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Generall  Discussion 

11 Introduction 

Thee process of mitochondrial respiration is of vital importance to eukaryoles since it 

suppliess the bulk energy required for growth and function of most cells. Oxygen 

consumptionn however inevitably leads to the side production of ROS. which forms a 

majorr threat to cell integrity and has forced the evolution of a variety of defence 

mechanisms.. For example many types of molecules function as anti-oxidants that 

scavengee or convert free radicals. Additionally, the biogenesis of the enzymes that carry 

outt oxidative phosphorylation is strictly regulated. 

Inn this thesis, the effects are described of three factors are described that influence levels 

off  mitochondrial])' encoded subunits of the respiratory chain. The first is the TCA cycle 

enzymee isocitrate dehydrogenase, which has previously been suggested to affect 

mitochondriall  translation based on its mRNA binding capacity. Here I show that 

mitochondriall  translation is indeed enhanced in the absence of Idh, indicating that the 

enzymee may function as a direct link between mitochondrial metabolism and gene 

expressionn (chapter 2). Secondly, evidence is presented suggesting that the prohibitins 

formm a holdase complex in the mitochondrial inner membrane that protects mitochondrial 

translationn products from immediate degradation in case of an imbalance between levels 

off  respiratory subunits (chapter 3). Thirdly, the function of the m-AAA protease in 

mitochondriall  biogenesis is explored by specific analysis of the fate of translation 

productss in the absence of the protease (chapter 4 and 5). 

Thee first part of this general discussion focuses on implications of these findings for the 

rolee of each of these proteins in controlling the levels of mitochondrial translation 

products,, and a model is presented. In the second part the role of the m-AAA protease in 

mitochondriall  biogenesis is discussed in more detail. 

22 Direct control of mitochondrial translation products 

2.11 Translational regulation 

Ass mentioned in the general introduction, one possible explanation for the retention of a 

mitochondriall  genome may be that it serves the direct control of the expression of key 

componentss of the OXPHOS enzymes and thereby the biogenesis of the respiratory chain. 

Suchh an explanation would imply the existence of mechanisms that allow subtle 
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metabolicc changes within mitochondria to reflect on protein synthesis rates. Several 

observationss indicate that RNA-binding by the TCA cycle enzyme iso-citrate 

dehydrogenasee (Idh) is part of such a mechanism in S. cerevisiae. Initially, a protein with 

strongg binding capacity for mitochondrial mRNAs was identified as Idh [I] , suggesting 

thee possibility of a dual role for the TCA-cycle enzyme in both metabolism and 

mitochondriall  gene expression. Support for the physiological relevance of the RNA-

bindingg capacity of Idh is provided in chapter 2 of this thesis, where I show that the 

translationn of mitochondrial mRNAs is enhanced in the absence of Idh. Yet, these results 

didd not reveal if, and how metabolic changes affect Idh-mediated translational regulation. 

Thiss issue was later addressed by Anderson et al.. who analysed the effect of nucleotides 

onn Idh function and showed that AMP reduces Idh-mediated mRNA binding and 

enhancess Idh enzyme activity [2]. Taken together, the observations strongly point to a 

modell  in which energy levels in mitochondria directly influence TCA cycle activity and 

mitochondriall  gene expression by virtue of effects on a single enzyme, Idh (Fig. 1.1). In 

vitrovitro studies have further shown that mRNA binding inhibits catalytic activity of Idh. 

Perhapss this represents a feedback mechanism to modulate TCA-cycle activity in 

responsee to reduced OXPHOS activity, although this remains to be elucidated. 

Inn the yeast S. cerevisiae, the amounts of subunit-specific translational activators Petl 1 lp 

(COX2)(COX2) and Pet494p {COX3) have been shown to be rate limiting for translation, 

suggestingg a key role in the regulation of mitochondria] gene expression. Interestingly. 

