabilized with alamethicin (at pH 7.5). Thus, assuming that the isolated enzyme was pure and that its properties were not significantly affected during extraction, it can be inferred that the ATP synthase represents 6% of the mitochondrial protein content, which is a typical value for this complex.   

Ultrastructure of atp6-W136R cells. Mutations of the ATP synthase can alter mitochondrial structure (see Discussion), and we therefore examined atp6-W136R cells by transmission electron microscopy. Aberrant mitochondrial structures were observed in the mutant but only when grown at 36°C (Fig. 7). About 15% of the mitochondrial sections (n=180 from a total of 50 cells) showed the presence of membranous partitions or septae (Fig. 7E), and 7% of them displayed large electron-dense particles that may correspond to protein aggregates (Fig.7D), whereas no apparent defect in mitochondrial cristae was observed (Fig.7E). Interestingly, about 80% of the atp6-W136R cells grown at 36°C exhibited features typical of increased autophagic activity like indentations of the vacuolar contour and the presence in vacuoles of structures corresponding to cellular materials destined for degradation and recycling (Fig.7D). Such modifications were not seen in WT cells.

Discussion

To gain insight into the consequences of the T8851C mutation that was identified in patients presenting with BCSL (De Meirleir et al., 1995), we have created a yeast model of this mutation. The modified yeast (atp6-W136R) grows very slowly on respiratory substrates, both at 28°C (the optimal temperature for yeast growth) and at 36°C. As the assembly/stability of the ATP synthase is not affected, a functional impairment of this enzyme must be responsible for the respiratory growth deficiency. The most striking evidence for a functional impairment of the ATP synthase in atp6-W136R yeast is the very low F1-mediated ATP hydrolytic activity, both in whole mitochondrial extracts and after purification of the mutated enzyme. None of the other ATP6 pathogenic mutations we have modeled in yeast previously (T8993G/atp6-L183R ADDIN EN.CITE.DATA 


(Rak et al., 2007a) ADDIN EN.CITE , T8983C/atp6-L183P (Kucharczyk et al., 2009a), T9176G/atp6-L247R (Kucharczyk et al., 2009b) and T9176C/atp6-L247P (Kucharczyk et al., 2010)) has such a large effect on the activity of the F1, even those (T8993G and T9176G) associated with a very low ATP synthesis activity (5% that of the wild type). Presumably, the F1 works slowly in the mutant atp6-W136R because of a block in FO, as when the proton channel is inhibited by oligomycin. Indeed, the ATP synthase is a rotary motor where the Atp9p-ring and a subcomplex of F1, the central stalk, rotate together as a fixed ensemble during catalysis. Thus, if the rotation of the Atp9p-ring is impaired, that of the central stalk will also be impaired, thereby reducing the rate of ATP hydrolysis by the F1. The atp6-W136R mutation may directly affect the rotation of the Atp9p-ring by creating clashes at the interface between the Atp9p-ring and Atp6p or indirectly by preventing the transport of protons (without proton transport there is no Atp9p-ring rotation). Most of the residues of Atp6p involved in proton translocation are believed to be located at the interface between Atp6p and the Atp9p-ring (Moore and Fillingame, 2008). According to the current structural model proposed by Rastogi and Girvin (Rastogi and Girvin, 1999), the T8993G, T8993C, T9176G and T9176C mutations affect residues of Atp6p that face the Atp9p-ring (see Fig.1), and it is therefore not surprising that these mutations are pathogenic. The tryptophane residue modified by T8851C is in the third transmembrane segment of Atp6p that is predicted to be distant from the Atp9-ring. It is possible that the T8851C mutation induces long-range effects or that the topological arrangement of Atp6p needs to be reconsidered such that it puts helix 3 closer to the Atp9p-ring. 

Mitochondria isolated from the mutant atp6-W136R grown at 36°C display a very low rate of ATP synthesis, less than 5% compared to the WT, and it is therefore not surprising that this mutant grows so poorly on glycerol at this temperature. The poor growth on glycerol of the mutant atp6-W136R at 28°C is much more surprising. Indeed, mitochondria isolated from the mutant grown at this temperature show a rate of ATP synthesis of about 40% of the WT, which is well above the threshold activity (15%) required to impair the respiratory growth of yeast ADDIN EN.CITE.DATA 


(Kucharczyk et al., 2010, Mukhopadhyay et al., 1994) ADDIN EN.CITE . It is possible that in vivo the production of ATP in the atp6-W136R mutant is more affected than it is in vitro or that most of the ATP produced in intact cells is lost in a futile manner. Further work is required to understand this discrepancy. 

