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Proteolyticc control of mitochondrial translation products 

Abstract t 

Inn S. cerevisiae, the m-AAA protease plays an essential role in the proteolytic regulation 

off  the levels of mitochondrial translation products. In addition, the m-AAA protease is 

requiredd to maintain wild type levels of respiratory complexes. Cells lacking the protease 

aree respiratory deficient, and it has been postulated that unassembled subunits may 

accumulate,, thereby compromising the integrity of the inner membrane. We analysed this 

possibilityy and found that under the experimental conditions we used levels of 

mitochondriall  translation products are still proteolytically regulated when m-AAA 

protease-mediatedd degradation is abolished. Furthermore, newly synthesised subunits are 

efficientlyy incorporated into complexes in the absence of the protease, which may 

(partially)) explain their relative stability. Together, these findings suggest that the 

accumulationn of unassembled subunits may not be the main cause of the observed defects. 

Preliminaryy results do however indicate that membrane characteristics are altered in cells 

lackingg the m-AAA protease. 

Introduction n 

AAAA proteases form a highly conserved class of ATP-dependent proteases that are found 

inn eubacteria, mitochondria and chloroplasts [1, 2], In humans, an autosomal recessive 

formm of the neuro-degenerative disorder spastic paraplegia has been associated with loss-

of-functionn mutations in the mitochondrial AAA protease paraplegin [3]. Muscle cells 

fromm patients display impaired mitochondrial function, but the molecular basis of the 

defectss remains unknown, since the activities of the AAA proteases are still poorly 

understood.. Mitochondrial AAA proteases have been studied primarily in the yeast 

SaccharomycesSaccharomyces cerevisiae, which harbours two membrane-associated ATP-dependent 

proteases,, the m-AAA protease and the /-AAA protease. The former consists of multiple 

copiess of Afg3p and Real p. and the latter of multiple copies of Ymelp. Both proteases 

aree embedded in the inner membrane, but in opposing orientation [4J. The ATPase 

domainn and the proteolytic motif of the m-AAA protease are in the matrix, whereas the i-

AAAA protease has its catalytic sites in the inter-membrane space (IMS). Besides the AAA 

consensuss domain, members of the AAA protease family contain the HEAXH metal 

bindingg motif, which is essential for proteolytic activity. 
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Inn E. coli. the substitution of glutamate (E) with glutamine (Q) in this motif completely 

abolishess the proteolytic function of FtsH, a close relative of the mitochondrial AAA 

proteases,, without severely affecting ATPase activity [5j. This mutation is lethal. 

indicatingg that the cellular function of FtsH depends on its proteolytic activity. Besides a 

housekeepingg role in the removal of unassembled membrane proteins. FtsH is involved in 

thee proteolytic control of several regulatory factors (reviewed in [6]). For example, FtsH 

hass been implicated in balancing membrane lipid metabolism in E.coli through 

proteolyticc regulation of a key enzyme involved in lipid synthesis [71. Restoration of 

proteinn levels of this key enzyme suppresses the lethality of FtsH loss-of-function 

mutations,, indicating that the pleiotropic defects displayed by the mutant may be a 

secondaryy effect due to altered membrane features. 

AA similar substitution in the HEAGH motif (E>Q) of Ymelp f8], or of Afg3p and Rcalp 

simultaneouslyy [9. 10] leads to defects identical to those observed in the complete 

absencee of the /- or the m-AAA protease, respectively. Since complex integrity or 

substratee binding are not affected [9, 11], this indicates that the proteolytic activity of the 

mitochondriall  proteases as well is essential for their cellular function. 

Thee first in vivo identified substrates of the AAA proteases are the mitochondrially 

encodedd subunits of the respiratory chain [10, 12]. The synthesis and stability of 

mitochondriall  translation products is easily monitored by pulse-chase labelling, either in 

vivovivo in the presence of cycloheximide. or in isolated mitochondria [13, 14]. In this way 

thee /-AAA protease-mediated turnover of newly synthesised Cox2p in cells lacking 

Cox4pp or cyt c has for example been revealed [8. 15]. In a typical pulse-chase 

experiment,, mitochondrial translation products often display substantial turnover even in 

aa wild type background. In the absence of the /«-AAA protease however, most of these 

proteinss are stable, suggesting that the /«-AAA protease is responsible for the turnover of 

mitochondriallyy encoded subunits of the respiratory chain [10. 16]. In addition, cross-

linkingg studies have provided direct biochemical evidence for the binding and 

degradationn of mitochondrially encoded peptides by the m-AAA protease [ 111. The m-

AAAA protease is also involved in the processing of mitochondrial maturases present in 

COBCOB and COX1 introns, resulting in the absence of Cyt// and Cox I subunits. To be able to 

studyy post-translational defects, strains containing intron-less mtDNA are used. 

