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Assemblyy and enhanced turnover of respiratory complexes 

Abstract t 

Thee closely related metalloproteases Afg3p and Rcalp are members of the AAA-protein 

familyy and form a complex in the mitochondrial inner membrane of Saccharomyces 

cerevisae.cerevisae. Previous studies have shown that disruption of the complex results in 

stabilisationn of newly synthesised mitochondrial proteins. However, this increased 

stabilityy is paradoxically accompanied by a drastic reduction of steady state levels of 

functionall  respiratory complexes, supposedly due to disturbed assembly. To further 

clarifyy this putative assembly defect, we analysed synthesis and assembly of newly 

synthesizedd mitochondrial proteins in time. Thee results presented here show that assembly 

off  these proteins into functional respiratory chain complexes is at least as efficient as in 

wildd type mitochondria. However, the newly formed respiratory complexes show 

enhancedd turnover during prolonged chase of labelled mitochondrial gene products in 

vivovivo as well as in organella. These results indicate that the Afg3/Rcal-complex is not 

involvedd in assembly of the respiratory chain complexes. 

Introductio n n 

Mitochondriall  biogenesis requires the co-ordinated expression of the mitochondrial and 

thee nuclear genome. Although small in number, mitochondrial genes encode key 

componentss of the oxidative phosphorylation (OXPHOS) complexes, making 

mitochondriall  gene expression essential for respiratory growth in the yeast 

SaccharomycesSaccharomyces cerevisiae. In this organism, at least 150 nuclear-coded proteins have 

beenn implicated in the synthesis of the seven mitochondrially encoded subunits of the 

respiratoryy complexes and their subsequent assembly with nuclear-coded partners [1]. 

Amongg these are Afg3p and Rcalp (also referred to as YtalOp and Ytal2p), two closely 

relatedd ATP-dependent metalloproteases that belong to the AAA-protein family [2, 3]. 

Afg3pp and Rcalp are essential for respiratory growth and together they constitute a 

complexx of approximately 850 kDa that is embedded in the mitochondrial inner 

membrane.. Because the protease motifs of both subunits face the matrix [4]. the Afg3p-

Rcalpp complex is also referred to as the m-AAA protease [5]. It has been postulated that 

thee m-AAA protease serves a crucial function in the quality control of mitochondrial 

biogenesis,, based on the observed role of Afg3p and Rcalp in turnover and the implied 

rolee in assembly of mitochondrial translation products [4, 6]. The first function, the 
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proteolyticc degradation of newly synthesised mitochondrial gene products has been 

demonstratedd in pulse-chase experiments [7. 8] in which disruption of either AFG3 or 

RCA1RCA1 resulted in stabilisation of newly synthesised proteins. Evidence for a second 

function,, the proposed role in assembly of OXPHOS complexes, is indirect and comes 

mainlyy from the observation that disruption of the m-AAA protease results in strongly 

reducedd steady state levels of respiratory complexes III . IV and V [3. 4. 9. 10]. In 

addition,, trypsin treatment of solubilised mitochondria from afg3"rcal" cells reveals an 

increasedd sensitivity of nuclear-coded subunits to trypsin degradation [6, 11]. indicating 

thatt a large portion of the nuclear-coded subunits remains unassembled. Since all 

mitochondriallyy encoded subunits are synthesised in strains lacking Afg3p and/or Rcalp. 

thesee findings have been attributed to an assembly defect. Additional indirect evidence 

camee from the observation that the respiratory deficiency of cells lacking the m-AAA 

proteasee is partially suppressed by over-expression of Oxalp, Mbalp and proteolytically 

inactivee Piml <Lon). These proteins have no known protease activity, suggesting that a 

functionn independent of the proteolytic activity of the m-AAA protease is suppressed that 

iss essential for mitochondrial biogenesis [12] f 13] [6], 

Too investigate the proposed role of the m-AAA protease in assembly in more detail we 

studiedd the fate of mitochondrially encoded subunits in time, by subjecting pulse-chase 

sampless to 2D gel electrophoresis (Blue Native - and SDS-PAGE). In mammalian cells 

[14]]  as well as in yeast [15], this combination of techniques (3D gel) has proven to be a 

powerfull  tool to gain new insights in intermediate steps of OXPHOS assembly. Our 

resultss suggest that assembly by it self is not affected in cells lacking the m-AAA 

protease,, but that newly assembled complexes are subject to high turnover. Together with 

thee overall reduced protein synthesis rate in mitochondria from mutant cells, this may 

explainn the low steady-state amounts of OXPHOS enzymes in cells lacking the m-AAA 

protease. . 