As usually observed, yeast ATP synthase mutants display a reduced oxygen consumption activity due to lower contents in complex IV and sometimes also in complex III ADDIN EN.CITE.DATA 


(Rak et al., 2007b, Kucharczyk et al., 2010, Lefebvre-Legendre et al., 2005, Soto et al., 2009) ADDIN EN.CITE . There is a linear correlation between the extent to which ATP synthase activity is reduced with the prominence of a respiratory deficit, which may reflect control by the ATP synthase of the expression of the respiratory system. The Complex IV was also impacted in the atp6-W136R mutant. When grown at 28°C, the cox activity (measured on isolated mitochondria) was 50% that of the WT. At 36°C, it was reduced by 90%. These decreases in cox activity correlate with the rates of ATP synthesis (41% at 28°C; 11% at 36°C) (Table 2). Estimation of the complex IV content via BN-PAGE and SDS-PAGE (Fig. 3C,D) shows that the decrease in cox activity in the atp6-W136R mutant is due to a reduced content in complex IV. The mutant atp6-W136R thus behaves like all the other atp6 mutants we have analyzed previously regarding the influence of the ATP synthase on the expression of the respiratory system (see Fig.8. for a comparison between atp6 mutant strains).

It is well established that the ATP synthase, in particular its propensity to form large supramolecular assemblies, is of crucial importance to a proper establishment of mitochondrial cristae ADDIN EN.CITE.DATA 


(Sauvanet et al., 2009, Thomas et al., 2008, Zick et al., 2009, Paumard et al., 2002) ADDIN EN.CITE . Consistent with its capacity to assemble the ATP synthase, cristae could be observed well in the atp6-W136R mutant. However, when grown at 36°C, where the impact of the atp6-W136R mutation is the most severe, about 15% of the mitochondrial sections present with abnormal septae that divide the whole matrix space, similar to what has been observed in mutants defective in mitochondrial fusion (Sauvanet et al., 2010). Such septae were observed in other yeast atp6 mutants, notably in a atp6 yeast strain lacking the whole ATP6 gene ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE  and in a yeast model of the pathogenic T9176G mutation where incorporation of Atp6p into the ATP synthase is almost completely prevented (Kucharczyk et al., 2009b). In these latter strains, septae were much more abundant than in the atp6-W136R mutant, in more than 80% of the mitochondrial sections, indicating that the assembly state of Atp6p rather than its activity is important for a correct reticulation of mitochondria in yeast cells.

An intriguing observation is the increased autophagic activity in the atp6-W136R mutant, especially when grown at 36°C where the mutation is extremely deleterious. Autophagy is an evolutionarily conserved process in eukaryotes by which organelles and bits of cytoplasm are sequestered and subsequently delivered to lysosomes/vacuoles for hydrolytic digestion. It is typically activated by nutrient deprivation to generate amino acids, fueling the Krebs cycle, and maintaining sufficient ATP energy production. Autophagy has long been regarded as non-selective. However, there is growing evidence that it may also be a selective process serving purposes other than degradation and recycling in nutrient deprivation conditions. In particular, autophagy seems to be the primary mechanism responsible for elimination of dysfunctional, aged or excess mitochondria, an activity crucial for cellular well-being (for reviews see ADDIN EN.CITE.DATA 


(Kim et al., 2007, Bhatia-Kissova and Camougrand) ADDIN EN.CITE ). The autophagic activity in atp6-W136R yeast was observed in rich media containing a fermentable carbon source and thus in the absence of nutrient and energy deprivation. It may therefore reflect a response to some mitochondrial damage cause by the tryptophan to arginine substitution in Atp6p. The strong impairment of mitochondrial ATP synthesis by the atp6-W136R mutation is clearly not responsible, at least not solely responsible, for the increased autophagic activity. Indeed, many other respiratory deficient yeast strains, including -/° cells and other ATP synthase-defective mutants, do not show changes in the ultrastructure of vacuoles (ADDIN EN.CITE.DATA 


(Lefebvre-Legendre et al., 2005) ADDIN EN.CITE ; unpublished data). Nor is the combination of a defect in mitochondrial ATP production and high growth temperature (36°C) sufficient. Indeed, fmc1 cells that are severely defective in the assembly of F1 at 36°C display normal vacuoles when grown aerobically at this temperature ADDIN EN.CITE.DATA 


(Lefebvre-Legendre et al., 2005, Priault et al., 2005) ADDIN EN.CITE . Although the mechanism by which mutations of the ATP synthase can stimulate autophagy is not understood, this is certainly an interesting phenomenon to take into account in the study of diseases caused by defects in the ATP synthase.
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Table 1.   Genotypes and sources of yeast strains