Noo other substrates of the m-AAA protease have been identified yet. Cells lacking the 

proteasee are respiratory deficient and display greatly reduced levels of OXPHOS 

enzymes,, presumably due to impaired overall translation rates and increased turnover of 
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respiratoryy complexes [chapter 4J. Because both mitochondrial translation, and 

respiratoryy complex activity and integrity depend on specific membrane characteristics 

[17,, 18] the question is raised whether the defects may be caused by the accumulation of 

unassembledd proteins that challenge the inner membrane. Here, we addressed this 

questionn and conclude that the accumulation of unassembled subunits in the absence of 

thee m-AAA protease is not likely to be the cause of the observed phenotypes. 

Results s 

Turnoverr of mitochondrially encoded subunits 

Thee m-AAA protease plays an important role in the degradation of mitochondrial encoded 

subunitss of the respiratory chain. Here we evaluate the likelihood of unassembled 

subunitss accumulating in the absence of the protease. Therefore, pulse chase-labelling 

experimentss were performed to assess the stability of mitochondrial translation products 

inn several m-AAA protease mutants. Mitochondria were isolated from respiratory 

defectivee afg3° and real0 mutant cells that completely lack the protease complex, and 

fromm cells containing an intact protease complex in which either one or both subunits 

carryy a mutation that abolishes the proteolytic activity. 

Wildd type mitochondria show strong labelling of new translation products after 30 

minutess and substantial proteolytic degradation during the 60-minute chase (Fig. 1A). 

Disruptionn of AFG3 or RCA1 completely abolishes m-AAA protease function, and results 

inn reduced mitochondrial translation efficiency, but at the same time in stabilisation of 

newlyy synthesised proteins. Inactivation of the proteolytic centre of Afg3p {indicated as 

Afg3H>Q)) or Rcalp (Rcalh>y) does not affect the integrity of the protease complex, and 

cellss carrying one of these mutations are fully respiratory competent. The m-AAA 

protease-mediatedd breakdown of mitochondrial translation products is however severely 

affectedd [11]. As shown in Figure 1, mitochondria from cells expressing Afg3R>y or 

RcalE>QQ display translational activity similar to wild type mitochondria. Proteolysis of 

newlyy synthesised proteins can be detected during the chase in both mutants, and 

quantitationn of the total amount of labelled proteins in each lane showed that degradation 

iss substantial, although not as efficient as in wild type (Fig. IB). However, simultaneous 

expressionn of Afg3E>0 and Rca 1L>u inhibits respiratory growth, and has the same effect on 

mitochondriall  gene expression as complete loss of the m-AAA protease: translation 
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productss are stable in mitochondria from Afg3E>QRcalE>Q cells, but produced at lower 

ratess (Fig. lAandB). 

wildd type 

B B 

Ate e E>Q Q Real ' ' Rca r ^A f i i .V V 

p15p30c30c60minn W I J " w u c 6 0 m i n 

Figuree 1. Synthesis and turnover of proteins in isolated mitochondria from W303 (WT), ) 

(afg3),, ) (real), >QC\67) (A E>Q), E>Q (167) (R E>Q) and 
>Q>QRCA1RCA1E>oE>o067)067) (QQ). Isolated mitochondria were labelled with 35S-methionine 

forr 30 min (see Materials and methods) followed by the addition of 20 mM unlabelled methionine 

andd a 60-minute chase. Samples were taken after 15 and 30 minutes labelling and after 30 and 

600 minutes chase and were analysed by SDS-PAGE and phospho-imaging (see also Materials 

andd methods) (A). Newly synthesised proteins are indicated: the ribosomal protein Var1, complex 

IVV subunits Coxlp, Cox2p and Cox3p, complex III subunit cytochrome b (Cytb) and complex V 

subunitss Atp6p. Atp8p and Atp9p. Quantification of turnover (B). The total amount of protein 

detectedd in each of the lanes (A) was analysed with Imagequant . The amount of label present 

afterr 30 minutes was set at 1 for each strain. 

