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Outlin e e 

Introduction n 

Livingg organisms need energy to grow and reproduce, and to maintain a healthy 

physiologicall  state. Since the introduction of oxygen into our atmosphere, molecular 

respirationn has become a widely used strategy to produce the required energy in the form 

off  ATP. In eukaryotic cells, the underlying chemical process, oxidative phosphorylation, 

takess place in double membrane-bounded compartments called mitochondria. In these 

specialisedd organelles, fatty acids and sugars are completely oxidised to CO; to produce 

thee reducing equivalents FADH; and NADH. Electron transfer through the respiratory 

chainn produces and maintains a proton gradient that drives oxidative phosphorylation. 

Mitochondriaa have evolved from free-living prokaryotes and although they lost most of 

theirr genetic content to the nucleus, a handful of genes have been retained, which are 

expressedd in the organelle itself. Mitochondrial genes invariably code for components of 

thee mitochondrial translation machinery and core subunits of the respiratory chain. As a 

result,, the respiratory enzymes and ATP synthase consist of subunits that originate from 

twoo separate genomes. Maintenance of two separate genomes (nuclear and mitochondrial) 

seemss unfavourable, and various ideas have been put forward to explain this 

phenomenon.. One states that the persistence of mitochondrial genes may allow accurate 

adjustmentt of respiratory function in response to mitochondrial changes. 

Scopee of this thesis 

Thiss thesis focuses on general regulatory mechanisms that conduct the fine-tuning of the 

levelss of mitochondrial translation products available for assembly. Mitochondrial gene 

expressionn is regulated at many stages, including transcriptional and post-transcriptional 

events,, but protein levels are most directly regulated via modulation of synthesis and 

proteolysis.. This thesis deals with factors that play a crucial role in these important 

controll  steps in mitochondrial biogenesis. 

First,, it is demonstrated that the TCA cycle enzyme isocitrate dehydrogenase (Idh). which 

hass previously been shown to bind mitochondrial mRNAs, affects mitochondrial 

translationn rate, and may therefore provide a direct link between metabolism and 

mitochondriall  biogenesis. Second, the prohibitin (Phb) complex is proposed to function 

ass an holdase for mitochondrial translation in case of an imbalance between subunits 

encodedd by the nuclear and the mitochondrial genome. Last, the proteolytic control of 



mitochondriall  translation products is addressed. In the mitochondrial inner membrane, 

twoo ATP-dependent proteases are present that expose their catalytic sites to opposite 

membranee surfaces: the /-AAA protease, which is active in the inter-membrane space, 

andd the m-AAA protease, which is composed of Afg3p and Rcalp and has its catalytic 

sitess in the matrix. Both proteases are capable of degrading integral membrane proteins. 

butt the m-AAA protease is thought to play a predominant role in the proteolytic control of 

mitochondriall  translation products and its role in mitochondrial biogenesis will be 

discussedd in the light of experimental findings. 
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Generall  Introduction 

MITOCHONDRIA:: A BRIEF OVERVIEW 

1.. The powerhouse 

1.11 Introductio n 

Mitochondriaa originate from a free-living prokaryote that invaded a prehistoric cell 

systemm leading to endosymbiosis [1]. providing its host the ability to use oxygen for 

energyy production (see [2] for an overview of endosymbiosis models). Currently, 

virtuallyy every contemporary eukaryotic cell that uses oxygen contains mitochondria and 

thee co-evolution of "host" and organelle has evidently led to a complete, mutual 

dependence.. The nuclear genome, for instance, provides the genetic information for the 

bulkk of the mitochondrial protein content, which is synthesised by the cytosolic 

translationn apparatus. Mitochondria in turn contribute to several important cellular 

processess such as the regulation of Ca~+ homeostasis [3, 4], biosynthesis of some essential 

aminoo acids and phospholipids, and the synthesis of Fe-S clusters [5, 6J. The most 

obviouss mitochondrial feature, however, is the ability to supply cells with energy through 

thee extremely efficient process of oxidative phosphorylation, which has provided them 

theirr nickname "powerhouses of the cell". 

1.22 Mitochondrial structure and oxidative phosphorylation 

Thee internal structure of mitochondria is highly conserved and serves the process of ATP 

productionn through respiration very well. The inner membrane contains the respiratory 

enzymess and ATP synthase and, due to its folding into cristae, the energy-producing 

membranee surface is efficiently increased. The outer membrane forms a selective 

boundaryy with the rest of the cell, allowing the protons that drive ATP synthesis to 

accumulatee in the inter-membrane space (IMS) of the cristae. Although usually depicted 

ass an oval structure (Fig. 1.1), the external shape of mitochondria is flexible and highly 

variable,, and depends largely on the cell type and metabolic state of the cell [7J. 

Mitochondriaa have retained a small part of their genomic content, and multiple copies of 

mtDNAA as well as the mitochondrial gene expression apparatus are found in the matrix, 

associatedd with the inner membrane. 

11 1 



Chapterr I 

Thee TCA cycle is located in the matrix as well and plays a central role in the metabolic 

processess that take place in mitochondria, as the oxidation of sugars generates key 

intermediatess for amino-acid synthesis, and the reducing equivalents NADH* and FADH;. 

Thee latter supply the electron transport chain with electrons that are ultimately transferred 

too molecular oxygen. 

matrixx inner membrane IMS outer membrane 

Figur ee 1.1. Basic mitochondrial structure. 

Inn the process, the protons from are transferred over the inner membrane to generate the 

protonn gradient that drives ATP synthase to produce ATP. 

NADHH dehydrogenase (complex I) and succinate dehydrogenase (complex II) . which 

takess part in the TCA cycle as well, are the starting points of electron transfer through the 

respiratoryy chain. They collect their electrons from NADH and FADH:. respectively and 

bothh enzymes transfer the electrons to the bc] complex (complex III ) via ubiquinone. 

Complexx III . in turn, reduces cytochrome c that subsequently donates the electrons to 

cytochromee c oxidase. Ultimately, cytochrome c oxidase (complex IV) produces H,0 by 

reducingg molecular oxygen, which serves as an electron sink (Fig.1.2). During electron 

transportt the be, complex as well as cytochrome c oxidase transfer protons from the 

matrixx to the inter-membrane space (IMS), resulting in the proton gradient that drives 

ATPP synthesis. 

Thiss mechanism of ATP production is highly efficient and most cells depend heavily on 

mitochondriaa for their energy supply. Consequently, mitochondria play a central role in 

12 2 



Generall  Introduction 

variouss key cell processes, and it may not be surprising that many disease-related defects 

aree associated with impaired mitochondrial function (for example f8]). More insights in 

thee fundamental processes of mitochondrial maintenance and biogenesis are therefore not 

onlyy essential to understand the basics of cell function, but arc also needed to unravel the 

rolee of mitochondria in disease-related defects. 

1.33 Mitochondrial biogenesis 

Thee yeast Saccharomyces cerevisiae has been a favourite model to study cellular 

processess for a long time, due to the fact that this unicellular eukaryote is easy to grow 

andd manipulate genetically. 

pyruvatee  . 

.. NADH2 

TCAA cycle . C02 

Figur ee 1.2. Mitochondrial energy metabolism (see text). The respiratory enzymes and ATP 
synthasee are embedded in the inner membrane, the TCA cycle is in the matrix. 

Anotherr major advantage, which in fact makes this yeast ideal for mitochondrial studies, 

iss that respiratory deficient cells are still able to survive by fermentation, which allows the 

growthh and analysis of respiratory-defective mutants. Many researchers have taken 

advantagee of this particular trait, resulting in an impressive amount of information 

collectedd over the years on mitochondrial biogenesis in yeast (reviewed, for example, in 

[9-11]).. The following overview merely touches on some oS the processes underlying 

mitochondriall  biogenesis and serves mostly to illustrate the complexity and cost of the 

systemm (Fig. 1.3). 

13 3 



Chapterr I 

Ass mentioned above, mitochondria contain their own genome, which encodes the core 

catalyticc centres of the respiratory enzymes, as well as components of the required 

expressionn machinery (see below). Once produced, the mitochondrially encoded 

OXPHOSS subunits associate with nuclear-coded subunits that are imported into the 

mitochondria,, to assemble the functional oxidative phosphorylation (OXPHOS) enzymes. 

Thee subunit composition of the respiratory enzymes and ATP synthase in the yeast S. 

cerevisiaecerevisiae is summarised in Table 1. to demonstrate their high order of complexity. The 

tactt that their construction requires the expression and fine-tuning of products from two 

completelyy separated genomes clearly presents the cell with a major challenge. 

Consequently,, as studies in yeast have revealed, the actions of many nuclear-coded 

proteinss are required for the biogenesis of the oxidative phosphorylation enzymes [ 12]. 

Too give an impression of the enormous investment cells put into mitochondrial 

biogenesis.. Table 2 shows the number of nuclear-coded proteins that act in the processes 

thatt are directly responsible for the formation of the mitochondrial energy producing 

system,, based on predictions from the MITOP vdatabase. 

Figur ee 1.3. The formation of the respiratory enzymes involves many nuclear-coded factors (see 

text).. This picture shows the localisation of the different steps that lead to the formation of the 

OXPHOSS complexes. 

Thee mitochondrial genome of S. cerevisiae varies from 73 to 82 kb between different 

strains.. The majority of the 48 functional gene products characterised (reviewed in [ 13, 

14])) are pail of the mitochondrial translation machinery, being ribosomal RNAs. transfer 

14 4 



Genera!!  Introduction 

RNAss and the small ribosomal subunit protein Varlp. These products are directly 

involvedd in the expression of' seven structural components of the respiratory enzymes and 

ATPP synthase that are encoded by the mitochondrial genome as well. 

gene e 
Enzyme e 

Complexx 11. 

Succinate e 
dehydrogenase e 

Complexx III , 

Cytochromee be, 
complex. . 

Ubkjuinol l 
Cytochromee c 
Reductase e 

Complexx IV, 

Cytochromee c 
Oxidase e 

Complexx V, 

F,Flh-ATPP synthase 

mt t 

COB B 

COXX I 
COX2 2 
COX3 3 

ATP6 6 
ATPH H 
ATP9 9 

nucll  TM size 

SDH1 1 
SDH2 2 
SDH3 3 
SDH44 3 

8 8 
CORR I 
QCR2 2 
CYT11 1 
R1P11 1 
QCRÓ Ó 
QCR7 7 
OCRSS 1 
QCR99 1 
QCR100 1 

1 1 
2 2 
7 7 

COX44 1 
COX5AA 1 
COX5BB 1 
COX6 6 
COX77 1 
COXX 8 
COX99 1 
COXX 13 1 

5 5 
1 1 
2 2 

ATPl (F r «) ) 
ATP:<F,-|}) ) 
ATP33 (F.-Y) 
ATP44 (b) 
ATP5 5 
(OSCP) ) 
ATP77 (d) 
ATP15(F,-e) ) 
A T P 1 6 ( F , - O) ) 

ATP17(F„-f) ) 
ATP18(F„-i)) I 
ATP14(F„-h) ) 
ATP19(k)* * 

ATP200 (g)* 

ATP211 <e)* 

(kDa) ) 
70.0 0 
30.2 2 
22.1 1 
20.2 2 

43.7 7 
50.2 2 
40.5 5 
34.1 1 
23.4 4 
17.2 2 
14.5 5 
11.0 0 
7.3 3 
8.4 4 

II  58.7 
28.5 5 
30.3 3 
17.1 1 
17.1 1 
17.1 1 
17.3 3 
6.8 8 
8.9 9 
6.8 8 
15.0 0 

27.9 9 
5.9 9 
7,8 8 
58.6 6 
54.9 9 
34.3 3 
27.0 0 
22.8 8 

7.4 4 
6.6 6 
17.0 0 
11.3 3 
6.7 7 
14.1 1 
7.5 5 

12.9 9 

10.7 7 

Localisatio o 
n n 
Matrix x 
Matrix x 
Matrix x 
Matrix x 

Membrane e 
Matrix x 
Matrix x 
membrane e 
membrane e 
IMS S 
matrix x 
membrane e 
membrane e 
membrane e 

membrane e 
membrane e 
membrane e 
membrane e 
membrane e 
membrane e 
IMS S 
membrane e 

membrane e 
membrane e 

membrane e 
membrane e 
membrane e 
matrix x 
matrix x 
matrix x 
matrix x 
matrix x 

matrix x 
matrix x 
matrix x 
membrane e 
membrane e 
membrane e 
IMS S 

membrane e 

membrane e 

characteristics s 

Flavoproteinn (FAD) 
Fe-SS protein 
cytb b 
anchor r 

Cytb b 
Coree protein 1 
Coree protein 2 
Cytc, , 
Fe-SS protein 
c,, and c interaction? 

