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Physiological Consequences of Mitochondrial Antibiotic-Resistant Mutations in Paramecium Growth-Rates, Cytochromic Defects and Cyanide-Insensitive Respiration of Mutant and Erythromycin-Treated Wild-Type Strains Andre Adoutte 1 and Jacques Doussiere 2 1 Centre de G4nhtique Molhculaire du C.N.R.S., F-91190 Gif-sur Yvette and 2 Department de Recherche Fondamentale, Laboratoire de Biochimie, Centre d'Etudes Nuclhaires, F-38000 Grenoble (France)



Summary. A set of mitochondrial antibiotic-resistant mutants of P a r a m e c i u m have been analyzed with respect to their growth-rates, cytochromic content and respiratory properties. The mutants could be arranged in a continuous series ranging from strains equivalent to wild-type to severely affected ones; affected strains display longer generation times, reduced amount of cytochrome oxidase and very high levels of cyanideinsensitive respiration. Perfect phenocopies of the mutants were obtained by treating wild-type cells with low concentrations of erythromycin suggesting that the mutations exert their pleiotropic effect by perturbating mitochondrial protein synthesis in agreement with the idea that these mutations affect the mitochondrial ribosomes. In the mitochondria of some of the mutants, electrons can be channelled with equal efficiency into the "classical" cyanide-sensitive pathway and the alternate cyanide insensitive (and SHAM-sensitive) one, providing direct demonstration of the branching of these two respiratory pathways. In the absence of any added inhibitor, however, electrons tend to be channelled in the cyanide-sensitive pathway. All the physiological data fit perfectly the genetic data concerning the " s t a b i l i t y " of the various mutations in "mixed mitochondrial populations", i.e., markers that were known to be strongly counterselected with respect to wild-type in such populations correspond to severely affected strains, while markers that were known to be " s t a b l e " correspond to " h e a l t h y " strains. A more quantitative analysis of the data shows that that there is little or no "complementation" between wild-type and mutated mitochondria in mixed cells indicating a high extent of functional autonomy of mitochondria in Paramecium. For offprints contact: Jacques Doussiere, DRF, Laboratoire de



Biochimie, CENG, B.P. 85, Centre de Tri, F-38041 Grenoble Cedex, France



Introduction A number of mutants resistant to erythromycin (E R) or chloramphenicol (CR), two specific inhibitors of mitochondrial protein synthesis, have been isolated in Paramecium and their localization in mitochondrial D N A demonstrated by a variety of techniques (Beale, 1969; Adoutte and Beisson, 1970; Beale et al., 1972; Cummings et al., 1976). The E R mutations are expressed at the level of the mitochondrial ribosome (Tait, 1972; Spurlock et al., 1975; Tait and Knowles, 1977) as has also been shown for similar mutations in yeast (Grivell et al., 1973). In Paramecium, these mutations impair to a variable extent, depending on the mutation considered, the mitochondrial replication rate. This was shown by bringing together within the same cell equal proportions of wild-type and mutated mitochondria and by studying the evolution, under non-selective conditions, of such mixed mitochondrial populations. It was observed (1) that mutated mitochondria were always progressively lost during the vegetative multiplication of the mixed cells and (2) that the kinetics of loss was strictly dependent on the mutant under analysis: some mutated mitochondria were eleminated in 10 cellular generations, while other were quite stable, remaining together with wild-type mitochondria for over 90 cell generations. The various mutations could therefore be classified by order of "stability" and it was assumed that this phenomenon reflected a decreased growth-rate of mutated mitochondria with respect to wild-type ones (Adoutte and Beisson, 1972). In order to understand the basis of this selective disadvantage of mutated mitochondria, a detailed physiological characterization of the various strains, pure for each mitochondrial mutation, was undertaken. By comparison with the wild-type respiratory chain (Doussi&e, 1975; Doussi4re et al., 1976; Dous-
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si&e and Vignais, in preparation) a series of defects were discovered in the mutants: decreased amount of cytochrome oxidase, increased levels of cyanide insensitive respiration and lowered P/O ratios. Phenocopies of all these defects could be obtained in wildtype cells by treatment with low concentrations of erythromycin, suggesting that the defects in the mutants could be attributed to a decreased efficiency of mitochondrial protein synthesis. The extent of the various defects in the mutants was found to be strictly paralleled by the degree of counter-selection of their mitochondria in mixed populations. This provides a basis for understanding their decreased replication rate. Furthermore, the analysis of the partially defective respiratory chains from mutants and erythromycin-treated wild-type yielded information on the structure and regulation of the branched respiratory pathway of Paramecium. Finally, the growth-rates of the various mutants were found to be identical to that of their mitochondria, as determined in mixed mitochondrial populations. The implications of this observation on the problem of mitochondrial autonomy and on the control of cellular multiplication will be discussed.
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Fig. 1. Origin of the various mitochondrial mutants. All the m u t a n t strains described were isolated in the wild-type stock d4-2 of Paramecium tetraurelia, mating-type 7, free of symbionts. F r o m the wild-type stocks the mutants were obtained either spontaneously (solid lines) or after U.V. irradiation (dashed lines)