Thee observed high turnover of newly translated mitochondrial gene products in the 

presencee of either Afg3h>Q or RcalE>Q was unexpected, and we analysed this further in 

vivo.vivo. Intact cells were labelled in the presence of cycloheximide and chased for 24 hours 

(Fig.. 2A). After a 15-minute labelling, the amount of newly translated subunits in Afg3E>Q 

cellss and Rcalr >0 cells is comparable to wild type. During the chase, both mutants display 

turnoverr of newly synthesised proteins. Quantification of the total amount of labelled 

proteinn per lane revealed that degradation was rather efficient, although slightly slower 

comparedd to wild type (Fig.2B). To ensure that the degradation was specific for newly 
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svnthesisedd proteins, the gel was blotted onto a membrane and steady-state levels of 

Cox3pp were analysed. Co.\3 protein levels were similar in each lane, demonstrating that 

totall  protein levels are unaffected (Fig.2A: lower panels). 

wildd type Afg3 3 E>Q Q Real l E>Q Q 

p15'' d C3 C4 C16 C24 h 

Atp8/ / 
Atp9 9 

tt-Cox3 tt-Cox3 

B B 
wildd type 

Afg3E>Q Q 

Rca1E>Q Q 

D15'' c1h c2h c3h c16h c24h 

Figuree 2. Synthesis and turnover of mitochondrially encoded proteins in wild type. AFGcF:  167) 

andd RCAE>0 (167) (A). Mitochondrial translation products were labelled in whole cells in the 

presencee of cycloheximide with 3GS-methionine for 15 minutes (see Materials and methods) 

followedd by the addition of 20 mM unlabelled methionine and a 24-hour chase. Samples were 

takenn after 15 minutes labelling and after 1. 3. 4. 16 and 24 hours chase and were analysed by 

SDS-PAGEE and phospho-imaging (see also Materials and methods). Newly synthesised proteins 

aree indicated: the ribosomal protein Var1. complex IV subunits Coxlp, Cox2p and Cox3p, 

complexx III subunit cytochrome b (Cytb) and complex V subunits Atp6p. Atp8p and Atp9p. 

Steady-statee levels of Cox3p are displayed for each sample in the lower panels. 

Thee total amount of protein detected in each of the lanes was analysed with Imagequant . The 

amountt of label present after 15 minutes labelling was set at 1 for each strain (B). 
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Turnoverr in the absence of the //?-AAA protease 

Thee above described results show substantial proteolysis of mitochondrial translation 

productss in mitochondria that harbour ///-AAA protease containing one inactivated 

subunit,, suggesting that such turnover may occur in the absence of the ///-AAA protease 

ass well. This has however never been observed in pulse-chase experiments. Perhaps the 

experimentall  conditions allow such efficient incorporation of newly synthesised proteins 

thatt a surplus prone for degradation simply not exists. 

B B 

400000 0 

350000 0 

300000 0 

250000 0 

200000 0 

150000 0 

100000 0 

50000 0 

0 0 

wildd type 

afg3rca1-null afg3rca1-null 

600000 -

30000 0 

p15'' p30' d h c2h c3h c1h h c3h h 

Figuree 3. Synthesis vs. assembly. Mitochondria from WT and afgZfrca 1 "(167) cells were labelled 

andd proteins were separated by SDS gel electrophoresis. The total amount of labelled proteins at 

eachh time point was analysed with Imagequant (A). The amount of labelled proteins present in 

(sub-)) complexes was analysed in 2-D gels (see for details M&M) of each time point (B). 

Inn order to address this possibility, we compared synthesis and assembly efficiency in 

wildd type and afg3°rcal° mutants. Isolated mitochondria were pulse-chase labelled and 

subjectedd to either SDS-gel or 2D-gel electrophoresis. In the latter case, proteins were 

firstt separated in a native gel leaving (sub-) complexes intact. Then, the lanes containing 

thee complexes are denatured and separated by SDS-gel electrophoresis. After phospho-

imaging.. the total amount of label for each time point was quantified in both types of gels. 