UQ-hinding g 

cyta.. a,. CuB 
CuA A 

Zn-binding g 

F„core;; proteolipid 
F„core;; proteolipid 
F„core;; proteolipid 
F,, core 
F,, core 
stalkk component 
stalkk component 
stalkk component 

stalkk component 

Inter-complex x 
interaction n 
Inter-complex x 
interaction n 
Inter-complex x 
interaction n 

Tabell  1. Composition of S. cerevisiae respiratory enzymes and ATP synthase. * Subunits found 

exclusivelyy in dimers of ATP synthase. 
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Thesee are cytochrome c oxidase subunits 1, 2 and 3 (Cox I p. 2 and 3; Complex IV), 

cytochromee b of the bct complex (Cytk Complex III ) and subunits 6. 8 and 9 of the F„ 

portionn of ATP synthase (ATP6p, 8 and 9; Complex V) (see also Table 1). S. cerevisiae 

doess not have a complex I that resembles that of other eukaryotes. but instead two 

structurallyy much simpler NADH dehydrogenases. 

Inn contrast to its nuclear genome, the yeast mitochondrial genome can contain many 

introns,, some of which code for maturases and endonucleases, that are dispensable for 

respiratoryy growth (see [14]). The other proteins involved in DNA replication and 

transcriptionn as well as the processing, splicing and stabilisation of mitochondrial mRNAs 

aree encoded by the nuclear genome and they play an important role in the regulation of 

mitochondriall  biogenesis (see. for reviews, [1 I. 15]). For translation, messenger RNAs 

aree tethered to the inner-membrane, where mRNA-specific translational activators 

regulatee protein synthesis on membrane-associated ribosomes, presumably to facilitate 

thee membrane insertion of the very hydrophobic translation products (see translation 

section). . 

Total Total 

Respiration Respiration 

DNAA synthesis 
DNAA synthesis and replication 
Recombiationn and DNA repair 

Transcription n 
rRNAA transcription 
tRNAA transcription 
mRNAA transcription 
other r 

Proteinn synthesis 
ribosomall  proteins 
translation n 
translationall  control 
tRNA-synthases s 
other r 

Proteinn destination 
proteinn folding and stabilisation 
proteinn targeting, sorting 

andd translocation 
proteinn modification 
assemblyy of protein complexes 
proteolysis s 
other r 

259 9 

54 4 

13 3 
9 9 
6 6 

37 7 
4 4 

10 0 
25 5 
5 5 

98 8 
57 7 
7 7 

17 7 
13 3 
4 4 

78 8 
10 0 
26 6 

10 0 
29 9 
7 7 
2 2 

Tablee 2. Number of nuclear encoded proteins directly involved in the biogenesis of the respiratory 
chainn in S. cerevisiae (based on the MITOP database, http://mips.gdf.de/proj/medgen/mitop) 

16 6 
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Generall  Introduction 

Inn the yeast 5. cerevisiae, many factors have been described that are important for the 

assemblyy of the oxidative OXPHOS complexes, without representing structural subunits 

off  the complex. Most of the genes coding for these proteins are well conserved and 

severall  have been implicated in mitochondrial diseases. Some have clear-cut functions 

suchh as the removal of import sequences from nuclear-coded subunits by the 

Mitochondriall  Processing Peptidase [16], and inner membrane protease-mediated 

cleavagee of sorting sequences (Cox2p, cytochromes b2 and c) in the inter-membrane 

spacee (IMS) [17]. Further maturation of mitochondrially encoded subunits of the 

respiratoryy enzymes involves the attachment of the redox groups responsible for electron 

transfer.. CoxlOp [18] and Coxl5p [19]. for instance, are required in mitochondria for the 

biosynthesiss of heme A, the precursor of cytochromes a and a^. The attachment of the 

copperr atoms to Coxlp and Cox2p is mediated by Scolp, which has recently been shown 

too bind copper, in co-operation with Cox 17p and Sco2p [20, 21]. 

Ass mentioned, the mitochondrially encoded subunits that are extremely hydrophobic are 

synthesisedd at the inner membrane, probably to be inserted into the membrane in a co-

translationall  manner. Recent findings support this view. Oxalp, first implicated in the 

proteolyticc processing of Cox2p [22], was later shown to be involved in the membrane 

insertionn of proteins [23] [24]. Recently, Hell et al demonstrated that Oxalp interacts 

directlyy with substrates prior to the completion of their synthesis, suggesting a direct role 

inn co-translational membrane insertion [25]. Its function is required for all 

mitochondriallyy synthesised proteins, and not. as was suggested before, limited to the 

exportt of N-terminal domains [26]. More or less independently of the Oxalp-mediated 

insertionn machinery, Mbalp exerts a similar export function, since it also binds 

translationn products that have not yet been completed. Unlike Oxalp, which has 

representativess in all organisms analysed thus far, Mbalp is found only in the yeasts S. 

cerevisiaecerevisiae and S. castellii. 

Thee assembly with partner subunits involves the actions of yet another subset of nuclear-

codedd factors. Some have well defined functions, for example PetlOOp mediates the 

incorporationn of a subcomplex of Cox 7p, 7a and 8 into cytochrome c oxidase [27]. 

Others,, like Shylp [28, 29] and Coxl4p [30], are known to function in a complex-specific 

manner,, but their exact role remains to be elucidated. Some factors have a general effect 

onn the biogenesis of the respiratory chain. A striking example of this is the m-AAA 

protease,, which is essential for the accumulation of complexes III , IV and V, and will be 

discussedd later. 

17 7 



Chapterr I 

Becausee electrons are transported from one complex to the next, it is conceivable that a 

higherr organisation of the respiratory enzymes exists. Indeed. Boumans et al 131J showed 

thatt the yeast respiratory chain is probably a functional unit. Later, digitonin-resistant 

physicall  interactions between complexes were demonstrated as well [32]. So far. nothing 

iss known about factors, if any. that may mediate the formation of those "super-

complexes'". . 

2.. Safety and maintenance 

2.11 ROS production 

Thee mitochondrial electron transport chain provides an extremely efficient system for 

energyy production, but the very nature of the alternating one-electron oxidation-reduction 

reactionss it catalyses allows each electron carrier directly to convert molecular oxygen 

intoo superoxides [33]. Although some cytosolic oxidative processes ([34] and references 

therein)) produce reactive oxygen species (ROS), mitochondrial respiration is considered 

thee main source of superoxide (0; ) production. ROS have been shown to inactivate 

certainn Fe-S clusters such as those of aconitase. complex II and complex I by oxidising 

onee iron atom, causing its release from the cluster. 

Figur ee 1.4. Molecular respiration inevitably leads to ROS production. Many factors, such as sub-
optimall function of the respiratory enzymes, can increase ROS production, which leads to 
increasedd damage of DNA, lipids and proteins. 

18 8 



Generall  Introduction 

Thiss process leads to both enzyme inactivation and further oxidative damage of other 

cellularr components, as 'free' iron can promote, via the Fenton reaction, the formation of 

hydroxyll  radicals ([35] and references therein). The latter is the most reactive radical and 

cann react with most biomolecules such as proteins and DNA {Fig. 1.4). About 1-3 % of the 

consumedd oxygen has been estimated to be partially reduced and cells have developed 

variouss highly conserved anti-oxidant systems to protect them from oxidative damage 

[36]. . 

Distributionn of free radicals through the cell is mainly a matter of diffusion and therefore 

mitochondriall  components are highly exposed to ROS. In particular mtDNA and 

respiratoryy chain proteins, which are close to the site of free radical production, are 

extremelyy sensitive to damage, and in the long run accumulation of mutations would 

impairr cellular function. This is also the basis of the free radical theory of ageing that 

postulatess that the accumulation of damage caused by the continuous background 

productionn of free radicals is one of the major causes of ageing [37]. 

Duee to the presence of anti-oxidants, the unavoidable background level of ROS is very 

low,, but several factors can easily increase free radical production. Besides physiological 

factorss such as dietary input that affect ROS levels [38], a wide variety of pathological 

defectss correlate with increased ROS production. In many cases the effect seems to be 

secondaryy to the primary cause of the disease, but a considerable set of genetic diseases 

appearss to be directly associated with respiratory defects that cause increased ROS levels 

[8]. . 

2.2.. Why mitochondrial genes? 

Itt is commonly accepted that mitochondria descend from free-living eubacteria. which at 

thee onset of symbiosis would have possessed their own complete genomes, but in time 

lostt the majority of their genetic material, either to the nucleus or entirely. The 

progressivee loss of mitochondrial genes can be interpreted in light of the Muller ratchet 

principle,, which postulates that in asexual genomes deleterious, sub-lethal mutations 

accumulatee rapidly because they cannot be removed by recombination [39]. Therefore, 

thee asexual mitochondrial genome would be doomed to extinction. In reality it persists 

andd evolution has lead to the great variety of genome structures and gene organisations 

thatt are observed in different lineages [40], For example the plant mitochondrial genomes 

aree generally large (366,924 bp in A. thaliana) while in animals the organellar genome 

consistss of around 16,000 bp. In spite of such differences, however, a core set of retained 

19 9 



Chapterr I 

geness is maintained more or less the same in all organisms, and only two functional 

categoriess are represented. Mitochondrial genes code either for key components of the 

OXPHOSS enzymes or for factors directly involved in the synthesis of the mitochondrially 

encodedd proteins such as tRNAs. rRNAs and ribosomal proteins. 

Preservingg mitochondrial genes has been considered an evolutionary paradox [41], since 

forr cells to maintain an additional genetic system within mitochondria has two major 

disadvantages,, which have been described in the previous sections, i) The location at or 

nearr the site of ROS production imposes a great danger of damage and ii) it requires 

costlyy machinery to maintain and regulate the production of the 'hybrid' complexes. 

Therefore,, the question remains why mitochondria cling to the final few percent of their 

genomes. . 