Table 1. Phenotype of the antibiotic-resistant m u t a n t s



Growth at 36 ° C



Resistance to ERY



Material



All the strains used in the present study derive from the wild-type stock d4-2 of Paramecium tetraurelia (formerly Paramecium aurelia, syngen 4; Sonneborn, 1975) mating-type 7. Several of them have already been described (Adoutte and Beisson, 1970, 1972; Adoutte, 1974). Their mode of obtention and their filiation is summarized in Figure 1. They correspond to four types of strains : wild-type (W.T.), erythromycin-resistant (ER), chloramphenicol-resistant (C R) and doubly-resistant (CER). Their antibiotic-resistance and thermosensitivity phenotype is given in Table 1. Some of the initial m u t a n t s yielded spontaneous or induced partial revertants (Fig. 1 and Table 1). Revertants occur rather frequently in stock tubes of severely affected mutants, in particular CRE R ones. Several revertants were also analyzed. They correspond most probably to second site mutations suppressing the most deleterious effects of the initial mutation(s) and not to true reversions since in most cases the initial antibiotic resistant phenotype is retained, although more or less modified, while the growth rate is improved. Although all strains derived from the same wild-type strain and are therefore isonuclear, one isogenisation cross with the wildtype strain was carried out for some mutants, when slight differences between strains were recorded.



Culture Conditions and Growth-Curves Standard techniques were used, as described in Sonneborn (1970). The cells were grown in a Scotch Grass infusion bacterized with Klebsiellapneumoniae. The cultures were carried out at 27 ° C unless otherwise indicated. Growth curves were carried out as follows. Approximately 1000 a u t o g a m o u s cells of a given strain were transferred into a
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and Methods



Strains



C iRb



W.T.



The level of resistance of a strain to the antibiotics is measured after its daily growth at 27 ° C in the selective medium, recorded from single cells isolations. ~ : 4 to 5 fissions/day (equal to growth in the absence of antibiotic); j/-: 3 fissions/day; e: 1 fission/day or less; - : no growth. In the c o l u m m " g r o w t h at 36 ° C " , ~ / - , +/- and -indicate respectively 7 to 8, 4 to 5 and 2 to 3 residual fissions followed by death



test tube and fed with 20 ml of medium. After 48 or 72 h the stationnary population from the tube was transferred into l 1. of freshly bacterized medium. This defines time 0. F r o m that point counts were made on samples of 1 ml (directly or after dilution). The initial n u m b e r of cells under these conditions is of the order of 20-30 cells/ml and the plateau occurs after 36~,8 h (or later for slowgrowing strains) at 2000-3000 cells/ml, Some minor modifications to this protocol were sometimes introduced. In that case, however, the strains to be compared were grown in exactly the same way. The generation time of a given strain m a y be different in independent experiments. The values should therefore be considered as indicative. It m u s t be stressed, however, that these varia-



A. Adoutte and J. Doussiere: Mitochondrial Antibiotic-Resistant Mutations in Paramecium tions generally affect all the strains in a similar way so that the classification of the various strains by order of duration of generation time remains unchanged from one experiment to the other. Furthermore, mixed cellular populations were studied to ascertain slight differences between strains, as indicated in the text. Erythromycin (from Roussel) was dissolved in ethanol prior to its addition to the cultures. The final concentration of ethanol never exceeded 1% and was usually in the range 0.2 to 0.5%. These concentrations have no effect on the cells.