Thee label detected in each lane of the SDS-gel represents the total amount of newly 

synthesisedd proteins present at a specific time point (Fig.3A). Each of the 2D gels 

displayss the labelled proteins that are assembled into (sub-) complexes at a given time 

pointt (Fig.3B). Fig.3A shows that the total amount of newly synthesised proteins after 30 

minutess labelling is much lower in mitochondria from the mutant strain compared to wild 

94 4 



Proteolyticc control of mitochondrial translation products 

type.. However, at the same time point (30 min labelling) the amount incorporated into 

OXPHOSS (sub-) complexes (Fig.4B) is similar in both wild type and mutant 

mitochondria,, indicating that in the mutant newly translated subunits are assembled 

relativelyy more efficiently. During the chase, the surplus of unassembled subunits 

observedd in wild type mitochondria is rapidly degraded. In mutant mitochondria, newly 

synthesisedd subunits are stable, suesestimz that they are assembled, rather than degraded. 

wildd type afg3rca1-null afg3rca1-null 

Figuree 4. Extractability of labelled subunits 

off the respiratory chain by d i f ferent 

detergentia.. Mitochondria were labelled for 

300 min and chased for 30 min (see M&M). 

Thee pellet of a 50ul sample was incubated 5 , 

w i thh de te rgen t as i nd i ca ted . Af ter 

cen t r i f uga t ion .. pel let and sup were 

separatelyy subjected to SDS-PAGE and the 1 

relat ivee amount of label detected by 

phospho- imag ingg in each of the two 

fractionss is displayed. 

200 mm 

•• pellet 

•• sup 

2%% lauryl-
maltoside e 
(LM) ) 

Tritonn X-100 
200 min 

Na-cholate e 
200 mm 

11 5 10 1 5 1( 

Ourr data do not support the idea that in cells lacking the />;-AAA protease mitochondrially 

encodedd subunits accumulate, causing inner membrane damage. Given the observed 

membrane-associatedd defects in protease mutants, however, it is possible that inner 

membranee characteristics are altered. To address this possibility we set out to investigate 

thee extractability of respiratory chain subunits from the mitochondrial inner membrane by 

variouss detergents (Fig.5). Isolated mitochondria were labelled for 30 minutes and after a 

30-minutee chase mitochondria were pelleted, and laurylmaltoside (LM) . Triton X-100 or 

Na-cholatee was added to extract membrane proteins. After detergent treatment 

mitochondriaa were spun down, and both the pellet and the supernatant (containing the 

extractedd proteins) were subjected to SDS-PAGF. Subsequently, the gel was blotted and 

analysedd by phospho-imaging. Incubation for 5 minutes with 27c LM resulted in the 

extractionn of r of the labelled subunits from wild type mitochondria (Fig. 5. upper 

leftt panel). Immuno-blotting showed that extraction was as efficient for Coxlp. 2 and 3. 
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andd complex III subunit steady-state levels (data not shown). However, only % of 

labelledd subunits from the mutant could be extracted. Longer incubation (20 minutes) 

resultedd in similar extraction efficiency from both strains (Fig.5. upper panels). Triton X-

1000 is more efficient in extracting labelled subunits from protease-lacking mitochondria 

comparedd with wild-type (Fig.5; middle panels). Na-cholate extraction was similar in 

wildd type and mutant. 

Discussion n 

Itt is important that the levels of mitochondrially produced subunits of the respiratory 

chainn complexes are under strict (proteolytic) control. For example these proteins could 

remainn unassembled because they are aberrant, or due to an imbalance between nuclear 

encodedd and mitochondrially encoded subunits, and cause damage to the inner membrane 

becausee of their hydrophobic nature. The fine-tuning of subunit levels is thought 

mediatedd by the membrane-associated AAA proteases that remove unassembled 

mitochondriallyy encoded polypeptides [19J. 

Inn the yeast Saccharomyces cerevisiae, two membrane-associated proteases have been 

identified,, the /-AAA and the m-AAA protease that cover both sides of the inner 

membranee [4], The m-AAA protease has been assigned a key role in turnover of 

mitochondria!!  translation products and, consequently, loss of the protease may lead to the 

accumulationn of unassembled subunits in the inner-membrane, which could compromise 

membranee integrity. Cells lacking the m-AAA protease are respiratory deficient and 

displayy a drastic decrease of respiratory complexes. 