	Strain
	Nuclear genotype
	mtDNA
	Source

	DFS160
	MATa leu2 ura3-52 ade2-101 arg8:: URA3 kar1-1
	(o
	ADDIN EN.CITE.DATA 


(Steele et al., 1996) ADDIN EN.CITE 

	NB40-3C
	MATa lys2 leu2-3,112 ura3-52 his3HinDIII arg8::hisG
	(+ cox2-62
	ADDIN EN.CITE.DATA 


(Steele et al., 1996) ADDIN EN.CITE 

	MR6
	MATa  ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::hisG
	(+ 
	ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE 

	MR10
	MATa  ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::hisG
	 (+ atp6::ARG8m
	ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE 

	SDC30
	MATa leu2 ura3-52 ade2-101 arg8: URA3 kar1-1
	(- ATP6
	ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE 

	RKY36
	MAT leu2( ura3-52 ade2-101 arg8URA3 kar1-1
	(- atp6-W136R
	This study

	RKY39
	MATa  ade2-1 his3-11,15 trp1-1 leu2-3,112 ura3-1 CAN1 arg8::hisG
	(+ atp6 W136R
	This study 


Table 2 Influence of the atp6-W136R mutation on yeast mitochondrial respiration, and ATP synthesis and hydrolysis activities.

Mitochondria were isolated from wild type strain MR6 (wt) and mutant RKY39 (atp6-W136R) grown for 5-6 generations in YPGALA medium (rich galactose) at 28°C or 36°C. Reaction mixes for assays contained 0.15 mg/ml protein, 4 mM NADH, 150 (for respiration asays) or 750 (for ATP synthesis)M ADP, 12.5 mM ascorbate (Asc), 1.4 mM N,N,N,N,-tetramethyl-p-phenylenediamine (TMPD), 4 M CCCP, 3 g/ml oligomycin (oligo). The two MR6 cultures contained 2-5% of -/° cells, while those of RKY39 contained 13% (at 28°C) and 23% (at 36°C) -/° cells. The values reported are averages of triplicate assays ± standard deviation. Respiratory and ATP synthesis activities were measured using freshly isolated, osmotically protected mitochondria buffered at pH 6.8. For the ATPase assays, mitochondria kept at –80°C were thawed and the reaction performed in absence of osmotic protection and at pH 8.4. 

	Strain
	Growth

temp.
	Respiration rates

nmol O.min-1.mg-1
	ATP synthesis rate

nmol Pi.min-1.mg-1
	ATPase activity

µmol Pi.min-1.mg-1

	
	
	NADH
	NADH +ADP
	NADH +CCCP
	Asc/TMPD

+ CCCP
	- oligo
	+ oligo
	- oligo
	+oligo

	MR6
	28°C
	27917
	61312
	1081107
	2013290
	63718
	158
	4.48 ± 0.22
	0.67 ± 0.11

	RKY39
	28°C
	20360
	34725
	76215
	103627
	26114
	8.61
	1.12 ± 0.06
	0.50 ± 0.01

	MR6
	36°C
	1138
	33523
	72731
	120512
	46010
	1.41
	3.55 ± 0.35
	0.89 ± 0.01

	RKY39
	36°C
	3113
	5512
	877
	13222
	410.6
	9.00.3
	1.02 ± 0.09
	0.77 ± 0.13


Table 3

Kinetics of ATP hydrolysis of purified F1FO-ATPase Mutant and wild type ATP synthases were purified from cells grown in rich galactose (YPGALA) and relipidated as described in Experimental procedures section. Vmax and Kmapp were determined at pH 7.5 and 6.8 according to a single Michaelis Menten kinetics using Graphpad Prism Software. Oligomycin sensitive activities were obtained in the presence of 6 µg mL-1 of this inhibitor. For the mutant, only 4 % of the total activity was insensitive to IF1 (0.5µM).