Ann attractive model is that counter-balancing forces could generate a hierarchy of gene 

disappearancee from mitochondrial DNA to the nucleus, and that such hierarchical 

migrationn may then happen independently in diverse lineages and multiple times during 

thee evolution of the mitochondria] genome. For instance the probability or ease of gene 

migrationn to the nucleus is likely to depend on the nature of the corresponding gene. It 

hass been reasoned that a high degree of hydroph obi city in proteins (e.g. Coxlp and Cytb 

[42])) may hamper import of such proteins from the cytosol into mitochondria, thus 

preventingg transfer of the corresponding genes to the nucleus. If, in addition, adoption of 

thee functional structure of these products depends on other components located inside 

mitochondria,, genes coding for such products will more likely also be retained in mtDNA 

[40]. . 

Anotherr attractive theory invokes the control of gene expression rather than particular 

featuress of the gene perse. The electron transport chain can be extremely harmful when 

nott functioning efficiently, which implies a strong selective pressure that demands a tight 

controll  of mitochondrial biogenesis and maintenance. Only cells that are able to maintain 

redoxx balance in their mitochondria can survive. It has been postulated that the expression 

off  genes coding for key components of electron transport and energy production within 

thee organelle is regulated tightly in response to the oxidation-reduction potential of the 

mitochondriall  inner membrane. Thus, organelle genomes may have persisted because the 

geness coding for structural proteins of the bio-energetic membranes must be accessible to 

intra-mitochondriall  controlling signals, which precludes migration of these genes to the 

nucleuss [431. 
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2.3.. Control of mitochondrial translation products 

2.3.11 Translation 

Ass suggested above, stringent control of the expression of core components of the 

OXPHOSS enzymes may be the key to preservation of optimal mitochondrial function. 

Regulatoryy mechanisms act at various levels in mitochondrial gene expression, such as 

transcriptionall  and post-transcriptional events. 

Figur ee 1.5. The core subunits of the respiratory chain are very hydrophobic and can challenge 
membranee integrity. Furthermore, they contain the reactive centres that can produce ROS. Their 
levelss are controlled via tight regulation of their synthesis and degradation. 

Thiss thesis deals with the immediate modulation of protein levels through translational 

regulationn and proteolysis, and these processes will be discussed in more detail (Fig. 1.5). 

Mitochondriall  translational regulation is poorly understood in mammalian cells, but some 

interestingg facts have emerged from studies in the yeast 5. cerevisiae, my organism of 

interest.. Seven subunits of the respiratory chain are encoded by the yeast mitochondrial 

genomee and the regulation of their synthesis displays some unique features that have not 

beenn found (yet) in other organisms. Yeast mitochondrial mRNAs are very different from 

nuclearr messengers in that their 5'-untranslated leader sequences are long (up to several 

hundredd nucleotides). AU-rich and contain GC-rich clusters able to form stable secondary 

structures.. In addition, these leaders can contain numerous potential start codons and the 
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mechanismm of translation initiation and start site selection of the mRNAs is still not well 

defined. . 

Synthesiss of all seven proteins depends on subunit-specific translational activators and 

thosee required for Cox lp (Pet309p, Mss51p). Cox2p (Petl 1 lp). Cox3p (Pet54p, Petl22p. 

Pet494p)) and Cytb (Cbslp, Cbs2p) are the best characterised [44]. All but Mss51p 

dependd for their action on the 5'-UTR (untranslated region) of their target mRNA. In 

addition,, Petl22p [45. 46J has been shown to interact with the small ribosomal subunit. 

Thee translational activators that have been studied are associated with the inner 

membrane,, leading to the proposal [47] that a mRNA can be translated only after being 

tetheredd to the matrix-facing surface of the inner membrane. Recently, ribosomes have 

beenn demonstrated to associate with the inner membrane in mammalian mitochondria 

[48],, suggesting that membrane-associated translation is a conserved mechanism in 

mitochondriall  gene expression. Tethering probably facilitates the co-translational 

insertionn of newly synthesised proteins into the membrane or, more likely, into a 

proteinaceous,, protective environment. Oxalp, which is an evolutionary conserved 

protein,, appears to play a prominent part in this [25]. 

Somee of the subunit-specific translational activators are present in very low amounts. 

suggestingg that their levels may be rate limiting for the production of mitochondrially 

encodedd subunits. This has been tested for Petl 1 lp [49] and Pel494p [50] by making use 

off  the ARG8 reporter gene placed downstream of respectively the COX2 or the COX3 

leaderr sequence. The level of Arg8p encoded by co.x2::ARG8 varied proportionally with 

PETI1!PETI1! gene dosage, showing that the amount of Petl 1 lp is indeed rate limiting for 

Cox2pp expression. Reduction of Pet494p levels decreased Arg8p expression from 

cox3::ARG8cox3::ARG8 similarly, but over-expression of Pet494p had only a slight effect on Arg8p 

levels,, possibly due to other limiting effects. Pet54p and PetI22p, which are translational 

activatorss of Cox3p as well are present in much higher amounts and appear not to be rate 

limiting.. This is consistent with the fact that only Pet494p expression seems to be carbon 

source-dependent,, being repressed by glucose, and induced by oxygen [51]. 

Thee necessity of sub-unit-specific translational regulators still remains unexplained, but 

recentlyy physical interactions have been demonstrated between translational activators of 

Coxlp,, Cox2p and Cox3p, suggesting that they could fascilitate the proper localisation 

andd fine-tuning of newly synthesised products relative to their assembly partners [52]. 

Becausee of the nuclear regulation and high specificity of the translational activators, 

however,, immediate modulation of mitochondrial translation in response to subtle 
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metabolicc changes within mitochondria (see 2.2, above) may depend on alternative 

pathways. . 

Inn this respect, the highly conserved TCA cycle enzyme (NAD+)-dependent isocitrate 

dehydrogenasee (Idh) has become a subject of interest. The conversion of iso-citrate into 

a-ketoglutaratee that Idh catalyses is considered to be a rate-limiting step in the TCA 

cycle,, and the reaction is allosterically controlled by AMP (yeast) or ADP (mammals). 

Interestingly,, this key enzyme in nutrient oxidation and amino acid metabolism also binds 

too mitochondrial mRNAs coding for the respiratory chain subunits with high affinity [53]. 

PossiblyPossibly it represents a direct link between mitochondrial metabolism and gene 

expression.. This idea is further substantiated by the finding that mRNA is a negative 

allostericc regulator of the Idh enzyme activity [54]. The finding that disruption of one or 

bothh subunits results in increased translation efficiency [55] suggests that mRNA-binding 

byy Idh indeed has physiological relevance. The exciting observation that mRNA 

inhibitionn of Idh enzyme activity is alleviated by AMP may imply therefore a direct 

controll  mechanism of mitochondrial translation and energy balance within mitochondria 

[54].. The role of Idh in mitochondrial translation regulation in yeast will be discussed in 

moree detail in chapter 2 and in the General Discussion (Chapter 6). 

2.3.2.. Proteolysis 

Inn mitochondria, proteins that are synthesised at a high rate can be extremely hazardous 

whenn they are not properly handled and assembled into functional enzymes. An 

imbalancee between mitochondrial translation products and nuclear-coded subunits is 

unavoidablee at some point, for example, during changing metabolic conditions. This 

mightt lead to an excess of the extremely hydrophobic mitochondrial gene products, which 

couldd damage the inner membrane, or result in partially assembled complexes that reduce 

oxygenn and cause oxidative stress. The same holds for misfolded or aberrant 

mitochondriall  translation products that cannot be assembled properly. These inherent 

hazardss of the respiratory system demand an accurate proteolytic system to allow the 

rapidd removal of these potentially damaging proteins. In the yeast 5. cerevisiae three 

conservedd multimeric ATP-dependent proteases have been identified that play an 

importantt role in mitochondrial biogenesis: the matrix-localised serine protease Piml and 

twoo membrane-associated AAA metalloproteases. The latter are referred to as the (-AAA 

proteasee (consisting of homo-oligomers of Yme 1), which has the catalytic domains in the 

mter-membranee space (IMS), and the m-AAA protease (consisting of Afg3p and Rcalp) 
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withh its catalytic domains in the watrix. Disruption of either one of the mitochondrial 

proteasess results in a variety of effects that are still not well understood. 

Thee ra-AAA protease is thought to represent a key quality control system in 

mitochondriall  biogenesis and wil l be the main focus of this thesis. In the following 

sectionn the current knowledge of the mitochondrial AAA proteases wil l be reviewed, 

whenn convenient in relation to other known ATP-dependent proteases, in particular the 

closelyy related E.coli FtsH protease, which has been studied quite extensively. 

r r 
// ytranslation  \ / * " 
II m-AA A 
)) S9^ proteolysis "Tf c 

transiationall activators 

translation n 

insertionn facto 
4.. tF^f 

/-AAAA protease 

/>> ' ' 
maturationn (actors assembly factors S S 

Figure1.6 .. Taken together, many factors are needed to produce the respiratory chain (A), which 
providess the cell with ATP via oxidative phosphorylation (B). OXPHOS however leads to ROS 
productionn as well (C). Mitochondrial production of the core components of the respiratory chain 
mayy serve stringent regulation of mitochondrial biogenesis, in order to optimise energy production 
andd minimise ROS production (D). 
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33 Introduction 

Intracellularr protein degradation is vital for normal cell function, as it controls levels of 

importantt regulatory factors and eliminates abnormal polypeptides. In all organisms, 

thesee tasks are handled by one or more structurally related ATP-dependent proteases that 

aree present in most cells and subcellular compartments. The classification of these 

enzymess in different families is based on their proteolytic components that belong to 

distinctt protein families. The proteasome is found in the eukaryotic cytosol and nucleus 

(andd in some archae-bacteria) [56] and is responsible for the degradation of ubiquitin-

taggedd proteins [57]. These can be either misfolded or aberrant polypeptides or short-

livedd proteins that are involved in a wide range of cellular functions such as cell cycle 

control,, signal transduction and antigen presentation [58]. Bacteria contain several types 

off  ATP-dependent proteases that are redundant when cells are grown in non-stress 

conditions,, and that are found in eukaryotic organelles as well. Clp proteases are present 

inn chloroplasts (ClpPC/D) [59], mitochondria (ClpPX) [60], and bacteria (ClpPA [61], 

ClpPXX [62]), Lon proteases in mitochondria [63] and bacteria [64], and the membrane-

boundd proteases in mitochondria (/-AAA protease and m-AAA protease [65]), 

chloroplastss (FtsH) [66] and bacteria (FtsH) [67], Bacteria also contain HslVTJ, which is 

relatedd to the proteasome [68]. 