Idh-- and Petl 11-binding sites within the COX2 5'UTR overlap [3] [4], which may for 

examplee allow Idh to influence the RNA-binding dependent activity of Petl 1 lp. Idh 

couldd then affect translation rates in response to subtle intra-mitochondrial changes, while 

transcriptionall  regulation of the translational activators may be responsible for stable, 

long-termm adjustments induced by environmental factors. 

Inn addition to the increased translation rate in the absence of Idh. newly synthesised 

proteinss are poorly assembled and instead subject to enhanced turnover. We have 

proposedd that Idh may direct the localisation of mitochondrial transcripts to the correct 

translationn site or to a docking site to interact with a translational activator. In 

mitochondriaa lacking Idh. messengers may disperse randomly, ending up being translated 

att an unfavourable location that does not allow assembly with suitable partners. Similarly, 

chimericc messenger RNAs. having the 5*UTR of COX2 or COX3 replaced by the VAR J 

leaderr sequence, are translated, but the assembly of the newly synthesised subunits is 

drasticallyy impaired [5]. Varl is a mitochondrial ribosomal protein and it was suggested 
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thatt the mRNAs were mis-localised to the matrix, instead of being tethered to the inner-

membrane.. It should however be noted that Cox2p is processed normally when translated 

fromm a chimeric RNA as well as in the Idh mutant. Since Cox2p processing occurs in the 

IM SS and requires Cox2p membrane insertion, translation probably remains inner 

membrane-associatedd and membrane localisation of COX2 mRNA may thus depend on 

otherr factors. 

Inn my studies I used an idhl" strain that completely lacks the Idh complex, and therefore 

thee reduced OXPHOS levels seen in this mutant could be due to the loss of either the 

catalyticc or the RNA binding activity of Idh. or both. For example, the absence of Idh as 

ann important TCA-cycle enzyme may induce physiological changes that down-regulate 

thee production of OXPHOS complexes, but at the same time, translational rates would 

escapee down-regulation because of the absence of Idh. In this case reduced assembly of 

OXPHOSS complexes would not necessarily be due to mis-localisation of mitochondrially 

encodedd subunits. and their increased turnover might result from an imbalance between 

nuclearr and mitochondrially encoded subunits due to the down-regulation of nuclear-

codedd subunits. 

Figuree 1.1. Mitochondrial metabolism and biogenesis are modulated by AMP levels via iso-citrate 
dehydrogenase.. Upper part: low levels of AMP allow mRNAs to bind Idh. thereby inhibiting its 
enzymaticc activity. AMP competes with mRNAs and allows enzyme activity of Idh. 

Eitherr way. Idh modulates mitochondrial translation, probably in a direct response to the 

mitochondriall  energy status. It is not known how conserved this mechanism is. Although 

Idhh is found in every respiring cell, where it displays the same catalytic activity that is 
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allostericallyy modulated in various ways (AMP. ADP. Ca:+), the ability to bind mRNA 

hass not been demonstrated in any other organism. In fact, K. lactis Idh is known to lack 

mRNAA binding capacity, suggesting that the regulatory system proposed for S. cerevisiae 

mayy not apply here. Still, analogous mechanisms may exist in other organisms. 

2.22 Sequestering of mitochondrial translation products 

Thee formation of the respiratory enzymes depends on the stoichiometric assembly of 

subunitss originating from either the nuclear or the mitochondrial genome. As mentioned 

above,, control mechanisms at the level of protein synthesis are important to meet the 

requirementss for mitochondrial gene products. Additional fine-tuning mechanisms are 

howeverr essential to keep the amount of mitochondrially encoded reactive centres as low 

ass possible, without compromising mitochondrial function. In chapter 3, we propose that 

Phbb may function as a holdase (for mitochondrial translation products) that prevents the 

accumulationn of unassembled subunits in the inner membrane in case of an imbalance 

betweenn subunits originating from the two separate genomes. This model is based on the 

findingg that the Phb complex transiently binds Cox2p and Cox3p and perhaps other 

mitochondriallyy encoded subunits, and that mitochondrial translation products are 

degradedd more rapidly in the absence of Phb. 