Results s 

Assemblyy of respiratory complexes in the absence of the m-AAA protease. 

Thee hypothesis that Afg3p and Rcalp are required for normal assembly of OXPHOS 

complexess is mainly based on the observation that steady-state levels of these enzymes 

aree drastically reduced in strains lacking the m-AAA protease [6, 9). To further clarify the 
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rolerole of the /«-AAA protease in the formation of OXPHOS complexes, we studied the fate 

off  newly synthesised proteins in time. Mitochondrial pulse-chase labelling experiments 

weree done both in viva and /'/; organella, since it had not yet been established to what 

extentt assembly of newly labelled proteins occurred in either of these conditions in yeast. 

//// vivo, newly synthesised mitochondrial proteins were labelled and chased in whole cells 

inn the presence of cycloheximide. to specifically allow only mitochondrial translation (see 

forr details materials & methods). First, time samples were separated by SDS-PAGE and 

totall  amounts of labelled proteins were analysed by phospho-imaging (Fig. 1). 

WTT

Figuree 1. Synthesis and turnover 

off mitochondrially encoded 

proteinss in wild type (A) and 

 cells (B). Mitochondrial 

translationn products were labelled 

withh 35S-methionine for 60 min (see 

Materialss and Methods) followed 

byy the addition of 20 mM 

unlabelledd methionine and a 120 

minn chase. Samples were taken 

afterr 60 min labelling and after 60 

andd 120 min chase and were 

analysedd by SDS-PAGE and 

phospho-imagingg (see also 

Materialss and Methods). Newly 

synthesisedd proteins are indicated: 50 60 120 60 60 " " " ' 
thee hbosomai protein Van, pulse chase pulse chase 
complexx IV subunits Coxlp. Cox2p 

andd Cox3p, complex III subunit cytochrome b (Cytb) and complex V subunits Atp6p, Atp8p and 

Atp9p. . 

Ass demonstrated in earlier studies |l(). 11]. all mitochondrial translation products are 

synthesisedd in afg3°rcal° cells (containing intron-less mtDNA). although in smaller 

amountss compared to wild type (Fig. 1, compare panels). However, these proteins are 

stable,, in contrast to translation products from the wild type cells that are subject to 

proteolyticc turnover. As a direct test of the idea that assembly of respiratory chain 

complexess is defective, samples from the same experiment as depicted in Fig. I were 

subjectedd to 2D gel electrophoresis (first dimension: Blue Native gel Electrophoresis 

(BNE);; second dimension: SDS-PAGE: see also materials and methods). Following 

Atp8/ / 
Atp9 9 
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electrophoresiss gels were blotted, and labelled proteins were visualised by phospho-

imaging. . 

Inn wild type mitochondria, newly synthesised cytochrome c oxidase subunits 1. 2 and 3 

accumulatee in a high-molecular weight complex; after 2 hours of chase, all detectable 

Cox2pp and Cox3p. and about 50% of Coxlp is incorporated into this complex (Fig. 2A; 

ass indicated). Immuno-detection using a-Cox3 antibodies confirmed that this complex 

indeedd represents the cytochrome c oxidase (complex IV) (Fig. 2B; only steady-state 

levelss of the 120-minute chase time point are shown; other time points are identical). ATP 

synthasee subunit 9 migrates as a 48 kDa oligomer and during the chase only a small 

fractionn of newly synthesised Atp9 and Atp6 is incorporated into a high molecular weight 

complexx representing complex V. (Atp8 could not be detected). Likewise, a small amount 

off  newly synthesised cytochrome b is integrated into the bc{ complex (complex III ) 

duringg the course of the experiment. Antibodies reacting with nuclear-coded subunits of 

complexx III and V were used to confirm the identity of these complexes (data not shown). 