Thee architecture of the different ATP-dependent proteases is very similar and ensures the 

controlledd degradation of a highly specific set of substrate proteins. The proteolytic 

subunitss form ring-like structures with six or seven subunits per ring, and one ring or 

severall  rings stacked on top of each other form barrel-like structures with a central 

channel.. The active proteolytic sites that are buried inside these structures are accessible 

onlyy through the channel and its dimensions require substrate proteins to be in an 

unfoldedd conformation to allow their degradation. Access to the proteolytic sites is 

controlledd by the ATPase subunits (or modules), which are placed at the channel entrance 

andd are responsible for the specific recognition and unfolding of substrates that are 

targetedd for degradation (for instance ubiquitin-tagged proteins) [69]. Unlike the protease 

modules,, the ATPase subunits of the different types of ATP-dependent proteases are 

closelyy related and belong to the same family of chaperone-like ATPases [70](see below). 
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4.11 AAA +family 

Inn the early 1990s, the AAA family of proteins was identified that shared a highly 

conservedd sequence motif (the AAA-module) of approximately 230 amino acids that 

includess the Walker signature sequences of P-loop ATPases and a region named SRH 

(Secondd Region of Homology) |71]. Proteins that belong to this family contain either one 

orr two AAA-modules and they are spread among many species in archaea. bacteria and 

eukaryotes.. During the past decade the number of known AAA-proteins has been 

growingg rapidly and they appear to participate in all kinds of cellular activities, such as 

celll  division, organelle biogenesis and housekeeping processes (hence the name ATPases 

Associatedd with a variety of cellular Activities [72 j). 
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Figur ee 2 .1 . This phylogenetic tree of the AAA proteins is constructed and updated on a regular 
basiss by Kai-Uwe Frölich. Graz, and can be foun d on the AAA server (http://aaa-proteins.uni-
graz.at/AAATree.html) ) 

Memberss of the AAA family are found in various cellular locations as soluble, 

membrane-associated,, as well as trans-membrane proteins [73] (Fig. 2.1). 
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Figur ee 2.2. Membrane-associated AAA proteases contain the 
originall AAA module (yellow) and the Zn2+-binding motif 
HEAXHH (TM: trans-membrane domain). Lon proteases and 
Clpp ATPases contain the AAA" boxes, and the serine active 
sitee required tor proteolytic acivity (Lon) or a putative Zinc 
fingerr (Znc) domain (CIpX). 
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Thee integral membrane proteases found in eubacteria and organelles, such as E. coli FtsH 

andd S. cerevisiae Afg3p. Rcalp and Ymelp are metalloproteases that belong to the AAA 

familyy of ATPases. Members of this subgroup of proteases contain one AAA module and 

ann additional metal-binding motif, HEAXH that is essential for proteolytic activity. The 

ATPasee subunits of the proteasome also belong to the classical AAA family of proteins. 

Initially ,, the contrast between the extreme sequence conservation within the module and 

thee diversity of function of the AAA proteins seemed confusing (for review, see [73, 74]. 

Noww it is becoming evident that these proteins share distinct structural features and use 

conservedd ATP-dependent conformational changes to manipulate substrate proteins [75, 

761.. Recent sequence analysis studies have shown that protein sequences related to the 

AAAA family of ATPases are even more abundant than reported previously [70]. Among 

thee new members of the family that is now the AAA+ family of proteins are Clp/HsplOO 

chaperones,, some of which are regulatory components of Clp proteases, and Lon 

proteases,, including Pimlp in yeast mitochondria. Consequently, the regulatory 

componentss of the distinct ATP dependent proteases described above all belong to the 

samee group of proteins, the AAA" family (Fig. 2.2). 

4.2.. Conservation and topology 

Thee first AAA metalloproteases identified were the mitochondrial proteases in S. 

cerevisiaee and E. coli FtsH, which is by far the most thoroughly studied member of this 

classs of proteases. Since then, many more members have been found and currently it is 

assumedd that this group has representatives in all organisms except for archaebacteria 

[77]. . 

E.E. coli, and other eubacteria as well, contains a single FtsH gene that codes for the only 

membrane-associated,, and also the only essential energy-dependent protease found in 

bacteria.. The FtsH protein is anchored in the cytoplasmatic membrane via two 

transmembranee regions, with the very short N-terminus and the long C-terminus exposed 

too the cytoplasm [78], The latter part contains the ATPase domain and the metal-binding 

proteolyticc centre. In eukaryotic cells, AAA proteases are found exclusively in organelles. 

Rapidlyy accumulating sequence data from A. thaliana have revealed not less that nine 

isomerss of FtsH, two of which are known integral thylakoid membrane proteins with their 

catalyticc sites facing the stroma. Four others have been predicted to reside in chloroplasts 

ass well, one has a predicted mitochondrial localisation, and two appear to have an 
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unpredictablee localisation [59]. The S. cerevisiae genome codes for three mitochondrial 

AA AA proteases that are closely related to each other and E. coli FtsH. 

Yeastt Afg3p and Real p. which form the w-AA A protease, span the inner membrane 

twicee (similar to E. coli FtsH) and have their catalytic sites in the matrix [79. 80]. Ymelp 

hass one membrane-spanning domain and its catalytic sites face the inter-membrane space 

(/-AAAA protease) [65). Recently, closely related and similarly oriented AAA proteases 

havee bee identified in Neuraspora crassa as well, suggesting that a mitochondrial 

proteolyticc system that covers the two faces of the inner membrane may be conserved 

[811. . 

FtsHH E.coli 

Yme1-L11 C. eiegans 

Yme1-L11 fruitfly 

j -- Yme1-L1-mouse 

L-Yme1-L11 human 

AP-11 N. crassa 

Yme11 S. cerevisiae 

parapleginn human 

parapleginn mouse 

parapleginn fruitfly 

Afg3-L22 C. eiegans 

Afg3-L22 fruitfly 

Afg3-L22 human 

Afg3-L11 mouse (pseudogene) 

Reall S. cerevisiae 

Afg33 S. cerevisiae 

MAP-11 N. crassa 
, ' : '' PA.M 

Figure.2.3.. Evolutionary relationship between AAA proteases from yeast (S. cerevisiae), N. 
crassa,crassa, C. eiegans. fruitfly, mouse and human. The tree is based on alignment performed by 
multalinn (http:prodes.toulouse.inra.fr/multalin/multalin.html). 

Inn humans, four genes that appear to encode members of the mitochondrial AAA protease 

familyy have been identified. One of those is a proposed orthologue of yeast YME1, 

designatedd YME1L. which locates to the mitochondria and is in fact able to complement 

yeastt YME1 [82]. Three other genes are more closely related to yeast AEG3 and RCA I 

thann to YME1. These are AFG3LI [83]. which appears to be a pseudogene. and AFG3L2 

[84]]  and SGP7 [85J. which encode proteins that localise to the mitochondria [86]. SGP7 
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codess for paraplegin and was first identified on the basis that null mutations in this gene 

causee one form of hereditary spastic paraplegia. Expression of paraplegin in yeast does 

nott complement afg3" or real" mutations [87]. 

Comparisonn of available sequence data from yeast. C. elegans. Drosophila and humans 

byy Juhola et al. suggest that the mitochondrial AAA protease gene family comprises three 

mainn branches, each represented by a single gene in invertebrate species. The first branch 

includess all the YMEl-Wkc sequences, the second group contains human paraplegin along 

withh orthologues found in other metazoans. The third group includes human AFG3L2. 

onee homologue each in the invertebrate species, and yeast AFG3 and RCA]. The latter 

twoo may have resulted from a gene duplication event in the yeast lineage. AFC3L1 is a 

pseudogenee that does not encode a complete. AAA protease-like polypeptide [87] (H. 

Jacobs,, personal communication) (Fig. 2.3). 

55 Mitochondria l proteases and FtsH 

Thee following section summarises the current understanding of each of the yeast 

mitochondriall  AAA proteases. E.coli Ftsh. which shares high structural and functional 

similaritiess with Afg3p and Rcalp, is included because it may provide insight in the 

relativelyy poorly understood function of the mitochondrial AAA proteases. The third 

mitochondriall  protease complex. Piml. will be discussed as well since it also has its 

proteolyticc and ATPase activity covalently linked and may share some important features 

withh the membrane proteases. 

5.11 Piml 

Thee ATP-dependent serine protease Pimlp belongs to the Lon proteases, which are the 

mostt conserved energy dependent proteases, with representatives in all species analysed 

thuss far {bacteria, yeast, worm. fly. plants and humans [88]). Lon in E. coli was one of the 

firstt ATP-dependent proteases identified [64. 89]. The Pimlp protease in S. cerevisiae 

residess as a ring-shaped hexamer [90] in the mitochondrial matrix, where both its ATPase 

andd proteolytic activity are needed for respiratory growth. The assembly of the complex 

dependss on a functional ATPase domain, and is required for the autocatalytic processing 

off  Piml [91 ]. Van Dij] et al. [92] later claimed that either in the absence of ATP or when 

thee ATPase domain is inactivated. Pimlp oligomerises into a wild type sized complex. 

Theyy further show that independent co-expression of the ATPase domain and the 

30 0 



Genera)) Introduction 

proteolyticc domain sustains respiratory growth, although the underlying mechanism 

remainss to be elucidated. 

Disruptionn of the PIM1 gene results in a rapid loss of mtDNA. and in the accumulation of 

electron-densee inclusion bodies that most likely consist of aggregated polypeptides [93J. 

Thee latter observation suggested that Pimlp might be involved in the proteolytic 

degradationn of matrix proteins. Proteolytic activity of Pimlp was demonstrated in vitro 

andd further studies showed that the protease is involved in the regulated turnover of at 

leastt two matrix proteins: the p-subunit of the general matrix peptidase and the ATP 

synthasee subunit F,fi. Under the conditions used, other matrix proteins such as aconitase, 

a-ketoglutaratee dehydrogenase, hsp70 and c, (be, complex) remained stable with or 

withoutt Pimlp [931. The ATP-dependent proteolytic degradation of misfolded proteins in 

thee matrix appears to be mediated by Pimlp and depends on the molecular chaperone 

proteinss mt-hsp70 and Mdjlp [94]. Interestingly, Pimlp has recently been implicated in 

thee specific degradation of oxidised aconitase, suggesting a specific, protective role 

againstt ROS-induced oxidative damage [95]. 

Inn yeast cells lacking PIM1, respiratory competence and thus mtDNA integrity can be 

maintainedd by expression of E. coli Lon. demonstrating the functional conservation of the 

proteasee [96]. It is likely that Piml interacts directly with mtDNA in a specific manner, 

sincee both E.coli and human Lon bind similar specific TG-rich promotor elements. 

Notably,, bacterial Lon binds double-stranded DNA. while its human counterpart binds 

mtDNAA in a single-stranded context, suggesting a role in replication and/or transcription 

[97,, 98]. 

Thee rapid loss of mtDNA in the absence of Pimlp has made it difficult to assess possible 

otherr defects. Luckily, the identification of a suppressor mutation that specifically rescues 

thee high p induction in a piml" mutant, allowed a more detailed study of Pirn 1 p function 

[99].. This piml mutant remains respiratory deficient, even in the presence of intact 

mtDNA,, indicating an additional role in mitochondrial biogenesis. Further analysis of the 

pimlpiml mutant carrying the suppressor mutation showed that Piml is in fact necessary for 

thee maturation of COB and COX1 mRNA and for the translation of Coxlp. Taken 

together,, these observations suggest that the Pimlp protease is involved in various stages 

inn mitochondrial gene expression, possibly via the proteolytic regulation of specific 

factors.. A regulatory function has been demonstrated for E. coli Lon, which controls the 

levelss of several short-lived proteins [100-103]. 
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Inn addition to a role in protein degradation, Pimlp has been assigned a function 

independentt of its proteolytic activity based on the observation that over-expression of 

Pimlpp partially restores respiratory growth in an afg3"rcaJ° mutant, and that the 

suppressorr activity is enhanced when proteolytically inactive Pimlp is expressed. 

cifg3°rcal"cifg3°rcal" mutants show drastically reduced levels of respiratory enzymes and increased 

trypsinn sensitivity of nuclear-coded respiratory subunits. supposedly due to an assembly 

defect.. The observation that over-expression of proteolytically inactive Pimlp reduced 

trypsinn sensitivity lead to the conclusion that Pimlp is capable of restoring OXPHOS 

complexx assembly in a protease activity-independent manner [104], 

5252 FtsH 

E.E. coli FtsH encodes a 70 kDa AAA metalloprotease that is embedded in the plasma 

membranee as a multimeric structure with its catalytic sites facing the cytosol. The gene 

wass first named HflB (high frequency of lysogenisation) because of its role in the stability 

off  the X CII protein, a transcriptional activator and a key regulator of lysogenisation 

[105].. Since its original discovery, the same gene was identified in several other, 

independentt studies [67] [106] [107] [108, 109]. Direct biochemical evidence for the 

proteasee activity of FtsH was first provided by in vitro experiments, showing that FtsH-

mediatedd proteolytic degradation depends strictly on ATP hydrolysis and is stimulated by 

Zn2++ [110] [111, 112]. Besides a role as proteolytic regulator. E. coli FtsH shares a 

housekeepingg function with the soluble Clp proteases and Lon. and is specifically 

involvedd in the degradation of unassembled membrane protein such as SecY and subunit 

aa of ATP synthase [113. 114]. 