	Strain
	pH 7.5
	pH 6.8
	oligomycin 

sensitivity (%)

	
	Vmax 

µmol mg-1 min-1
	Kmapp
(M
	Vmax

µmol mg-1 min-1
	Kmapp  

µM
	pH 7,5
	pH 6,8

	MR6
	29.8 ( 2,2
	218 ( 14
	30 ( 7
	407 ( 88
	96
	98

	RKY39
	2,5 ( 0,5
	52 ( 15
	3,1( 0,1
	95 ( 2,2
	75
	74


Table 4. Kinetics of ATP hydrolysis of alamethicin permeabilized mitochondria. Mitochondria were isolated from the wild type and atp6-W136R mutant grown in rich galactose medium (YPGALA). Their ATP hydrolysis activities were measured as described in Experimental procedures section after alamethicin permeabilization and at pH 7.5. Vmax and Kmapp for the total ATPase activity were determined according to a single Michaelis Menten kinetics using Graphpad Prism Software. IF1 insensitive activity, measured in the presence of 2mM ATP corresponds to endogenous mitochondrial and contaminant ATP hydrolases. The difference between total and IF1 insensitive activities corresponds to ATP hydrolysis mediated by F1FO and free F1 complexes. Oligomycin sensitivity (6 µg mL-1) was determined at saturating ATP concentration (2mM).
	Strain
	Total ATP hydrolysis
	IF1 insensitive

ATP hydrolysis

µmol mg-1 min-1
	(F1FO +F1) ATP hydrolysis

	
	Vmax

µmol mg-1 min-1
	Kmapp 

µM
	
	Vmax

µmol mg-1 min-1
	oligomycin

sensitivity (%)

	MR6
	1.90 ± 0.20
	207 ± 31
	0.11 ± 0.01
	1.79 ± 0.21
	96

	RKY39
	0.35 ± 0.08
	59 ± 13
	0.10 ± 0.01
	0.25 ± 0.09
	83


LEGENDS TO FIGURES

Fig.1 Evolutionary conservation and topological location of the tryptophan residue 136 of yeast Atp6p.  

A: Aligments of yeast Atp6p with homologous proteins from various organisms.

The C-terminal part of Atp6p from Saccharomyces cerevisiae was aligned with those of five fungi (Kluyveromyces lactis (Kl), Candida albicans (Ca), Schizosaccharomyces pombe (Sp), Podospora anserina (Pa) and Neurospora crassa (Nc)), with those of three bacterial subunits a (Escherichia coli (Ec), Salmonella enterica (Se), Yersinia enterocolitica (Ye)) and with the corresponding sequences from chicken (Galus galus (Gg)), mouse (Mus musculus, (Mm)) and humans (Homo sapiens, (Hs)). The bars below the alignments indicate putative helical transmembrane segments (end of H3, H4 and H5). Identical residues and conserved regions are shown in black and bold, respectively. The conserved arginine residue is highlighted with a black triangle. Human mutations associated with FBSN, NARP or MILS syndromes that affect helices involved in proton conduction are indicated by a plain gray circle. The mutation W136R (T8851C) is indicated by a black star. The alignment was generated with ClustalW and the figure with Espript (Gouet et al., 1999).

B: Location of the tryptophan residue modified by the T8851C mutation in a hypothetical model of yeast Atp9p-ring/Atp6p. Based on the model of Escherichia coli subunit c-ring/subunit a proposed by Rastogi and Girvin ((Rastogi and Girvin, 1999), pdb code 1c17), a model was constructed for the homologous yeast proteins (Atp9p and Atp6p). The Atp9p-ring structure shown was recently determined by X-ray crystallography ((Dautant et al., 2010), pdb code 2wpd). The Atp6p model was constructed using the above alignment and the E. coli subunit a model from the pdb file 1c17 as a template, with the SWISS-MODEL server. The Atp6p and Atp9p-ring are delimited by dotted lines. Residues are labeled with their subunit name (6 or 9) followed by their position. The helices in Atp9p (9-H1 and 9-H2) and Atp6p (6-H2 to 6-H5) are indicated. Essential residues involved in proton conduction are represented as sticks (9-E59 and 6-R186); they include the three residues indicated in the alignment and mutations of which are implicated in pathogenesis. The corresponding human mutations are indicated by the base number and base changes. Residues that are the most sensitive to inhibition by Ag+ and believed to be involved in proton translocation are shown in pale gray (Moore and Fillingame, 2008). Residues are viewed from the matrix. For clarity, bottom residues and residues located in the matrix are not shown.

Fig.2. The T8851C mutation (atp6-W136R) severely compromises the growth of yeast on respiratory substrates. Panel A: Freshly grown cells of wild type yeast (MR6), a strain lacking the whole ATP6 gene (atp6, strain MR10 ADDIN EN.CITE.DATA 


(Rak et al., 2007b) ADDIN EN.CITE ) and the atp6-W136R mutant (RKY39) were serially diluted and 5 µl of each dilution were spotted onto YPGA (glucose) and N3 (glycerol) plates. The plates were incubated at 28°C and 36°C and photographed after the indicated number of days. 