Thee fate of newly synthesised mitochondrial proteins in the absence of the m-AAA 

proteasee was analysed as well and surprisingly, after a 2-hour chase all detectable Coxlp, 

22 and 3 co-migrate with complex IV (Fig. 2A). The fact that no aggregates of labelled 

subunitss could be detected in complete SDS gels (running plus stacking gel including 

slots),, indicates that the incorporation of mitochondrial translation products into 

OXPHOSS complexes by itself is not defective in the absence of the m-AAA protease. 

Thee steady-state level of complex IV. however, is strongly reduced compared to wild 

type,, as shown by immuno-detection with a-Cox3 (Fig. 2B). Steady-state levels of 

complexx III and V are also reduced (data not shown). Unlike in wild type cells, 

substantiall  amounts of newly synthesised Cylb and of Atp6 and 9 accumulate in complex 

IIII  and complex V. respectively (Fig. 2A; as indicated). Taken together, these results do 

nott reveal an assembly defect in the absence of the m-AAA protease. 

Too further explore these unexpected findings, we subsequently set out to investigate the 

fatee of mitochondrially encoded subunits in organella. Mitochondria from wild type and 

afg3"rcal"afg3"rcal" strains were isolated and labelled for 30 minutes, followed by a 60-minute 

chasee (see Materials and methods). In wild type mitochondria, proteins are subject to 

proteolyticc degradation shortly after being synthesised. while in mitochondria lacking the 

m-AAAA protease, no rapid turnover occurs, as shown in vivo (data not shown and see Fig. 

1). . 
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wildd type afg3°rcalafg3°rcall l 

BNE E SDS S 

Cox3/ / 
Atp6 6 

V V IV V 

i i .. .. 1_ 

j— — 

Figuree 2. Assembly of 

mitochondriall t ranslat ion 

productss in wild type and 

 cells (A). 

Mitochondriall t ranslat ion 

productss were pulse-labelled as 

inn Fig. 1. Proteins were 

analysedd in a 2D BNE (first 

dimension)-SDSS (second 

dimension)) gel system (see 

Materialss and methods for 

details)) and gels were blotted 

onn MSI M i c r o n S e p 

nitrocellulosee disc filter. 

Individuall subunits are 

indicatedd in the margin of A, 

upperr panel. The migration 

patternn of intact OXPHOS 

complexess is indicated at the 

bottom.. To identify complex IV, 

thee western blot of the lower 

panelss was incubated with -

Cox3pp antibody and two gels 

aree shown (B, wild type (left) 

andd afg&rca 1 "(right). 

Too monitor the fate of newly 

synthesisedd subunits. various time samples were subjected to 2D electrophoresis as 

describedd for the in vivo experiment (Fig. 2) and the gel was blotted (see Materials and 

methods).. The first sample was taken after 10 minutes, and phospho-imaging shows that 

inn wild type mitochondria (Fig.3A; upper panel) newly synthesised proteins are present in 

aa low molecular weight form of unknown identity. No accumulation of newly synthesised 

proteinss can be detected in any of the complexes at this point. 

Afterr 30-minute labelling and during the chase. Coxlp appears in two high-molecular 

weightt complexes that differ slightly in size (Fig.3A: lower panels). Immuno-staining 

usingg a-Cox3p (Fig.3B) identified the larger complex as cytochrome c oxidase, in which 

alsoo newly synthesised Cox3p is incorporated. 
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wildd type

Complexx IV 

Cox3/Atp6 6 

Cox2p p 

Cox3p p 

Figuree 3. Synthesis and assembly of mitochondrially encoded proteins in mitochondria isolated 

fromm wild type and  cells (A). Mitochondria were pulse-labelled with 35S-methionine for 

100 minutes and chased with 20 mM unlabelled methionine for 1 hour. Samples were taken after 

100 and 30 minutes pulse, and after 30 and 60 minutes chase, and were analysed in a 2D BNE-

SDSS gel system (as in Fig. 2. see Material and methods). Individual subunits as well as intact 

complexess are indicated. To identify complex IV, the western blot of the lower panels was 

incubatedd with _-Cox3p antibody and two gels are shown (B. wild type (left) and  (right). 