Interestingly,, the idh" mutant (chapter 2) displays a disturbed balance between 

mitochondriall  translation and assembly of OXPHOS complexes, and as we show (Figure 

5:: chapter 2) this imbalance leads to the accumulation of new translation products in a 

highh molecular weight complex prior to their enhanced degradation. The size of the 

complexx together with our extended knowledge on Phb function led us to suspect that it 

mayy in fact represent the Phb complex. Probing the blot of figure 5, chapter 2 with anti-

Phbll  confirmed that indeed the Phb complex co-migrates with Cox2p and Cox3p in a 

highh molecular weight complex (data not shown). 

Thee presence of small pools of unassembled mitochondrial translation products may play 

ann important role in anticipating changes in or satisfying metabolic requirements. 

Possibly,, Phb sequesters newly synthesised proteins until a suitable partner for further 

assemblyy becomes available. The accumulation of translation products seen in for 

examplee the Idh mutant may reflect the lack of suitable partners, either due to the down-

regulationn of their nuclear expression, or due to mis-localisation of mitochondrial gene 

productss in the inner membrane. 
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Thee replicative lif e span of phb" mutants is reduced, which has been taken as an 

indicationn that cells may suffer from oxidative stress due to damage caused by 

unprotectedd unassembled subunits. Although increased ROS production was observed in 

yeastt cells lacking the Phb complex, various stress sensitivity assays done by others do 

nott reveal increased sensitivity of phb" cells to oxidative stress, for example [6-8]. An 

alternativee approach was taken by Piper and Bringloe. who showed that although yeast 

phbphb mutants have a reduced replicative lif e span, they do have a normal chronological lif e 

spann when G„ cells are kept non-dividing. These mutants do however tend to lose 

respiratoryy activity. The authors propose that perhaps the Gü cells are incapable of 

replenishingg their respiratory system, with their very low basal-maintenance levels of 

metabolicc activity and protein synthesis [8]. Possibly Phb allows the maintenance of 

poolss of mitochondrial translation products that are required to face metabolic challenges 

suchh as diauxic shift or cell division in yeast, or development in higher eukaryotes 

{Drosophila){Drosophila) [9] (Fig. 1.2). 

Figuree 1.2. The Phb complex (red) is proposed to function as a holdase complex that allows the 
preservationn of pools of mitochondrial translation products until suitable assembly partners 
becomee available. 

2.33 Proteolysis 

Becausee mitochondrial translation products are very hydrophobic and their localisation 

impliess high exposure to ROS. an effective proteolytic system that removes potentially 

harmfull  polypeptides is of pivotal importance for cell survival. Yeast mitochondria 

containn two membrane-associated AAA metalloproteases (the m- and the /-AAA 

protease)) that have been implicated in the proteolytic breakdown of mitochondrial 

translationn products. Substrates are most likely to be polypeptides that are aberrant due to 

translationall  error, damaged after being synthesised (for instance by ROS), or subunits 

thatt are in excess (Fig. 1.3). 
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Thee relative contribution of each type of substrate is unclear, and may depend greatly on 

thee conditions the cell faces. For example, the degradation of ROS-damaged proteins may 

becomee more predominant as cells age. In the experimental conditions used to study 

mitochondriallyy encoded subunit degradation, the production of nuclear-coded subunits is 

inhibitedd or absent, suggesting that the observed high turnover involves predominantly a 

largee excess of mitochondrially encoded proteins. These excess translation products are 

degradedd after they have been completed, and neither Phb nor the AAA proteases appear 

too interact with polypeptides that are still in the process of being synthesised [10]. 

Apparentlyy the proteolytic breakdown of excess subunits occurs at a later stage in the 

assemblyy pathway, which is in line with the proposed role for the Phb complex. 

Figuree 1.3. Mitochondrial translation products associate with nuclear-coded subunits to form the 
respiratoryy chain. Mitochondrially encoded subunits that are in excess, damaged or aberrant are 
degradedd by the AAA proteases. 