Cellss harbouring a proteolytically inactivated protease complex consisting of both 

Afg3h>00 and RcalF>y display the same defects as cells lacking the entire complex, 

suggestingg an essential role for the protease activity. Inactivation of one of the two 

subunitss does not affect respiratory growth, but m-AAA protease-mediated turnover of 

mitochondriall  translation products is greatly impaired in mutants carrying such a 

mutationn [1 1]. To determine the effect of these mutations on the proteolytic control of 

mitochondriall  encoded subunits we re-analysed turnover in the presence of a partially 

inactivatedd m-AAA protease by performing pulse-chase-labelling experiments. In contrast 

too previous reports on this mutant, showing that labelled subunits are not degraded 19]. or 

muchh more stable 116] compared to wild type, we found turnover almost as high as in 
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wildd type. We can only speculate about these differences, but at least these results 

demonstratee that substantial turnover can occur in the presence of partially inactivated m-

AAAA protease. The efficient turnover we observed seems difficult to explain solely in 

termss of residual activity of the protease and it suggests that another protease may be 

involved.. If so, the same protease could then be responsible for the removal of 

disassembledd mitochondrially encoded subunits in cells lacking the m-AAA protease. 

Thiss has however never been observed. Interestingly, our recent observations concerning 

thee fate of mitochondrially encoded subunits in an afgJ'rcal" mutant may provide an 

explanationn for the apparent (see Chapter 4). In contrast to earlier reports, which suggest 

impairedd OXPHOS assembly in the absence of the m-AAA protease, we found that 

duringg pulse-chase experiments mitochondrial translation products are in fact efficiently 

integratedd into OXPHOS enzymes in the absence of the m-AAA protease. 

Too obtain a clearer picture of the efficiency compared to wild type, we analysed the total 

amountt of labelled proteins present in mitochondria vs. the amount that was incorporated 

inn OXPHOS complexes. In contrast to wild type mitochondria that produce an excess of 

subunitss prone for degradation under the experimental conditions used, mutant 

mitochondriaa do not, which may explain the lack of rapid turnover of mitochondrially 

encodedd subunits observed in loss-of-function mutants. It could be argued that turnover is 

lesss efficient, allowing substrates to cause damage prior to their degradation. Given the 

normall  growth of cells lacking m-AAA protease mediated turnover due to partial 

inactivationn of the complex, this seems however not the case. It should be noted that long-

termm phenotypes such as ageing have not been analysed in AAA-protease mutants. 

Thereforee we cannot exclude the possibility that the accumulation of very small amounts 

off  (damaged) subunits results in the progressive loss of mitochondrial integrity. We can 

howeverr conclude that the defects that are observed in the absence of the m-AAA 

proteasee in yeast are not likely to be the result of accumulation of unassembled subunits. 

Thee question remains what causes the membrane-associated defects observed in the 

afg3"rca}°afg3"rca}° mutant and therefore we started to further address this issue by following a 

differentt approach. E.coli FtsH, which is a close relative of Afg3p and Rcalp, like its 

yeastt counterparts, displays a variety of phenotypes. including membrane-associated 

defectss such as the 'stop-transfer defect' [20]. Interestingly. FtsH has been implicated in 

balancingg membrane lipid metabolism in E.coli via proteolytic regulation of one of the 

enzymess involved. In fact, restoration of protein levels of this enzyme in the absence of 

FtsHH rescues the growth phenotype of Ftsh cells completely [7]. 
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Togetherr with the reported effects of phospholipids on mitochondrial translation [ 17] and 

OXPHOSS enzyme activity and stability [18. 21] these findings let us to investigate 

whetherr inactivation of the m-AAA protease affects mitochondrial membrane 

characteristics.. We found two independent indications that mitochondrial membranes 

mayy indeed be affected in the m-AAA protease mutant. First, the extractability of newly 

assembledd mitochondrial subunits by either laurylmaltoside or Triton X-100 differs 

betweenn wild type and mutant mitochondria. Although the exact implications of these 

findingss are not clear, they suggest that membrane characteristics may be altered in the 

mutant.. Second, preliminary results (see M&M ) indicate that although the ratio between 

thee different groups of phospholipids is not altered, the fraction of 

phosphatidylethanolaminee containing C16:0 moieties as a side chain is decreased in both 

cellularr and mitochondrial membrane, although the effect is more prominent in the 

mitochondriall  membrane. 

Itt has been argued that the accumulation of hydrophobic subunits may be an important 

factorr leading to the defects observed in m-AAA protease mutants ƒ22, 23]. Our further 

analysiss of the fate of mitochondrial translation products in both wild type and mutant 

mitochondriaa suggest however that the impaired respiratory growth of yeast cells lacking 

thee protease is difficult to explain in terms of accumulation of hydrophobic subunits. 