Similarly,, in mitochondria from cells lacking the m-AAA  protease labelled Coxlp and 

Cox3pp (Cox2p could not be detected in either wild type or mutant mitochondria) 

accumulatedd in a complex resembling cytochrome ( o x i d a se (Blue Native gel 

electrophoresiss confirmed that the size of the complex was identical to wild type complex 

IV )) (Fig.3A). 
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Assemblyy and enhanced turnover of respiratory complexes 

Inn wild type mitochondria, neither ATP synthase nor the be I complex accumulates any 

labell  during the experiment. In mitochondria from afg3 real-null cells the integration of 

newlyy produced Cytb and Atp 6 and 9 into their fully assembled complexes is however 

veryy efficient. 

Half-lif ee of newly assembled OXPHOS complexes. 

B B wildd type 
mm wild type 
HH

BNE E SDS S 

c2hh c3h c4h 

Figuree 4. Stability of newly 

assembledd complexes in 

mitochondriaa isolated from wild 

typee and  cells (A). 

Mitochondriaa were pulse-

labelledd with 35S-methionine for 

155 minutes and chased with 20 

mMM unlabelled methionine for 4 

hours.. Samples that were taken 

afterr 2, 3 and 4 hours chase 

weree analysed in a 2D BNE-

SDSS gel system (as in Fig. 2. 

seee Material and methods). 

Individuall subunits as well as 

intactt complexes are indicated. 

Thee amount of Cox3p present in 

fullyy assembled complex IV was P 1 5 ' c 1 c 2 c 3 c 4 P1 5 ' c 1 c 2 c 3 c 4 

quantifiedd with Imagequant' (B). To monitor the stability of the mitochondria during the prolonged 

incubation,, time samples were also separated in a denaturing SDS gel. which was blotted and 

incubatedd with antibodies against Cox2 and Cox3 (C). 
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Soo far. we could not detect any detect of the assembly oi' newly synthesised subunits into 

complexess 111. IV and V in the absence of the m-AAA protease, leaving the low steady 

statee levels of the complexes unexplained. One possible explanation is that the complexes 

aree subject to increased turnover by a system, or on a time scale that is not detected under 

thee conditions used so Tar. Considering this, we hypothesised that extended chase periods 

followingg labelling might reveal the fate of newly assembled complexes. Isolated 

mitochondriaa were labelled for 15 minutes and chased for 4 hours, and time samples were 

taken.. To determine whether mitochondrial integrity was preserved during the long 

incubationn period, various time samples were subjected to SDS gel electrophoresis and 

afterr blotting, steady-state levels of Cox2p and Cox3p were determined (Fig. 4C). 

Levelss of both proteins were constant, indicating that mitochondria had retained their 

integrityy during the course of the experiment. Chase samples (2. 3 and 4 hours) were 

analysedd by 2D electrophoresis (see Materials and methods) to determine the fate of the 

newlyy translated subunits that are already assembled in OXPHOS complexes (Fig.4A). 

AA 2-hour chase of labelled wild type mitochondria (Fig. 4A: upper panel) results in 

assemblyy of newly translated Cox I p. Cox2p and Cox3p in complex IV that is comparable 

too the 1-hour chase in organello (see Fig. 3A. lower panel). After a 4-hour chase, no 

furtherr incorporation of labelled subunits into complex IV could be observed, and no 

labelledd proteins could be detected in complex III and V. 

WT T B B 
</.-Phb1 1 

d hh c3h c4h 

p15 5 

d h h 

c3h h 

c4h h 

Figuree 5. Stability of newly assembled complex IV in wild type and c' cells. Mitochondrial 

translationn products were labelled in vivo with 3DS-methionine for 15 minutes (see Materials and 

Methods)) followed by the addition of 20 mM unlabelled methionine and a 4-hour chase. Samples 

weree taken after 1, 3 and 4 hours chase, and were analysed in the 2D BNE-SDS gel system (as 

inn Fig. 2, see Material and Methods). The amount of labelled Coxlp present in fully assembled 

complexx IV was quantified with Imagequant (A). The blotted gels were treated with -Phb1 

antibodyy (only afg&rcal is shown, wild type is comparable, both amount and stability) as a 

controll (B). 
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Assemblyy and enhanced turnover of respiratory complexes 

Duringg the prolonged chase newly assembled complex IV shows no turnover. In 

mitochondriaa isolated from afgJ'rcal" cells (Fig.4A) the assembly of labelled subunits 

afterr 2 hours chase is as observed after the 1 hour chase shown in Fig.3A (lower panel). 