Thee Phb complex probably allows the accumulation of small pools of newly synthesised 

subunits.. without the risk of affecting membrane integrity or increasing ROS-inflicted 

damagee to those pools. Additionally, it is possible that the Phb complex protects newly 

synthesisedd subunits from degradation. The AAA proteases probably recognise excess 

proteinss as legitimate substrates because they are not associated with partner subunits. 

leavingg them susceptible to degradation. Consequently, subunits that are not assembled 

(yet)) cannot accumulate unless protected from degradation by the Phb complex. The 

highlyy conserved AAA domain of the /-AAA protease has been shown to display 

unfoldingg activity, which allows the proteolytic degradation o\' mildly folded substrates. 

Thee unfolding ability of the protease is. however, limited preventing the degradation of 

moree tightly folded and assembled subunits. Cells lacking Phb display enhanced 
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degradationn of mitochondrial translation products, and they appear to display a shortage 

off  subunits. rather then increased sensitivity to oxidative or other stresses, indicating an 

inabilityy to maintain sufficient pools of mitochondrial translation products due to 

inappropriatee degradation. In conclusion, the (uncontrolled) accumulation of subunits in 

thee inner membrane is unlikely to occur in the absence of Phb, due to the effectiveness of 

thee proteolytic system. 

Aberrantt or damaged proteins in the mitochondrial inner membrane should be removed, 

butt it is unknown how these polypeptides are selected for degradation. In E. coli, aberrant 

(truncated)) translation products are SsrA-tagged. which allows their recognition by 

severall  proteolytic systems [11]. In mitochondria however, such a system has not, thus 

far,, been identified. Possibly, proteins defective in a way that prevents their assembly are 

degradedd simply because they are accessible for the proteolytic system. In addition, the 

proteolyticc system may specifically recognise for example oxidised proteins. Such a 

functionn has been proposed for the mitochondrial matrix protease Piml. which 

specificallyy degrades oxidised aconitase [12]. 

Assembly-defectivee mutants often show drastically reduced levels of mitochondrially 

encodedd subunits, presumably due to enhanced proteolytic breakdown. Although the 

increasedd degradation is likely to be AAA protease-mediated this could not be 

demonstratedd so far. Lemaire et al have in fact shown that disruption of the m- or the /-

AAAA protease could not restore the drastically reduced levels of Coxlp. 2 and 3 in an 

oxaJ"oxaJ" mutant [13]. Similarly, Coxlp levels remain low when the m-AAA protease is 

disruptedd in a cox6° mutant [14]. A plausible explanation for these findings is that the 

AAAA proteases are both able to degrade these subunits, supporting our view that 

disruptionn of the m-AAA protease does not necessarily lead to accumulation of 

mitochondriallyy encoded subunits (chapter 5). The fact the disruption of both proteases is 

lethall  could be due to the accumulation of unassembled subunits that cause leakage in the 

innerr membrane. 

Interestingly,, disruption of both AFG3 and PHBI greatly impair growth on glucose, 

whichh may indicate the detrimental accumulation of unassembled proteins in the inner 

membranee as well. Possibly, /-AAA protease is unable to degrade most subunits in the 

absencee of Phb. which is in line with the observation that AAA proteases select substrates 

basedd on their topology, if they are directly pulled out of the membrane. 

Normally,, substrate specificity in vivo is determined by multiple additional factors that 

mayy vary depending on the conditions. It is tempting to speculate that the Phb complex 
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mightt have a role in this, given its proposed chaperone-like function. The m-AAA 

proteasee physically interacts with Phb. and possibly extracts its substrates from the Phb 

holdasee complex rather then directly from the inner membrane. Alternatively. Phb may 

releasee the substrate at a certain place, which allows the protease to extract it from the 

membrane.. Although Phb and the /-AAA protease do not normally interact, Phb may 

recruitt /-AAA protease under stress conditions and present substrate proteins for 

degradation. . 