Fig.3. CN-, BN-, and SDS-PAGE of mitochondrial proteins in the mutant atp6-W136R. A, B: ATP synthase levels in WT and mutant atp6-W136R. Isolated mitochondria (50 g) were solubilized with 2 grams of digitonin per gram of protein and separated by CN-PAGE (panel A) or BN-PAGE (panel B). The F1FO complexes, dimeric (V2) and monomeric (V1) forms, and free F1 particles, were detected in-gel by the formation of a white lead precipitate due to their ATPase activity, by staining with Coomassie brilliant blue or by Western blot using antibodies against the indicated subunits of the ATP synthase. C: Complexes III and IV levels in WT and mutant atp6-W136R. Isolated mitochondria (50 g) were solubilized with 10 grams of digitonin per gram of protein and separated by BN-PAGE. The complexes III and IV were revealed by Western blot using antibodies against cytochrome b. D: Steady levels of individual mitochondrial proteins. Samples (20 g) were separated by SDS-PAGE and probed with antibodies against the indicated proteins. These experiments were performed using cells grown in rich galactose medium (YPGALA) at the indicated temperature (28°C or 36°C). Reported data are representative of three experiments. 

Fig.4. Energization of mitochondria. Energization of the mitochondrial inner membrane in intact mitochondria from wild type (Panels A,C) and atp6-W136R mutant (Panels B,D) grown in rich galactose at 28°C was monitored by Rhodamine 123 (Rh-123) fluorescence quenching. The additions were 0.5 g/ml Rhodamine 123, 0.15 mg/ml mitochondrial proteins (Mito), 10 l of ethanol (EtOH), 0.2 mM potassium cyanide (KCN), 50 M ADP, 1 mM ATP, 6 g/ml oligomycin (oligo) and 3 M CCCP. Reported data are representative of three experiments.

Fig.5. Purification and subunit composition of the ATP synthase from atp6-W136R mutant. Wild-type and mutant ATP synthases were extracted from mitochondrial membranes with 0.75 (w/w) H12-TAC and purified on a Ni-NTA resin in the presence of 0.1% (w/w) H12-TAC, using the His-tag fused to subunit i. A : Purified proteins stained with Coomassie brillant blue in a BN-PAGE gel. Lane 1 : 80 µg of wild-type sample, lane 2 : 80 µg of mutant sample, lane 3 : 80 µg of relipidated wild-type sample, lane 4 : 80 µg of relipidated mutant sample. B : Purified samples were analyzed on a silver-stained 12% Tris-Tricine SDS gel, with 15 µg of wild-type (wt) and mutant (atp6-W136R) sample. M : molecular weight markers. 

Fig.6. Kinetics of ATP hydrolysis of purified F1FO-ATPase and alamethicin permeabilized mitochondria.
A: Mutant and wild type ATP synthases were purified from cells grown in rich galactose (YPGALA) at 28°C and relipidated as described in Experimental procedures section. ATP hydrolysis activity was measured at different ATP concentrations ranging from 10 µM to 1.9 mM. B: Mitochondria were isolated from the wild type and atp6-W136R mutant grown in rich galactose medium (YPGALA) at 28°C. ATP hydrolysis activity was measured as described in Experimental procedures section after alamethicin permeabilization and at pH 7.5 and at different ATP concentrations ranging from 10 µM to 2 mM. Results were fitted according to a single Michaelis Menten kinetics using Graphpad Prism Software. 
Fig.7. Ultrastructure of yeast cells. The figure shows ultrastructure micrographs of 80-nm-thick sections of araldite-embedded wild type strain MR6 (A) and atp6-W136R mutant (B-E) grown at 36°C. m, mitochondria; V, vacuole ; c, cristae; c*; S, mitochondrial septum; IB, inclusion body.

Fig.8 The rate of ATP synthesis is linearly correlated with the cytochrome c oxidase activity in yeast atp6 mutants.

The diagram shows a linear correlation between the ATP synthesis rate (expressed as % of the wild type activity) and cytochrome c oxidase activity (expressed as % of the wild type activity) in atp6, atp6-L183P (T8993C), atp6-L183R (T8993G), atp6-L247P (T9176C), atp6-L247R (T9176G), and atp6-W136R. All strains were grown at 28°C, except atp6-W136R that was grown both at 28°C and 36°C as indicated.

Figure 1.
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Figure 2.

[image: image2.jpg]28°C

36°C

Glucose Giycerol Giycorol
3days adays 7 days





Figure 3.
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Figure 4.

[image: image4.jpg]81 apBWIIER
B I R R ]
o)

for w1}





Figure 5. 

[image: image5.jpg]



Figure 6.
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Figure 7.
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Figure 8.
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