Thee fact that incorporation of labelled subunits into complex IV is less efficient compared 

too a 2 hour in vivo chase (Fig.2A: lower panel), suggests that also in mutant mitochondria, 

inin organella assembly is limited. Interestingly, the extended chase results in a severe 

reductionn of labelled subunits in complexes III . IV and V (Fig. 4A, middle and lower 

panels),, indicating that the turnover rate of the complexes is considerably higher than in 

wildd type mitochondria. Since only complex IV is detectable in mitochondria from both 

strains,, we quantified the amount of labelled Cox3p incorporated into fully assembled 

complexx IV. After a 2-hour chase, levels of incorporated Cox3p are similar in both 

strains,, but in contrast to wild type mitochondria that show a slight increase of 

incorporatedd Cox3p (Fig.4B) during the longer chase, lack of the m-AAA protease results 

inn a drastic reduction of labelled Cox3p in complex IV. 

Duringg the experiments we observed a slight variation in the observed turnover of 

labelledd complexes in mitochondria isolated from mutant cells. This was probably due to 

differencess in extraction efficiency resulting from the extended incubation of isolated 

mitochondria.. Therefore, we also tested the stability of newly assembled complexes in 

intactt cells, in order to avoid the possibility that external challenges from the medium 

directlyy affect the integrity of the isolated mitochondria. In vivo labelling was performed 

ass described (Materials and methods; Fig.2) and cells were chased for 4 hours and 

followingg 2D gel electrophoresis gels were blotted. 

Quantificationn of the amount of radioactive Coxlp incorporated in complex IV revealed 

highh turnover of complex IV in cells lacking the m-AAA protease as well (Fig. 5A). To 

determinee whether the observed increased instability was specific, the radio-labelled blots 

weree immuno-stained with anti-Phbl antibodies. As shown in Fig.5B, Phblp, which 

formss a membrane-bound complex with Phb2, remains stable, indicating that the effect is 

indeedd specific for complex IV. 

Thee observed reduced half-life of complex IV may be a consequence of improper 

assemblyy and/or assembly of defective subunits. Although apparently normal in size, the 

activityy and/or integrity of respiratory complexes may be compromised. This could result 

inn for example enhanced sensitivity to proteolysis, or reduced enzymic activity. We set 

outt to assess these possibilities in several ways. First, mitochondria were subjected to 
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bluee native gel electrophoresis, which leaves OXPHOS enzymes intact and active [16] 

Cytochromee c oxidase activity was analysed 'in-gel' [ 17| (Fig.6). 

wildd type c Figuree 6. In gello activity of cytochrome 

cc oxidase from wild type and

cells.. Isolated mitochondria were 

subjectedd to Blue native gel 

electrophoresiss (BNE) (30 _g protein 

perr lane) as described in Materials and 

methodss and the gel was incubated 

accordingg to [17]. 

Cytochromee Next, the sensitivity of fully 

assembledd complexes to proteolyis 

wass analysed by incubating extracts from isolated mitochondria that had been labelled for 

600 minutes and chased for 60 minutes with increasing amounts of trypsin. Trypsin-

sensitivityy assays have been shown useful to analyse conformational changes of specific 

subunitss in protein complexes |18]. and may therefore reveal overall stability changes of 

complexess as well. 

A A 
120% % 

100% % 

80% % 

60% % 

40% % 

20% % 

0% % 

B B 

00 5 10 15 30 

- ^ - V V T - B — a f g 3 r c a 1 1 

120% % 

100% % 

80% % 

60% % 

40% % 

20% % 

0% % 

55 10 15 30 

 afg3rca1 

Figuree 7. Trypsin-sensitivity of newly assembled cytochrome c oxidase. Mitochondria isolated 

fromm wild type and  cells were labelled with 35S-methionine for 1 hour (see Materials 

andd methods) followed by a 1-hour chase (induced by addition of 20 mM unlabelled methionine). 