2.44 Model 1 

Integratingg these various findings. Idh appears to modulate mitochondrial translation in 

directt response to the energy levels within mitochondria, by presenting mRNAs at the 

correctt translational site. Loss of Idh function results in an imbalance between respiratory 

subunitss that may cause damage. In order to prevent such damage, the Phb complex 

accumulatess unassembled mtDNA-coded OXPHOS subunits and allows their degradation 

byy the AAA proteases. Normally, the Phb complex sequesters newly translated proteins to 

maintainn pools of mitochondrially encoded subunits that are protected from degradation. 

Eventually,, these polypeptides are released for assembly or proteolytic breakdown. 

Dependingg on the conditions such a system may be dispensable, and excess proteins may 

evenn be degraded without first entering the Phb complex. It becomes of particular 

importancee when few nuclear-coded subunits are available for assembly, leaving 

mitochondriallyy produced subunits more sensitive to proteolysis, or when metabolic 

changess induce an instant demand for mitochondrially encoded subunits. One may further 

speculatee that Phb is able to make subunits available for degradation by both the m- and 

thee /-AAA protease. This redundancy of proteolytic activity underscores the importance 

off  the proteolytic control of mitochondrial gene expression (Figure 1.4). 
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Figuree 1.4. In wild type mitochondria, translation rates are modulated via Idh in response to AMP 
levels.. In addition, Idh seems to ensure that respiratory subunits are produced at the correct 
location.. Newly synthesised respiratory subunits then assemble with nuclear-coded subunits to 
formm respiratory complexes, or they are degraded. Subunits can be temporarily stored in the Phb 
complexx to prevent unwanted degradation or membrane damage until imported assembly 
partnerss become available. Aberrant, damaged and excess amounts of translation products are 
degradedd by the m-AAA protease (Afg3Rca1 -complex). Disruption of Idh leads to enhanced 
translation,, but because efficient assembly does not occur, subunits are stored in the Phb 
complexx and eventually subject to increased degradation. Subunits are degraded more rapidly in 
thee absence of the Phb complex. Although assembly is not necessarily affected, lack of storage 
capacityy may in special circumstances lead to a shortage of subunits due to unwanted 
degradation.. Disruption of the m-AAA protease results in rapid assembly of subunits, and no 
storagee (Phb) or degradation can be observed. The newly formed complexes are however subject 
too rapid disintegration, (see page 8 for explanation of pictures). 
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33 The role of the m-AAA protease 

3.11 Quality control 

Thee m-AAA protease appears to play a crucial role in controlling mitochondrial gene 

expressionn via proteolysis, probably together with the /-AAA protease. Nevertheless, the 

pleiotropicc defects seen in afgJ" mutant cells suggest an additional function in 

mitochondriall  biogenesis. Initially, the m-AAA protease was postulated to function as a 

qualityy control factor that is required for the assembly and the degradation of 

mitochondriall  translation products. This model was based on the observations that in the 

absencee of the protease i) mitochondrial translation products are stable and ii) respiratory 

complexess do not accumulate, presumably due to defective assembly. Here, this model is 

evaluatedd in light of the findings described in this thesis. 

Thee results described in chapter 4 indicate that the assembly rate of respiratory complexes 

perr se is unaffected in afg3"rcaJ" cells, suggesting that the m-AAA protease does not 

performm a direct role in assembly. This observation is not entirely surprising, given that 

inactivationn of the proteolytic centres results in the same phenotype as the complete 

disruptionn of the protease. Since these mutations abolish proteolytic activity without 

affectingg ATPase activity and complex integrity, the m-AAA protease apparently has no 

essentiall  function independent of its proteolytic activity. 