Humann mitochondria harbour three types of AAA proteases [2J. Although experimental 

dataa are lacking, they could display (partial) redundancy in the control of mitochondrial 

genee expression as the yeast proteases, suggesting that accumulation of unassembled 

subunitss of the respiratory chain may not be the main cause of the defects seen in patients 

carryingg mutations in for example paraplegin. Our findings demonstrate the importance 

off  the identification of substrates that contribute to the defects seen in cells carrying a 

mutatedd AAA protease. 

Materialss and methods 
Strainss and growth conditions 

Thee S. cerevisitie strain W303-IA \ctde2-i; his3-l 1,-15; teu2~S,-l 12: umJ-1: trpj-i;  vanl-IW: MATa) 

wass used. In this strain, AFG3 and RCA! have been disrupted using TRP1 and URA3. respectively [24, 2?j. 

Inn order to introduce intron-less mtDNA. these strains were crossed with Kar(l67). WI3AR2 (167) was 

derivedd from WDAR2 (167), in which AFC3 and RCA I have been disrupted using TRPI and URAL 

respectivelyy [24]. Site-directed mutagenesis of AFG# and RCA1 has heen described elsewhere |11, I6|. 

Afg3h><-'' and RcalL>(J were expressed from Ycplac-111 and Ycpiac-33. respectively. 

Isolationn of mitochondria 
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Cellss were grown in rich medium containing 2% galactose and harvested at mid-log phase. Isolation of 

mitochondriaa and subsequent in vitro translation were carried out as described by McKee and Poyton with a 

feww minor adjustments [14]: Spheroplasts were lysed by Potter homogenisation and mitochondria were re-

suspendedd in 0.6M mannitol to a final concentration of 3 mg protein per ml. 

InIn organella pulse-chase labelling and immuno-blotting 

ForFor efficient translation, isolated mitochondria were incubated (0.3 mg/ml protein}  in optimised protein-

synthesisingg medium D [14] in the presence of 8 nl/ml TRANT' S-LABEL (1175 Ci/mmol: 10.5 

355 35 

mCi/ml;; containing 70% L-{  S)methionine and 15% L-( S)cysteine; ICN Biomedicals, Inc.). 250 pi 

sampless were taken at time points indicated in the figures. An excess of cold methionine (final 

concentrationn 0.2 M) was added to start the chase and samples were taken as indicated for each experiment. 

500 p.] was recovered by centrifugation for 2 minutes at 15000 x g and the resulting pellet was prepared for 

SDS-PAGEE in LSB (2% SDS: 5% B-mercaptoethanol: 5.8% glycerol: 62.5 mM Tris-HCl pH 6.8; 100 

pg/mll  bromphenol blue). After separation by SDS-polyaerylamide gel electrophoresis (12.5%) proteins 

weree blotted on MSI MicronSep nitrocellulose disc filters. 

InIn vivo pulse chase labelling 

Mitochondriall  translation products were labelled in whole cells with TRAN * SLABEL (1175 Ci/mmol; 

355 35 

10.55 mCi/ml; containing 70% L-( S)methionin and 15% L-( S)cysteine; ICN Biomedicals. Inc.) for 60 

minutess in phosphate buffer containing 0.3% glucose and 20 mg/ml cycloheximide as described by McKee 

etall  [13]. 

2DD gel electrophoresis 

ForFor 2D-electrophoretic analysis of pulse-chased mitochondria, 50 u.1 of a sample was solubilised by 

treatmentt with 2% lauryl-maltoside for 20 minutes after cetrifugation. In the first dimension complexes 

weree separated by blue native gel electrophoresis (BNE) 126) in a 6-l6r/r polyaerylamide gradient. In the 

secondd dimension, proteins were denatured in the presence of SDS and (3-mercaptoethanol and analysed by 

SDS-PAGE.. After electrophoresis, the gels were blotted to MSI MicronSep nitrocellulose disc filters. 

Membranee protein extraction assay. 

Isolatedd mitochondria (see above) were labelled for 30 minutes and chased for 30 minutes (see above). The 

pellett of a 50 p.) sample was treated with 2% lauryl maltoside for 5 or 20 minutes, or with 0.1, 0.5 or 1.0% 

Tritonn X-100 for 20 minutes, or with I, 5 or 10% Na-cholate for 20 minutes. After centrifugation. pellet and 

supernatantt were subjected separately to SDS-PAGE. After blotting (see above) labelled proteins were 

visualisedd by phospho-imaging, and quantified by Imagequant®. 
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