AA sample was taken and divided in 100 J fractions that were incubated on ice for 30 minutes 

withh various amounts of trypsin (0, 5, 10. 15 and 30 _g/ml). After addition of PMSF (final cone. 

1.22 mM) and incubation for 10 minutes, 40 I of each of the fractions was subjected to SDS gel 

electrophoresis.. The total amount of radio-labelled Cox1 (A) and Cox3 (B) was quantified in the 

SDS-gell (Imagequant'). 
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Althoughh we could not quantify the activity, the result shows that the complex exhibits 

enzymicc activity and that the reduced activity in cells lacking the m-AAA protease 

comparedd to wild-type cells seems to correlate with the reduced amounts of complex IV 

%% of wild type, see Fig. 3B). 

Sampless were separated by SDS gel electrophoresis to quantify total amounts of labelled 

Coxlpp (Fig. 7A) and Cox3p (Fig. 7B) after trypsin treatment. As shown in Figure 7, 

mitochondrial̂ ^ encoded complex IV subunits from wild type and afg3"rcal" 

mitochondriaa appear equally sensitive to trypsin. 

Discussion n 
Inn the mitochondrial inner membrane of S. cerevisiae the metallo-proteases Afg3p and 

Rcalpp form a complex (the m-AAA protease) that is essential for respiration [4]. 

Disruptionn of this approximately 850 kDa complex stabilises newly synthesised 

mitochondriall  translation products, but results at the same time in a drastic decrease of the 

steadyy state levels of OXPHOS complexes [7, 9]. This observation has been interpreted in 

termss of a role of the m-AAA protease serves a dual function in both degradation of 

mitochondriall  translation products and assembly control of respiratory complexes. This 

hass led to the model in which the m-AAA protease complex functions as a quality control 

factorr for mitochondrial translation products, and as such performs a key role in 

mitochondriall  biogenesis [6]. In the absence of the protease, newly produced 

mitochondriallyy encoded subunits would not be assembled properly, nor would they be 

degraded,, leading to accumulation of potentially harmful polypeptides. However, 

althoughh the stabilisation of newly produced subunits has been demonstrated repeatedly 

inn previous studies, their native state remained to be elucidated. 

Inn this study we analysed the native state of newly synthesised mitochondrial proteins in 

timee by 2D gel electrophoresis of pulse-chased mitochondria from afg3"rcal" cells. The 

applicationn of this technique to the study of the assembly of newly synthesized translation 

productss into mitochondrial respiratory complexes is new. In order to exclude differences 

arisingg from limiting factors such as the amount of nuclear-coded subunits and to be able 

too compare experimental conditions, we used this method on both in vivo and in 

organellaorganella synthesised proteins. To our surprise, we found that in mitochondria lacking the 

m-AAAA protease newly produced subunits are incorporated into complexes that were 

identifiedd as OXPHOS enzymes by immuno-staining with OXPHOS complex- or 
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suu bun it-specific antibodies. In fact, after a 2 hour chase in vivo, labelled subunits are 

exclusivelyy found in those complexes and no aggregates of labelled subunits could be 

detected,, indicating that the incorporation of mitochondrial translation products into 

OXPHOSS complexes by itself is not defective in the absence of the m-AAA protease. 

Becausee the data did not reveal a defect that could explain the low OXPHOS steady-state 

levels,, we further analysed the fate of mitochondrial translation products once they are 

incorporatedd into complexes. We noticed that the assembly of newly synthesised 

(labelled)) subunits, especially of Atp9, Atp6 and Cytb, was less efficient in wild type 

mitochondria,, possibly due to the presence pools of unlabelled subunits. Prolonged pulse-

chasee experiments in vivo and in vitro did not lead to more incorporation of labelled 

subunits.. suggesting that assembly of OXPHOS complexes is limited in the system we 

usedd (probably due to the exhaustion of nuclear-coded subunits). which allowed us to 

analysee the fate of newly assembled complexes. In mitochondria from wild type cells the 

amountt of newly assembled complex IV did not change (complex III and V could not be 

detected)) between 1 and 4 hours chase. In mitochondria from mutant cells however 

labelledd complexes III , IV and V disappeared rapidly, suggesting a high turnover rate of 

newlyy assembled complexes in the absence of the m-AAA protease. 