Spectroscopy of Whole Cells Absolute spectra of dithionite reduced pellets of cells were recorded in a Cary 15 spectrophotometer at the temperature of liquid nitrogen, as described in Sainsard et al. (1974). The ratio of cytochrome c over cytochrome a (Oc/a) was calculated according to the same authors (see also Claisse et al., 1970).



Respiration of Whole Cells Oxygen uptake was measured polarographically with either a Clark type oxygen electrode or a vibrating cathode fitted on a Gilson recording apparatus. 0.2 ml of the loose pellet of cells obtained by centrifugation at 300 x g were transferred into the chamber containing 1.5 ml of 10 2M Tris - H C 1 buffer, p H 7.2. Molar K C N (from Prolabo) was prepared in molar MOPS (Morpholinopropane sulfonic Acid) buffer (from Sigma) and adjusted to pH 7.4 with concentrated HC1. Molar S H A M (Salicylhydroxamic Acid, from Aldrich) was prepared in dimethylformamide. K C N and S H A M were added respectively to final concentrations of 1 to 4 m M and 2 to 4 m M , respectively.



Isolation of Mitochondria-Respiration-P/O



Ratios. Spectroscopy



Mitochondria were isolated and analyzed according to Doussi~re (1976). A brief account of the methods can be found in Doussi6re et al. (I976) and will be given in detail in Doussi~re and Vignais (in preparation).
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tochondria are slower than wild-type, while those that have " s t a b l e " mitochondria grow virtually at the same rate as wild-type. This was observed in 4 independent growth-rate measurements. It was particularly clear for strains at the two extremes of the classification i.e. strain C4~ was always found to be indistinguishable from wild-type while strain CE~ was systematically slower than all the others. It can be noted that all the "intermediate" strains (such as E~ and E~02) display only slight differences with wildtype which had escaped notice during routine handling of strains that had been carried out previously. b) M i x e d Cellular Populations. To ascertain that the slight growth rate differences recorded between some of the strains and wild-type were indeed significant, three types of mixed populations of mutant and wildtype cells (or mutant + mutant) were grown and tested as indicated in Table 3. This procedure minimizes non speccific differences between strains. The results are in excellent agreement with the predictions: C4R cells remain together with wild-type ones for over 90 generations and are lost very slowly, while E1R cells are quickly lost. The results are particularly striking for strain E s with respect to strain E~. E s is a spontaneous partial revertant of strain E~: it has partially lost erythromycin-resistance and has retained the thermosensitivity associated with mutation E~. Studies on mixed mitochondrial populations from the two strains indicate that E s mitochondria have an extremely slight selective advantage over EtR ones: cells may remain mixed for the two types of mitochondria for over 300 cellular generations but eventually all mixed cells become E s (Table 4). The results at the cellular level are quite parallel, E s cells taking over E~ ones extremely slowly (Table 3).



Results



I. Growth Rates of the Mitochondrial Mutants Since the selective disadvantage of mutated mitochondria in mixed mitochondrial preparations was interpreted by a decreased replication rate, it was interesting to establish whether cells pure for these mutated mitochondria (i.e. the mutant strains) showed a corresponding decrease in cellular growth-rates. The growth-rates of the mutants were compared to that of wild-type in the following two ways. a) Growth Rates. The generation time, obtained in strictly identical conditions, is given in Table 2 and examples of growth curves in Figure 2. It can be seen that the classification based upon mitochondrial "stability" exactly parallels that based upon cellular growth-rate i.e. strains that have counter-selected mi-



II. Spectroscopic and RespiratolT Studies on Antibiotic-Resistant Mutants Spectra and extent of cyanide-insensitive respiration were recorded, on whole cells, for all the mutants described. The results are reported in Table 2. In addition, the respiratory properties, P/O ratios and cytochromic constitution were analyzed on isolated mitochondria of strains C k¢, E~ and CE~-b, in parallel with those of the wild-type strain. The results are reported on Tables 5, 6, 7 and 8. Examples of low temperature spectra of whole cells are shown on Figure 3. They are identical, in their main features, to those reported by Kund (1970) and by Sainsard et al. (1974). The only difference observed between mutants and wild-type concerns the height of the cytochrome aa3 peak situated at 608 nm.
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Table2. Growth-rates, amount of cytochrome oxidase and extent of cyanide insensitive respiration of the mitochondrial antibioticresistant mutants CE~



Wild-type in 60 lag/m1 erythromycin
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