FtsHH mutants in addition exhibit a variety of membrane-related phenotypes that are not 

easilyy explained by lack of its proteolytic activity. Akiyama et al. described the 'stop 

transferr defective' phenotype of FtsH mutants, in which a PhoA reporter domain fused to 

aa cytoplasmic region of SecY assumes an abnormal orientation. Depletion of E. coli cells 

off  FtsH resulted in significant export defects of the periplasmic enzyme fi-lactamase and 

thee outer membrane protein OmpA f 115, 116]. Although its role in this process is 

completelyy unclear. FtsH could act as a molecular chaperone by keeping these proteins in 

aa translocation-competent state during transport through the inner membrane. This view is 

supportedd by the finding that overproduction of GroE (Hsp60) and HtpC (Hsp90) 

alleviatedd the export defect [117]. Another relevant observation in this respect was made 

byy Akiyama et al., who showed by affinity chromatography that FtsH-His^-Myc can 
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associatee with denatured (but not with native) alkaline phosphatase (PhoA) as well as 

withh solubilised SecY, but that only SecY is subjected to ATP-dependent proteolysis. 

Apparently,, FtsH association with PhoA can be uncoupled from proteolysis and 

accordingg to the authors, this may also occur in vivo [118]. 

AA recent discovery made by Ogura et al. puts the pleiotropic defects observed in ftsH 

mutantss in an interesting new perspective. They found that a suppressor mutation of a 

ftsHftsH allele, sfhC21, is an allele of FabZ. a gene coding for a key enzyme in fatty acid and 

phospholipidd biosynthesis. Its substrate, R-3-hydroxymyristoyl-ACP, is an important 

precursorr of lipid A biosynthesis as well, and both biosynthetic pathways are mutually 

competitive.. The authors show that the biosynthesis of the lipid A moiety of 

lipopolysaccharidee is under the proteolytic control of FtsH, and that the FabZ mutation 

causess over-expression of the gene, leading to re-balancing of lipid metabolism [119]. 

Thiss mutation suppresses the lethality of the ftsH mutant at all temperatures between 25°C 

andd 44°C (although growth is twofold slower compared to wild type), suggesting that 

manyy of the observed ftsH phenotypes may be in fact indirect effects of a disturbed 

membranee composition. 

5.3.. Ï -AA A protease 

Unlikee FtsH, yeast Ymelp spans the mitochondrial inner membrane only once and forms 

aa supposedly homo-oligomeric complex of approximately 850 kDa with its catalytic sites 

inn the inter membrane space (IMS). Because of this orientation the protease complex has 

beenn designated /-AAA protease, as opposed to the m-AAA protease, which is exposed to 

thee matrix [65]. Site-directed mutagenesis of highly conserved residues in both the 

consensuss ATP-binding and hydrolysis domain and the zinc-dependent protease domain 

destroyss the function of Yme 1 p [ 120]. 

ymelymel mutants display a very peculiar phenotype that is still not well understood. 

Originally,, the gene was identified in a screen for mutants that increase mitochondrial 

DNAA escape to the nucleus [121]. Cells in which YME J is disrupted are heat sensitive on 

non-fermentablee carbon sources and cold sensitive on rich-glucose media. Normally. S. 

cerevisiaecerevisiae is a petite-positive yeast capable of growing on fermentable carbon sources in 

thee absence of mtDNA. However, inactivation of YME] makes cells petite-negative 

[122].. When cultured in medium requiring respiratory growth, mitochondria of a ymel0 

strainn show an abnormal morphology and are taken up by the vacuole more frequently 

thann mitochondria of a wild-type strain. The degradation of abnormal mitochondria is in 
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factt one of the pathways by which mitochondrial DNA escapes and migrates to the 

nucleuss [123]. 

YME1YME1 was also identified in a screen for mutations that stabilise Cox2p in mv4-deficient 

cellss 1124]. In cells lacking the nuclear-coded Cox4 subunit, mitochondrially encoded 

Cox2pp and Cox3p cannot be assembled and are rapidly degraded [125]. Pulse-chase 

experiments,, in which mitochondrial translation products are specifically labelled with 
,sS-methioninee and chased with an excess of unlabelled methionine, showed that in the 

absencee of Cox4p. newly synthesised Cox2p is degraded rapidly, unless Ymelp is absent 

[120].. The increased stability of mitochondrially encoded subunits was also seen in cells 

disruptedd for the CYC1 gene, which codes for cytochrome c [ 126]. 

Inn an effort to understand the physiological role of Ymelp in mitochondrial biogenesis 

andd function, a number of suppressors of ymel phenotypes have been characterised. 

Inactivationn of YNT20. which encodes a putative 3"-5' exonuclease located in 

mitochondria,, suppresses the high rate of mtDNA escape in ymel" cells and the synthetic 

non-respiringg phenotype of ymelyme2 mutant strains (YME2 was, like YMEL identified 

inn the screen for mutations that increase mtDNA escape to the nucleus). The mechanism 

behindd this suppression is not clear, but possibly Ynt20p is a substrate of Ymelp. 

Stabilisationn of Ynt20p in the absence of Ymelp could in that case contribute to the high 

ratee of mtDNA escape observed in ymel mutants [127]. Mitochondrial morphological and 

functionall  phenotypes of a ymel" mutant were suppressed by a mutant allelle of YNTl 

(alsoo known as RPT3). a gene that encodes a regulatory subunit of the 26S proteasome. 

Thee authors proposed that Yntlp, which by itself is not a protease, acts in concert with the 

26SS proteasome on a subset of mitochondrial outer membrane proteins or proteins 

destinedd for the interior of mitochondria. If that would indeed be the case, the yntl-I 

mutation,, which suppresses the ymel phenotype, may alter the substrate specificity of the 

complexx to include substrates normally acted on by Ymelp. If so, the pleiotropic growth 

phenotypess associated with ymel0 may merely demonstrate the results of a lack of 

processingg of multiple substrates [128]. Another explanation may be that the mutation 

localisess Ynt 1 p to the IMS, where it takes over a non-proteolytic function of Yme 1 p. 

Another,, dominant, mutation suppresses the petite-negative phenotype of ymel yeast and 

liess in ATP3. which codes for the y-subunit of the mitochondrial ATP-synthase. A null 

mutationn of ATP3 alone causes a petite-negative phenotype [129]. This has also been 

demonstratedd for the 8-subunit [ 130] encoded by ATP1 (which also suppresses the petite-

negativee phenotype of the ymel mutant) and ATP 12 [131]. These observations have been 
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takenn as evidence for the requirement of an intact F, moiety of ATP synthase in 

mitochondriaa lacking mtDNA. The yeasts Klayveromyees {actis and 

SchizosaccharomycesSchizosaccharomyces pombe are, in contrast to S. cerevisiae, petite-negative by nature. It 

wass shown that specific mutations in ATP synthase subunits a, p and y convert K. lactis 

intoo a petite-positive yeast [132. 133]. Interestingly, both yeasts lack a Ymelp homologue 

andd heterologous expression of Yme 1 p in S. pombe converted this organism into a petite-

positivee yeast. Possibly, Ymelp affects the F, complex indirectly by interacting with the 

F„„  subunits, at least six of which are encoded in the nucleus. In the absence of the 

mitochondriall  subunits. the nuclear-coded subunits may be subject to Ymelp-mediated 

degradation,, allowing the F, portion to function properly [131]. A recent report from 

Lemairee et al. shows that in an oxalymel double mutant, F0 subunits Atp4p. Atp6p and 

Atpl7pp are stabilised and in this case oligomycin-sensitive ATPase activity is restored 

[134]. . 

Thee mitochondrial AAA proteases are likely to exhibit chaperone-like functions, for 

examplee to prepare substrate proteins for further degradation. Studies on the AAA 

domainn of Ymelp show that Ymelp 'senses' the folding state of solvent-exposed 

domainss and specifically degrades unfolded membrane proteins. Substrate recognition 

andd binding seem to be mediated by the ami no-terminal region of the AAA domain. The 

AAAA domain of Ymelp, when separately expressed and purified, binds unfolded 

polypeptidess and suppresses their aggregation. These results indicate that the AAA 

domainn of Ymelp has a chaperone-like activity and it is not unlikely that the AAA 

domainss of other AAA proteins have a similar function [135]. 

5.4.. m-AAA protease 

Thee ATP-dependent metalloproteases Afg3p {70 kDa) and Rcalp (95 kDa) are, like 

Ymelp,, close relatives of FtsH {also referred to as YtalOp, Ytal2p and Ytal lp, 

respectively)) [79, 136], The genes coding for Afg3p, Rcalp and Ymelp were isolated 

independently:: AFG3 was cloned by genetic complementation of a temperature-sensitive 

respiratory-deficientt mutant [79] and RCA J was found in a subset of respiratory-

incompetentt strains (complementation group G25). These mutants are deficient in 

respiratoryy complexes and ATP synthase, but show normal mitochondrial translation and 

import,, suggesting an assembly defect [136]. 

Afg3pp and Rcalp together constitute a complex of approximately 850 kDa with a 

topologyy similar to that of FtsH [137], having two membrane spanning domains and the 
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bulkk of the protein content in the matrix. Based on its orientation, the protease complex is 

referredd to as the m-AAA protease [65]. Afg3p and Rcalp are both essential for 

respiration.. The formation of the mature m-AAA protease, which depends on the presence 

(nott the hydrolysis) of ATP, is required for its proteolytic activity. In the absence of ATP, 

eachh protein is found in a stable sub-complex of approximately 250 kDa. So far, no 

activityy has been attributed to either of the two sub-complexes, which is in line with the 

observedd identical phenotypes of afy3. real and double mutants. 