Takenn together, our experimental conditions did not provide an indication that the lack of 

thee protease leads to disturbed assembly. In fact, we showed a relatively high turnover 

ratee of newly formed complexes in the absence of the m-AAA protease that may at least 

inn part explain the observed low steady-state levels of OXPHOS complexes. 

Althoughh the pulse-chase experiments show assembly of labelled subunits into fully 

assembledd complexes, we cannot exclude that the overall assembly rate may be slower in 

thee mutant. One could for instance argue that, since the contribution of unlabelled 

subunitss is unknown wild type assembly could be in fact much faster than in the mutant. 

Basedd on what we reported earlier on assembly in the idh mutant it is not very likely due 

too hampered assembly. Steady-state levels of respiratory complexes are low in this mutant 

andd pulse-chase experiments show that newly synthesised subunits assemble less 

efficientlyy compared to wild type [15]. Instead, a large portion accumulates in a high 

molecularr weight complex (Phb) before being degraded. In the protease mutant no such 

accumulationn is observed, but instead subunits are efficiently incorporated into 

complexes,, suggesting normal assembly. 

Anotherr possibility is that the synthesis rate of subunits is rate limiting. This is not 

unlikely,, given the fact that translation rates are generally lower in the protease mutant. 
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Assemblyy and enhanced turnover of respiratory complexes 

Furthermore,, in the mutant the assembly of newly synthesised/labelled subunits appears 

moree efficient compared to wild type, suggesting the lack of pools of unlabelled subunits. 

Thee conclusion that the m-AAA protease is probably not involved in the correct 

(preparationn for) assembly of newly translated mitochondrially encoded subunits per se, 

impliess that the m-AAA protease does not exert the earlier proposed dual function (see 

above)) in the quality control of mitochondrial translation products. More likely the role of 

thee protease is restricted to a proteolytic function. This is in line with the fact that 

abolishingg the proteolytic function of both Afg3 and Real by site-directed mutagenesis 

resultss in a complete loss of function, without affecting complex integrity or ATPase 

activity. . 

Ourr findings are not necessarily contradictory with earlier observations. A direct role for 

thee protease in assembly was largely based on a trypsin-sensitivity assay, in which the 

sensitivityy of the total amount of nuclear-coded subunits in mitochondria was determined. 

Thiss showed that increasing the amount of trypsin resulted in decreasing total steady-state 

levelss of nuclear-coded subunits, indicating that a large portion is not assembled [6], The 

observationn that nuclear subunits are more soluble in the protease mutant is in line with 

thiss [9]. Although together these results confirm that the amounts of OXPHOS complexes 

aree low in the mutant, it is important to note that in those studies steady-state levels of 

proteinss were analysed and that this merely shows the net result of a dynamic process 

involvingg synthesis, assembly and turnover. Our data provide important additional 

informationn because we analysed the dynamics of mitochondrially encoded subunits, 

showingg that the low steady-state amounts of OXPHOS complexes are most likely due to 

limitedd synthesis of mitochondrially encoded subunits and high turnover of OXPHOS 

complexes,, and not to impaired assembly. 

Whyy high turnover? We addressed the possibility of reduced activity of complex IV and 

foundd that, compared to wild type, the reduction of complex IV activity parallels the 

reductionn of its steady-state levels. Although this method is not very quantative, the 

resultss indicate that the intrinsic activity of the complex was not severely affected. To 

investigatee the stability of the complexes, a trypsin-sensitivity assay was performed. 

Unlikee the assay described in earlier reports however (see above), we tested the 

sensitivityy of newly assembled, labelled complexes after pulse-chase labelling. We found 

thatt labelled subunits present in the ATPase complex are equally sensitive in wild type 

andd mutant. Interestingly, only the amount, and not the size of the complex decreased, 

suggestingg that once attacked, complexes are rapidly and completely degraded. The 
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sensitivityy of the total amount of labelled Cox3p was also analysed after a ! hour chase, 

whenn it is completely assembled in both wt and mutant (see Fig.3B). Cox3p is equally 

sensitivee in both strains, indicating that complex IV is also. These data do not provide any 

evidencee for impaired complex quality, but it cannot be excluded that complex integrity is 

affectedd in a way we could not detect. 