Qualityy control may thus be exerted via the proteolytic activity of the /«-AAA protease, 

preventingg the accumulation of subunits unsuitable for assembly (for instance damaged or 

aberrantt polypeptides). In the absence of the protease, these polypeptides that would 

normallyy be degraded may compete with correct subunits, resulting in either a general 

slowdownn of assembly rate, or the formation of aberrant complexes. Our data indicate 

thatt newly synthesised subunits are efficiently assembled, but the newly assembled 

complexess are subject to rapid turnover. It seems however difficult to sufficiently explain 

thee profound decrease of OXPHOS complex levels by the accumulation of aberrant 

proteins.. It would imply that mitochondrial gene expression is extremely sloppy, or that 

thee quality control system is extremely stringent, e.g. such that even a transient 

misfoldingg or a single oxidised residue is simply not tolerated. Furthermore, the 

unassembledd aberrant subunits would be expected to accumulate in the Phb complex 

insteadd of being assembled, which has never been observed. Still, we cannot entirely 

excludee the possibility that disruption of the m-AAA protease somehow increases the 

amountt of aberrant or damaged subunits. 
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3.22 Other functions 

Recentlyy it was shown that degradation products of the m-AAA protease are actively 

exportedd from mitochondria by the ABC transporter Mdll . Possibly these oligopeptides 

havee a role in intra-cellular signalling (although disruption of the transporter did not 

affectt respiratory growth). Since AAA proteases and ABC transporters are present in 

mammaliann mitochondria the authors further speculate that mitochondrially encoded 

protein-derivedd peptides that are presented by class I MHC molecules may be produced 

byy the AAA proteases [15]. 

Ass mentioned, the turnover rate of newly assembled complexes is very high when the m-

AAAA protease is not present and probably the main cause of the reduced amounts of 

OXPHOSS complexes. Our experimental data do not provide an explanation for the 

increasedd turnover, but some hints are emerging. A fascinating new development may 

emergee from the indication that the m-AAA protease affects inner membrane 

characteristics,, based on preliminary results showing that the extractability of respiratory 

complexess is altered, and that phosphatidylethanolamine containing C16:0 moieties as a 

sidee chain is decreased mainly in mitochondrial membranes. These results clarify the 

exactt nature, nor the cause of this defect. However, two other findings support the 

possibilityy that altered membrane characteristics may play a role in the defects observed 

inn cells lacking the m-AAA protease. 

First,, cells lacking the m-AAA protease display some membrane associated defects that 

remainn unexplained. As we show in chapter 4, newly formed OXPHOS complexes have a 

veryy short life span, but so far we were unable to detect any indication that the complexes 

aree defective in some way. Since our attempts were limited, it is quite possible that the 

defectt was overlooked. On the other hand, phospholipids are known to be involved in 

maintainingg the activity and integrity of the respiratory enzymes [16-18] [19] [20], which 

wouldd explain the instability of the seemingly normal respiratory enzymes. In addition, 

afg3"rcal"afg3"rcal" mutants display a generally reduced mitochondrial translation rate that is not 

understood,, and that could be due to changes in membrane composition [21]. 

Secondly,, E. coli FtsH, which is structurally and functionally closely related to m-AAA 

proteasee and also a membrane-bound protease, appears to be involved in the proteolytic 

controll  of lipid metabolism. Although FtsH regulates an enzyme in the lipid A 

biosynthesiss pathway, which is not present in yeast, it also affects phosphatidic acid 

metabolism,, which is conserved in mitochondria. Interestingly, the pleiotropic defects 
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observedd in fish mutants are rescued if lipid metabolism is restored, even in the complete 

absencee of the protease, suggesting that alterations in membrane composition can lead to 

aa variety of phenotypes. 

Soo far evidence is lacking for the m-AAA to affect membrane composition, but if so. this 

functionn is most likely to be exerted via the proteolytic regulation of a specific {set of) 

regulatoryy protein(s). Although such substrates remain to be identified for the 

mitochondriall  ATP-dependent proteases, all other ATP-dependent proteases are known to 

combinee a housekeeping function with a role in the proteolytic control of regulatory 

proteins. . 