Disruptionn of the m-AAA protease complex results in the stabilisation of newly produced 

mitochondriall  translation products [138. 139], indicating that the m-AAA protease has an 

importantt role in the proteolytic control of most newly translated mitochondrial gene 

products.. Additional evidence for a role in the turnover of mitochondrial translation 

productss was provided by Arlt et al. [137]. who demonstrated substrate binding by the m-

AAAA protease by chemical cross-linking of in organella synthesised mitochondrial 

translationn products. Cross-linked products were detected with an apparent mass of 70-

1000 kDa for Afg3p and 95-125 kDa for Rcalp. The size of the smallest cross-linked 

productss was very close to the size of Afg3p and Rcalp, suggesting that rather short 

peptidess were bound. When mitochondrial gene products were cold-chased after labelling 

inn order to allow proteolysis to occur before cross-linking, no binding of substrate 

polypeptidess could be observed. Apparently, Afg3p and Rcalp interact transiently with 

polypeptidess during proteolysis. Substrate binding does not depend on ATP hydrolysis, 

butt in the presence of a non-hydrolysable ATP analogue, polypeptides prone to 

degradationn remain associated with the m-AAA protease, indicating that ATP hydrolysis 

iss essential for degradation. 

Site-directedd mutagenesis of the proteolytic centre of one of the two proteins has been 

postulatedd to sufficiently inactivate the protease with respect to the turnover of 

mitochondriall  translation products, based on the observed increased stability of 

translationn products in the presence of such a mutation [138]. Additionally, the cross-

linkingg studies showed that inactivation of one of the two proteolytic centres results in a 

stablee association with substrates, even in the presence of ATP, which supports the idea 

thatt this type of mutation completely abolishes the degradation of mitochondrial 

translationn products [ 137]. 

Cellss bearing a mutation in one of the proteolytic centres do not display any growth 

defectt on non-fermentable carbon sources, leading to the suggestion that the m-AAA 

proteasee may have an additional function unrelated to a proteolytic activity. Cells 
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harbouringg proteolytically inactive forms of both Afg3p and Rcalp however are 

respiratoryy deficient and exhibit a pleiotropic phenotype similar to null mutants. These 

observationss will be discussed in more detail in Chapter 5 and the General Discussion of 

thiss thesis. 

Afg3pp and Rcalp have been shown to affect not only turnover, but also the accumulation 

off  mitochondrial translation products [104. 137J. Cells lacking the m-AAA protease 

displayy strongly reduced levels of OXPHOS complexes III , IV and V, and trypsin-

sensitivityy experiments show increased sensitivity of nuclear-coded subunits of 

respiratoryy complexes in afgfrcal" mutants [104, 140]. Since all mitochondrially 

encodedd subunits are synthesised. these findings point to an assembly defect due to the 

lackk of a functional m-AAA protease. This led to the proposal that the m-AAA protease 

mayy function as a quality control system that decides the fate of mitochondrial translation 

productss [80, 136, 137, 141]. The chaperone activity would then be used either to prepare 

substratee proteins for degradation, or for further assembly into OXPHOS complexes, for 

examplee by preventing their aggregation [135]. The fact that the respiratory deficiency of 

cellss lacking the AR-complex is partially rescued by over-expression of Oxalp. Mbalp 

andd (proteolytically inactive) Pimlp, proteins that lack protease activity [142J [143] 

[104],, further supports this view [144]. Direct evidence for a role in OXPHOS assembly 

hass however not yet been presented. 

Normally,, yeast mitochondrial DNA contains several types of introns that are dispensable 

forr growth. Cells lacking the m-AAA protease show deficiencies in expression of the 

intron-containingg mitochondrial genes COX] and COB due to a splicing defect of COX I 

andd COB transcripts. The function of the m-AAA protease appears to be confined to the 

intronss encoding mRNA maturases. In strains carrying intron-less mitochondrial DNA, 

thee synthesis of Cox 1 pand Cyib is restored [80, 140J, and these strains are generally used 

too study the role of the m-AAA protease in post-translational processes. 

66 Conserved features 

6.11 Structure of ATP-de pen dent proteases 

Structurall  features of other ATP-dependent proteases such as the eukaryotic proteasome 

andd bacterial Clp proteases have been analysed extensively, resulting in an overwhelming 

amountt of published information, exceeding the scope of this thesis. However, from these 

studiess some highly conserved features have emerged that are likely to be universal for all 
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ATP-dependentt proteases. The 20S proteasome was the first protease that has been 

visualisedd by electron microscopy in 1968. It was observed in human erythrocyte lysates 

and.. in view of its cylinder-shaped structure, was called Lcylindrinn [145]. Later it was 

establishedd that this cylinder consisted in fact of four stacked rings of seven protease 

subunitss each [146], representing a barrel-like architecture that is now known to be a 

majorr characteristic of ATP-dependent proteases. The axial openings of the proteolytic 

compartmentt are either very small (ClpP; 10 nm). or absent (eukaryotic proteasome) 

1147]]  and are likely to exclude the bulk of cellular proteins from the internal cavity. Since 

thee catalytic sites face the lumen, this prevents the destruction of proteins not destined for 

proteolyticc breakdown. As a consequence, degradation of substrate proteins requires their 

activee unfolding and translocation into the proteolytic chamber, for which the multimeric 

ATPasee rings that associate at both ends are held responsible. 

Thee heptameric protease rings of the 20S proteasome interact with a hexameric ATPase 

ringg in the 19S cap. This asymmetry is also observed in the two-component Clp proteases 

fromm E. coli which consist of two adjacent heptameric rings of the proteolytic subunit 

ClpPP flanked by a hexameric ring of the regulatory subunit [148], It has been argued that 

thee mismatch of the hexameric ATPase assembly and the heptameric protease might be a 

manifestationn of a translocation mechanism. Possibly, the substrate polypeptide chain is 

'spooled'' through a narrow opening into the proteolytic chamber by a rotational motion 

ff  149, 150]. It is however difficult to understand how this model would work for Lon and 

membrane-associatedd proteases, since their ATPase and protease functions are covalently 

linkedd in one peptide, which would prevent relative rotation. Interestingly, some 

structurall  data have merged from the S. cerevisiae protease Piml that suggest the 

possibilityy of a similar rotation mechanism. Piml assembles as a homo-oligomer that 

residess in the mitochondrial matrix. Electron micrographs show that it in fact forms 

heptamericc ring structures and that two different classes of particles occur. The most 

prominentt class is a ring with an outer diameter of 11.5 nm and an inner hole of 2.5 nm 

diameter.. The second class looks much like the first except for two leg-like protrusions 

extendingg from one side with an average length of 17 nm. These asymmetric 

conformationall  changes and the observation that these legs appear to be flexible may 

indicatee a rotational mechanism by which protein substrates are unfolded and 

processivelyy translocated to the active site of the protease f 151 ]. 

Thee littl e that is known about the architectural characteristics of the membrane-bound 

metalloproleasess is purely based on E. coli FtsH studies. Co-immuno-precipitation and 
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cross-linkingg experiments first revealed that at least three FtsH molecules interact with 

eachh other and that this interaction requires the N-terminal membrane-spanning regions 

[152].. Electron microscopy further demonstrated that purified FtsH forms ring-shaped 

structuress with a diameter of 6-7 nm, suggesting that the active site is hidden in the 

centrall  cavity [112]. Recent crystal structure studies of the E. colt FstH AAA domain 

showw the formation of a very compact dimer [153]. The absence of a hexameric structure 

wass not entirely unexpected, since the trans-membrane domains are probably required for 

complexx formation [154], Other AAA proteins have been shown to form ring-shaped 

structuress as well that appear to be hexameric[155] [156], The fusion protein NSF 

containss two AAA modules and the crystal structure of second domain (D2), which is the 

weakerr ATPase, has been resolved, showing a stable hexamer [157, 158]. The 6-fold 

NSF-D22 assembly was used to build a model of a FtsH hexamer base on the FtsH dimer 

crystall  structure [153]. 

6.2.. Mode of action 

Thee membrane-embedded AAA proteases are unique in their ability to degrade integral 

membranee proteins and recently some new hints have been reported that may help in 

understandingg the underlying mechanisms. The requirement for membrane association of 

FtsHH to degrade integral membrane proteins for example has been shown by Akiyama et 

al.,, who replaced the N-terminal region with either a leucine-zipper or trans-membrane 

(TM)) domains from other membrane proteins. The attachment of the leucine-zipper 

allowedd the formation of an oligomer with proteolytic activity against a soluble, but not a 

membrane-boundd substrate. In contrast, the TM-FtsH fusions were active against both 

substratess [154]. Presumably, the mitochondrial AAA proteases also require their 

membranee insertion to be fully active, although this remains to be established. 

Inn bacteria. FtsH is the only membrane-bound protease, implying that this protease is 

capablee of digesting integral membrane substrates with domains on both sides of the 

membrane.. This was tested with YccA, a substrate of FtsH of unknown function, which 

hass seven trans-membrane segments with a cytosolic N-terminus and a periplasmic C-

terminus.. Kihara et al. demonstrated that YccA was completely degraded by FtsH, 

providedd that the N-terminal tail had a length of-20 residues. (FtsH-mediated proteolysis 

cann start at a -20 residue C-terminal tail as well, allowing bi-directional degradation 

[159])) No proteolytic fragments were detected, suggesting that FtsH initiates proteolysis 

att the N-terminal cytosolic region and continues the processive degradation into the 
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periplasmicc regions 1160]. To test this further, a PhoA reporter domain was incorporated 

intoo a periplasmic loop of YccA. When this domain lacked tight folding, the entire protein 

wass degraded rapidly, including the PhoA fragment. However. FtsH-dependent 

degradationn stopped at a site near the N-terminus of the PhoA moiety under conditions 

thatt allowed folding of PhoA, The same results were obtained with a SecY-PhoA fusion 

protein.. Possibly. FtsH-mediated degradation represents a conserved mechanism typical 

forr membrane associated proteases. 

Thiss was confirmed soon after, when similar experiments [161] were done in yeast 

mitochondriaa in order to gain more insight in the m- and /-AAA protease-mediated 

turnoverr of membrane proteins. Degradation of Yme2p (used as a model protein) which 

crossess the membrane once and has domains exposed to both membrane surfaces, 

involvess both the m- and the /-AAA protease and is inhibited in the absence of both 

proteases.. Interestingly, proteolysis proceeded if one of the proteases was inactivated, and 

sincee this did not lead to the accumulation of proteolytic fragments, it was concluded that 

eachh AAA protease degrades protein domains present at both sides of the membrane. 

Unlikee the results described for FtsH however, an unfolded domain of the substrate 

proteinn protruding into the matrix space was completely stabilised against proteolysis by 

thee m-AAA protease if a folded domain was present on the other side of the membrane. 

Apparently,, membrane proteins are not degraded by a joint action of the AAA proteases. 

Rather,, each protease can mediate the degradation of the complete polypeptide chain, 

whichh involves the extraction of trans-membrane domains from and the transport of 

hydrophilicc domains over the inner membrane. To allow proteolysis to occur, a segment 

off  the substrate protein with a minimal length of approximately 20 residues must be 

accessiblee outside the membrane. It remains to be determined, both in yeast mitochondria 

ass well as in E. coli. whether the AAA proteases recognise short solvent-exposed loops as 

well.. Interesting in this respect is the fact that disruption of both mitochondrial AAA 

proteasess is synthetic lethal [162], suggesting the existence of common substrate 

polypeptidess that can be degraded by either protease, and that are deleterious for cell 

growthh when they accumulate. 