Thee pulse-chase experiments in combination with 2-D gel analysis we used allowed us to 

furtherr specify the nature of the defects observed in the /«-AAA protease mutant. This 

informationn is vital for the further study of the mechanism by which the metallo-protease 

exertss its function. It would be interesting to use this method on other designated 

assemblyy factors to clarify their role in mitochondrial biogenesis. 

Material ss and Methods 

Strainss and growth conditions 

Thee Sticchüromyces cerevisiae strain WDAR2 (167) was derived from WDAR2 {ade2-l: his3-]},-!5\ \eu2-

J.-/ /2;; urai-\\ trpl-l\  canl-JOO: MATa) was used as wild type. In this strain AFG3 and RCAJ have heen 

disruptedd using TRPI and LIRA} respectively [19] 

Inn vivo pulse chase labelling 

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

10.55 mCi/ml: containing 70c/r L-f ' S)Methionine and 157r L-(" ' S)Cysteine: 1CN Biomedicals, Inc.) for 60 

minutess in phosphate buffer containing 0.3*5f glucose and 20 mg/ml cycloheximide as described by McKee 

ett al [20] 

Isolationn or  mitochondria 

Cellss were grown in rich medium containing 27/ 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 121 ]: Sphcroplasts were lysed by Potter homogenisation and mitochondria were re-

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

Inn organelle» pulse-chase labelling and immunoblotting 

Forr efficient translation, isolated mitochondria were incubated in optimised protcin-synthesising medium D 

inn the presence of 8 |il/ml TRAN' \S-LABEL (1175 Ci/mmol: 10.5 mCi/ml; containing 70<* L-

355 35 

II  S)Methioninc and 15f# L-( S)Cysteine: ICN Biomedicals, Inc.). Labelling was allowed to continue lor 

300 minutes and 250 (il samples were taken at 10 min. and 30 min. An excess of cold methionine (final 

concentrationn 0.2 M) was added after 30 min. to start the chase. Samples were taken after I, 2, 3 and 4 

hourss chase. Samples were recovered by centrifugation for 2 minutes at 15000 x g and the resulting pellet 

wass prepared for SDS-PAGE in LSB {2'-k SDS; 5% 6-mercaptoelhanol: 5.87< glycerol: 62.5 mM Tris-HCI 

pHH 6.8: 100 jig/ml bromphenol blue). After separation by SDS-polyacrylamidc gel electrophoresis (12,570 

proteinss were blotted on MSI MicronSep nitrocellulose disc filters. 
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Assemblyy and enhanced turnover of respiratory complexes 

2DD gel electrophoresis 

ForFor 2D-electrophoretic analysis of pulse-chased mitochondria, organelles were solubilised by treatment 

withh 29 lauryl-maltoside for 20 minutes. In the first dimension complexes were separated by blue native 

gell  electrophoresis (BNE) [16] in a 6-16% polyacrylamide gradient. In the second dimension, proteins were 

denaturedd in the presence of SDS and B-mercaptoethanol and analysed by SDS-PAGE. After 

electrophoresis,, the gels were blotted to MSI MicronSep nitrocellulose disc filters. 

'In-gel ''  activity assay of cytochrome c oxidase 

Thee activity of cytochrome c oxidase was determined in Blue Native polyacrylamide gels by histochemical 

stainingg [ 17]. 

Trypsin-sensitivityy assay 

Mitochondriaa were isolated and pulse labelled for 1 hour and chase for 1 hour as described above. 

Organelless were solubilised by treatment with 29c lauryl-maltoside for 20 minutes and the supernatant was 

incubatedd with various amounts of trypsin (0, 0.5, 1.0, 1.5, 3.0 mg/ml) on ice. After 30 min, PMSF (1.2 mM 

forr 10 min) was added to inhibit proteolysis and samples were subjected to blue native gel electrophoresis 

orr SDS gel electrophoresis as described above. 
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