Ass mentioned before, the m-AAA protease is a multimeric complex consisting of multiple 

copiescopies of Afg3p and Rcalp and inactivation of both proteolytic centres results in a 

respiratoryy deficiency as observed in deletion mutants. In contrast, abolishing the 

proteolyticc activity of just one of the two classes of subunits does not affect respiratory 

growth.. Partial inactivation inhibits m-AAA protease-mediated degradation of 

mitochondriallyy encoded proteins but it may allow residual proteolysis sufficient for the 

regulationn of an unknown factor. Alternatively, the proteolytic regulation of a specific 

substratee may not be affected at all. Studies on E. coli FtsH strongly indicate that there are 

twoo pathways for FtsH-mediated protein degradation. The degradation of integral 

membranee proteins is modulated by HflCK, which has no effect on the turnover of 

solublee substrates. Interestingly, a mutant substrate protein has been described (see 

Generall  Introduction) that is able to bind FtsH and HflCK, without being degraded. 

Instead,, it remains associated and prevents the FtsH-mediated degradation of other 

membranee proteins such as SecY, Soluble substrates are however normally degraded. 

Perhapss the partial inactivation of m-AAA protease impairs the degradation of integral 

membranee proteins, without affecting the degradation of substrate(s) entering from the 

matrix. . 

3.33 Model 2 

Thee m-AAA protease forms a quality control system that removes polypeptides 

unsuitablee for assembly in co-operation with the Phb complex. I suggest a sequence of 

eventss that places correct membrane insertion {Oxalp. Mbalp; see General Introduction) 

andd maturation events first, followed by storage in the Phb holdase complex. The 

proteasess are likely to function at a late stage prior to assembly, since proteins are 

continuouslyy exposed to ROS, which could lead to damage at any stage before assembly. 
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Thee fine-tuning of balances between different subunits appears to involve the Phb 

complex,, which 'decides' the fate of unassembled subunits. The AAA proteases 

subsequentlyy degrade subunits that are not assembled. 

Inn cells lacking the m-AAA protease, respiratory complexes are subjected to high 

turnover,, which may consequently lead to an increased demand for the formation of new 

complexes.. Since the overall translation rate is at the same time reduced, the amount of of 

mitochondriallyy encoded subunits may become rate limiting in the assembly of 

respiratoryy complexes, resulting in an excess of nuclear-coded subunits. As a result, 

newlyy synthesised subunits are immediately incorporated into complexes, as we observed 

inn pulse-chase experiments. In wild type mitochondria, the experimental conditions more 

likelyy lead to limiting amounts of nuclear-coded subunits. resulting in the degradation of 

mitochondriallyy encoded subunits. Interestingly, over-expression of Mbal or Oxal 

partiallyy restores respiratory growth of afg3"real" mutants, possibly by allowing the 

productionn of larger pools of assembly-competent subunits. 

Ass mentioned, the defects observed in afg3°rcal° mutants suggest an additional function 

forr the m-AAA protease in mitochondrial biogenesis. The idea that the protease is 

involvedd in assembly of respiratory complexes seems however no longer tenable. More 

likely,, the m-AAA protease degrades a specific substrate that impairs respiratory growth 

iff  present in high amounts. In this respect it is interesting to note that proteolytically 

inactivatedd E. colt Lonl. is able to sequester substrate proteins [22J. Possibly, over-

expressedd S. cerevisiae Lonl (Piml), which is a multicopy suppressor of afg3"real'\ 

sequesterss substrate of the m-AAA protease, thereby inactivating it. 

44 Future prospects 

Inn this thesis new insights are presented concerning the mechanisms that modulate levels 

off  mitochondrially encoded subunits of the respiratory chain in a direct fashion. To reach 

thee improved understanding of mitochondrial biogenesis, I benefited greatly from the 

experimentall  system that combines pulse-chase labelling of mitochondrial translation 

productss with 2D gel electrophoresis based on blue native separation. This allowed me to 

analysee not only synthesis and degradation, but in addition the association of 

mitochondriallyy encoded subunits with other proteins or complexes in time. Some of the 

findingss were unexpected, and would certainly have remained unnoticed without the use 

off  the combined techniques. 1 conclude therefore that similar analysis of other proteins 
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involvedd in mitochondrial biogenesis, in particular in assembly, may provide important 

neww information. 
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