6.33 Interactions with other factors 

AA few years ago. FtsH activity was found to be modulated by two other membrane 

proteins,, HflC (45.5 kDaJ and HflK (37.6 kDa) [163]. HflC and K are membrane proteins 

withh a single trans-membrane segment and together they form a stable complex of 
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approximatelyy 200 kDa [163. 164], The large C-terminal part of the HACK proteins faces 

thee periplasm, and HflCK and FtsH are most likely to interact via their periplasmic 

domains.. Although the FtsH-HflCK complex, once produced, is stable after solubilisation 

withh a non-ionic detergent, the interaction is thought to be more dynamic in living cells, 

basedd on the observed ATP enhancement of complex formation. HflC and K were picked 

upp in a screen for SecY stabilising mutants, carrying dominant mutations. Further analysis 

showedd that the HflCK complex negatively modulates the FtsH-mediated degradation of 

membranee proteins such as SecY. F()a and YccA [163] [1651. In addition to the 

degradationn of membrane-associated substrates, E. coli FtsH catalyses the proteolytic 

turnoverr of some short-lived cytosolic proteins such as <y-\ Interestingly, HflCK does not 

inhibitt the degradation of the soluble proteins X CII and o?2 and the absence of HflCK 

seemss to even stabilise these FtsH substrates. In fact, the HflC and K were originally 

identifiedd in a screen for mutants that displayed high frequency of lysogenesis due to 

stabilisationn of k CII. The reduced turnover of the soluble substrates may however be 

indirect:: FtsH-mediated proteolysis of membrane proteins is relieved from inhibition and 

thereforee predominant. These findings suggest that there may be two modes of entry into 

thee FtsH proteolytic system and that degradation of membrane proteins is modulated by 

thee HflCK complex. 

Additionall  evidence for such a model came from the characterisation of the YccA protein, 

whichh has multiple membrane-spanning domains and was found to be direct substrate of 

FtsHH (see also above). The yccAl 1 mutant protein, which lacks eight N-terminal residues. 

iss however not susceptible to FtsH-mediated proteolysis [165]. Interestingly, this 

mutationn stabilises the membrane proteins SecY and F(la as well, but not X CII and Gr, 

suggestingg that yccAl 1 may interfere with HflCK-FtsH activity. Subsequent analysis of 

biochemicall  interactions between YccA, FtsH and HflCK let to the proposal that YccA 

andd other membrane-bound substrates interact with both HflCK and FtsH prior to their 

proteolyticc degradation. The yccAl 1 mutant protein probably blocks this pathway due to 

thee fact that it binds HflCK-FtsH. but fails to be degraded. In the absence of the HflCK 

complex.. yccAll does not stabilise SecY. suggesting interference with the membrane 

proteinn degradation pathway in concert with the HflCK complex. 

Thesee findings raised the obvious and intriguing question whether the proteolytic activity 

off  the mitochondrial AAA proteases may be modulated in a similar way. A blast-search 

revealedd that the yeast genome contains two HflC related genes that code for Phbl and 

Phb2,, which belong to the highly conserved protein family of prohibitins. Both proteins 
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havee been reported to localise to the mitochondria and disruption of either one of the 

geness reduces replicative life span in yeast. This encouraging information let us to further 

investigatee their mitochondrial function in yeast and the results will be described in 

chapterr 3. 

Ass discussed earlier, the AAA proteases display some chaperone activity, which may be 

employedd to extract substrate proteins prone for degradation. The proteolytic degradation 

off  at least some substrates however requires the additional actions of other chaperones. 

FtsH-mediatedd proteolysis of X CII, for instance, only depends on ATP hydrolysis, while 

degradationn of a, : requires the DnaK chaperone machinery in addition. In yeast 

mitochondria,, the ATP dependent proteolytic degradation of misfolded proteins in the 

matrixx is mediated by the Pirn! protease and depends on the molecular chaperones mt-

hsp700 and Mdjlp [94]. Studies in yeast mitochondria further showed that bovine apo-

cylochromee P450scc. when localised to the mitochondrial matrix, was subjected to rapid 

degradationdegradation that was mediated by Pimlp in co-operation with the Ssclp (mtHsp70) 

machinery.. The insertion of membrane-spanning elements directed the model protein to 

thee inner membrane, where proteolysis depended on the m-AAA protease. In addition, it 

requiredd the mtHsp70 machinery, demonstrating that membrane proteases may at least in 

somee cases operate in concert with the chaperone machinery [166]. 

6,44 Substrate recognition 

Thee ATP-dependent proteases display a high selectivity for target proteins. Elimination of 

misfoldedd or defective proteins for instance is essential, but degradation of that same 

proteinn in its functional state could be detrimental for cell function. In addition to this 

housekeepingg function, most proteases have specific subsets of target proteins. In the 

eukaryoticc cytosol, selectivity is ensured by the ubquitination system, which tags proteins 

pronee for degradation. For the bacterial and organellar proteases, the way in which the 

chaperonee ring recognises a specific substrate is only beginning to emerge. 

Smithh et al. reported some recent advances in defining substrate recognition motifs in the 

chaperonee components of prokaryotic ATP-dependent proteases. They show that Lon and 

thee Clp protease regulatory subunits contain homologous sequences of 0 residues that 

mediatee discrimination among different protein substrates and binding of the correct 

targett protein. These sequences also contain a signature sequence related to the sensor-2 

motiff  found in the AAA+ super family of ATPases (see Fig. 2.2), and they are referred to 

ass sensor- and substrate-discrimination or SSD domains. The observed in vitro binding 

42 2 



Generall  Introduction 

interactionss of the SSD domains however do not always parallel established proteolytic 

specificities.. Although the SSD domain plays an important role in substrate recognition, 

onee has to keep in mind that additional factors may influence target recognition in vivo. 

First,, binding of the substrate might not be sufficient to trigger degradation and additional 

signalss are needed. Second, protease and substrate may be physically separated in vivo, 

duee to different localisation in the cell, or different times of expression [167J. 

Shotlandd et al. recently identified a small region at the C-terminus of FtsH that forms a 

coiled-coill  structure and that is essential for proteolysis of a32 and X CII. Disruption of the 

coiled-coill  structure leaves the ATPase activity of FtsH unaffected. Possibly, the coiled-

coill  motif is part of the machinery involved in initial substrate binding, in the release of 

thee substrate to the catalytic site, and/or in forming the structure required for tight binding 

off  the substrate in the catalytic pocket [168). During phage X infection FtsH-mediated 

proteolysiss is specifically inhibited by the CM protein, which also serves as a substrate 

forr FtsH. The active site of this 54 amino acids long peptide forms an amphipathic a helix 

thatt could oligomerise with the coiled-coil structure of FtsH via a leucine zipper, thereby 

interferingg with FtsH protease activity. 

Fromm data presented so far, it is not clear whether the coiled-coil motif is required for a 

specificc subset of FtsH substrates, but it is tempting to speculate, based on the topology, 

thatt soluble rather than membrane-associated substrate proteins are recognised by this 

motif.. This is not unlikely given the fact that different pathways have been described 

previouslyy for FtsH-mediated protein degradation. Interestingly, the coiled-coil motif 

appearss to be conserved in AAA metaloproteases found in bacteria, chloroplasts and 

mitochondria,, raising the intriguing possibility that all the membrane-associated proteases 

recognisee and degrade soluble substrates via a pathway more or less independent from 

membrane-boundd substrates. 

Proteolyticc specificity is determined not only by the protease, but by the substrate as well. 

Ass described previously, initiation of E. coli FtsH-mediated (and mitochondrial AAA 

protease-mediated)) proteolysis depends on the presence of a solvent-exposed N- or C-

terminuss of the substrate. Although the nature of the exposed residues seems to be 

irrelevant,, not all membrane products that carry a - 20 residue tail in the cytosol are a 

substratee of FtsH: SecE and SecG for instance are more or less insensitive, while SecY is 

aa well known substrate of FtsH. 

Sincee FtsH is in the membrane, its paramount role may be to degrade abnormal 

membranee proteins that have an unprotected tail in the cytoplasm. Additionally, FtsH is 
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involvedd in the degradation of specific soluble substrates including SsrA-tagged proteins 

[169].. In E.coli. truncated messengers are assumed to be a significant source of abnormal 

proteins.. The peptides arising from such messenger RNAs are tagged with a short, non-

polarr sequence at their carboxy-terminus, SsrA, which targets the aberrant proteins for 

degradationn [170]. FtsH specifically recognises this signal, although among the proteases 

ablee to degrade cI-SsrA in the cytosolic compartment, the CIpAP and ClpXP are 

collectivelyy more important than FtsH. The SsrA tag is thus a signal for protease 

recognitionn in all cell compartments - the periplasm (Tsp). the membrane (FtsH) and the 

cytosoll  (ClpAP, ClpXP and FtsH) - permitting the rapid elimination of lagged proteins. 

ass one would expect for a housekeeping function of proteases. 
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Abstractt  We have previously demonstrated that the yeast 
Krebss cycle enzyme NAD"-dependent isocitrate dehydrogenase 
(Idh)) binds specifically and with high affinit y to the 5'-
untranslatedd leader  sequences of mitochondrial mRNAs in vitr o 
andd have proposed a role for  the enzyme in the regulation of 
mitochondriall  translation |FJzinga, S.D.J. et al. (2000) Curr . 
Genet.,, in press). Although our  studies initiall y failed to reveal 
anyy consistent correlation between idh disruption and mitochon-
driall  translational activity, it is now apparent that compensatory 
exx tragen ic suppressor  mutations readily accumulate in idh 
disruptionn strains thereby masking mutant behaviour. Now, 
pulse-chasee protein labelling of isolated mitochondria from an 
Idhh disruption mutant lacking suppressor  mutations reveals a 
strongg (2-3-fold) increase in the synthesis of mitochondrial 
translationn products. Strikingly , the newly synthesised proteins 
aree more short-lived than in mitochondria from wild-type cells, 
theirr  degradation occurring with a 2-3-fold reduced half-life. 
Enhancedd degradation of translation products is also a feature of 
yeastt  mutants in which tethering/docking of mitochondrial 
mRNAss is disturbed. We therefore suggest that binding of Idh 
too mitochondrial mRNAs may suppress inappropriat e translation 
off  mitochondrial mRNAs. €> 2000 Federation of European 
Biochemicall  Societies. Published by Elsevier  Science B.V. All 
right ss reserved. 

Ki'vKi'v irordx; RNA binding; Mitochondrial translation: 
Respiratoryy chain; Sacchiironiyi.es cereviskw 

1.. Introductio n 

Inn the yeast Succharonnres ceri'vislcw. seven components of 
thee respiratory complexes are encoded by mitochondrial 
genes:: subunits I. 2 and 3 of cytochrome c oxidase (Coxlp, 
Cox2pp and Cox3p, Complex IV} . cytochrome h of the bc\ 
complexx iC\\b: Complex III ) and subunits 6. 8 and 9 of the 
F(ii  portion of ATP synthase (Alp6p. Atp8p and Atp9p; Com-
plexx V). The mechanism of translation initiation and start site 
selectionn of the mRNAs coding for these subunils is obscure. 
Thee 5'-untrans!ated leader sequences are long {ti p to several 

hundredd nucleotides). AU-rich and contain GC-rich clusters 
ablee to form stable secondary structures. In addition, these 
leaderss can contain numerous AUG codons. Synthesis of all 
sevenn proteins depends on subunit-specific translational acti-
vators.. Those required for Coxlp (Pct309p. Mss51p). Cox2p 
(Pelll  l ip) . Cox3p (Pet54p. Pell22p. Pet494p) and Cylh 
(Cbslp.. Cbs2p) are the best characterised [2]. All but 
MssSlpp depend for their action on the 5'-LTR of their target 
mRNA.. In addition. Peil22p [3.4] has been shown to interact 
withh the small ribosomal subunit. All translational activators 
studiedd so far are associated with the inner membrane, leading 
too the proposal [5] that a mRNA can be translated only after 
beingg tethered to the matrix-facing surface of the inner mem-
brane.. Tethering is proposed to facilitate the co-translational 
insertionn of newly synthesised proteins into the membrane to 
alloww assembly with nuclear encoded proteins. However, the 
questionn how synthesis oT nuclear and mitochondrially en-
codedd subunits is balanced is still open. 

Althoughh genetic evidence suggests that translational acti-
vatorss specifically recognise the 5'-UTR of their target 
mRNA.. in no case has RNA-binding activity been demon-
stratedd directly. In contrast, a search for RNA-binding pro-
teinss in yeast mitochondria] extracts led to the discovery that 
NA DD -dependent isocitrate dehydrogenase (Idh) is an RNA-
bindingg protein. Idh. one of the eight enzymes of the Krebs 
cycle,, is an octamer composed of Idhlp and Idh2p (encoded 
byy IDH! and IDH2. respectively) [6]. We have previously 
shownn that Idh function is not limited to catalytic activity 
inn the TCA cycle. Idh also binds specifically and with high 
affinityy to the 5'-UTR of all mitochondrial mRNAs in vitro 
[77 9].' 

Heree we show that cells disrupted for the IDH genes display 
aa strong increase in mitochondria) translation activity. The 
newlyy synthesised products are also more rapidly degraded. 
Despitee increased synthesis, steady-state levels of Coxlp. 
Cox2pp and Co\3p and oC Cylh are reduced in the absence 
off  Idh and hlh" cells also display reduced steady-state levels 
off  fully assembled Complexes II I  and IV. Surprisingly, levels 
off  FiFo-ATP synthase (Complex V) were found not to be 
affected. . 

"Correspondingg auihor. h a t: (31 J-;<I-66N5!>S6. 
E-mail:: speku bio.uvii.nl 

Abbreviations.Abbreviations. BNF_, blue native electrophoresis: OXPi lOS. oxida-
tivee phosphorylation 

2.. Material s and methods 

2.12.1 Strains and grunth conditions 
Thee S. ccrevtsiae strain W303-1A <ade2-l: his.1-11.-15: leu2-3.-H2: 
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ura3-I:ura3-I: trpl-1: canl-IOO: MATa) was used. In this strain Will and 
11)11211)112 have been disrupted using Z.£l'2 and ///.S'.f. respectively [6.10], 

2.2.2.2. Isolation <>l  mitochondria 
Cellss were grown in rich medium containing 2' galactose and 

harvestedd at mid-log phase. Isolation of mitochondria and subsequent 
inn vitro translation were carried out as described by McKce and 
Poytonn with a leu minor adjustments [ I I ] : spheroplasts were Ivscd 
byy Potter homogenisation and mitochondria were resuspended in 0.6 
\ ll  mannitol to a final concentration of 3 ins protein per ml. 

2.3.2.3. In organello pulse-chase labelling and imimmoblotting 
Forr efficient translation, isolated mitochondria were incubated in 

optimisedd protein-synthesising medium D in the presence of S ul/ml 
TRAN55S-LABEL* 33 (1175 Ci/mmol; 10.5 mCi/ml: containing 70 i-
("SJmethioninee and 15'. L-(35S)cysteine: ICN Biomedicals. Inc.). La-
bellingg was allowed to continue for 30 min and 25(1 ul samples were 
takenn al KI min and 30 min. An excess o\' cold methionine (final 
concentrationn 0.2 Ml was added after 30 min to start the chase. 
Sampless were taken at 3(1 min and 60 mm chase. 

Sampless were recovered by centrifugation for 2 min at 15ODD'',' 
andd the resulting pellet was prepared for SDS PAGP in LSB (2% 
SDS:: 5' P-mercaptoethanol: 5.8% glycerol; ('2.5 niM Iri s HCI pi I 
6.8:: 100 ug/ml bromphenol blue). Protein gels (both SDS PAGE and 
bluee native electrophoresis IBM.I ) were blotted on XISI MicronSep 
nitrocellulosee disc filters. 

2.4.2.4. BXE and 211 gel electrophoresis 
Analysiss of intact mitochondrial oxidative phosphorylation (OX-

1'IIOS)) complexes was done b\ BNE [12]. l o r these experiments a 
66 16'! polyacrylamide gradient was used. 

Forr 2D electrophoretic analysis of pulse-chased mitochondria, mi-
tochondriaa were solubilised bv treatment with 2". lauryl-maltoside 
andd the extracts separated in the first dimension bv BNE as described 
above. . 

WT T AIDH1 AIDH1 

-- Atp8/9 

300 60 

pulse e 

60 0 30 0 600 60 

chasee pulse chase 

Fig.. I. Synthesis and turnover ol'mitochondrial encoded proteins in 
mitochondriaa isolated from a wild-type and an id/il"  strain. Mito-
chondriall  translation products were labelled with 35S-methionine 
duringg 60 min. followed In the addition of an excess (20 mMi of 
unlabelledd methionine and a 60 mm chase. Samples were taken after 
3oo and 60 min labelling and after 60 min chase and were analysed 
byy SDS PAGE and phosphoimaging (for details see Section 2). 
Newly,, synthesised proteins are indicated: the ribosomal protein 
Varlp,, cytochrome c oxidase subunits Coxlp. Cox2p and Cox3p, 
Complexx III subunit cytochrome /  (Cyt/>) and ATP synthase sub-
unitss Alp6p, Atp8p and Atp9p. 
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WTT AIDH1 

Cox2 2 

Cox3 3 

Cox4 4 

Tim44 4 

Fig.. 2. Reduced steady-state levels of Cox2p. Cox3p and Cox4p in 
mitochondriaa from an idltl"  strain compared to wild-type. Mito-
chondriall  proteins (15 tig) were separated b> SDS PAGE and blot-
tedd on membrane (Section 2). Co\2p. Cox3p and Cox4p were de-
tectedd with monoclonal antibodies. As a control, the blot was 
incubatedd with an antibody against Tim44p. showing equal amounts 
inn both strains. 

3.. Results 

Despi tee the fact that Iclh could readi ly be shown to bind 

specificallyy [7 9] and with high affinity (calculated A'd of 2 5 

n M :: VI . Siep, unpubl ished results) to 5 ' - U T Rs of all m i to-

chondr iall  m R N As in yeast, it tu rned out to be mo re difficul t 

thann we expected to assess the relevance of these findings in 

termss of mi tochondr ial t rans la t ion. 

Basedd on the observat ions that ( I ) m R N As apparent ly lack-

ingg an Idh-b inding site in their 5 ' - U TR are t rans la tab le [13], 

(2)) our idh mu tant (and that ob ta ined from Dr. L. McAl ister-

Hennn [6]) was capab le of g rowth on g lycero l -conta in ing me-

dia,, we concluded that Idh is not essential for t rans la t ion and 

proposedd a role as a t rans la t ional repressor. For the exten-

sivelvv character ised COX2 m R N A. such a role is a lso consis-

tentt wi th the finding that (11 Idh b inds to a folded form of the 

5 ' -UTRR in which the in i t iator A U G is likelv to be masked. 

W TT AIDH1 

ATPP synthase 

bc\bc\ complex 

Cytt c oxidase 

Fig.. 3. Steady-state levels o\~ respiratory complexes in mitochondria 
fromm wild-type and idh J" cells. Mitochondria were solubilised in 2"
lauryl-maltosidee (Section 2) and electrophoresed in the presence of 
Servaa Blue Ci on a 6 l<Y non-denaturing polyacrylamide gel as de-
scribedd bv Schagger and von Jagow [12]. The separated proteins 
weree analysed bv immunoblotting with polyclonal antibodies against 
F ib.. Fl(i o( A l l ' synthase, ('ore II of />( and cytochrome c oxi-
dase. . 
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Tig.. 4. Synthesis and assembly of mitochondrial!}  encoded proteins 
inn mitochondria isolated from a wild-type and an idhl" strain. Mito-
chondrial!)) encoded proteins of wild-type (panels A and B) and idh" 
(panelss C and D) were pulse labelled with '5S-methionine for 60 
minn (panels A and C) and chased with an excess oi' unlabelled me-
thioninee (panels B and D). Proteins were analysed in a 2D BNF. 
(firstt dimensionl-SDS (second dimension) gel system (for details see 
Sectionn 2). Individual subunils are indicated in the margin of panel 
D.. The migration pattern of the cytochrome c oxidase complex in 
(hee first dimension is indicated by open triangles. Closed triangles 
indicatee (he high molecular weight position al which proteins accu-
mulatee |see Section 4). 

andd (2) an overlap of Idh- and Pet 1 lip-binding sites within 
thee 5'-LJTR suggests that translational activation by the latter 
mightt be modulatable by Idh [14], 

Apartt from an initially intriguing observation of increased 
translationall  activity in strains disrupted for either or both 
Idhh subunits [15]. subsequent experimentation failed to reveal 
aa consistent correlation between idh disruption and transla-
tionall  activity. Considering that our failure to establish such a 
correlationn might be the consequence of complex and possibly 
compensatoryy effects of idh disruption on translation via 
changess in mitochondrial energy and redox balance in combi-
nationn with loss of RNA binding, we turned our attention to 
thee identification and construction of variant and mutant Idhs 
inn which catalytic activity was retained, but RNA binding was 
reducedd or lost [1]. In the course of this work, however, re-
portss by McCammon and co-workers [10.16] provided new 
andd alternative insights into our failure to demonstrate a clear 
effectt on translational activity. Przybyla-Zawislak el al. show 
thatt strains disrupted for cither IDHI or 11)112 are in fact 
stronglyy impaired in respirator}  growth. However, when 
suchh /(//(-disrupted strains are plated on glycerol-conlaining 
medium,, accumulation of exlragenic suppressor mutations 
eventuallyy allows varying degrees of growth. We therefore 
re-examinedd our idh disruption strains for the presence of 
extragenicc suppressor mutations by crossing the idh2° haploid 
strainn with a W303 wild-type haploid. After sporulation, 16 
tetradss were dissected and analysed (see Tabic I). The high 
numberss of tetrads showing an aberrant segregation pattern 
off  the glycerol phenotype (4:0 and 3:1. 2 and II tetrads, 
respectively)) clearly indicate the presence of an extragenic 
suppressorr mutation. This mutation, when combined with 
thee idl\2" allele, restores respiratory growth. The HIS3 
marker,, which was used to disrupt the IDH2 gene, shows 
thee expected 2:2 segregation pattern in all tetrads. 
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Wee repealed our initial mitochondrial protein labelling ex-
perimentss using idhl" and idh2° strains constructed in the 
McCammonn laboratory [6.10]. Both mutants had been 
checkedd for the absence of extragenic suppressor mutations 
andd both were unable to grow on non-fermentable carbon 
sources. . 

Too assess the effect of loss of Idh on mitochondrial trans-
lation,, we compared pulse labelling of newly synthesised pro-
teinss in mitochondria isolated from the wild-type and idhl 
strainn (Fig. 1). Time samples were taken after 30 min and 60 
minn labelling and after 60 min chase in the presence of unla-
belledd methionine. Equal amounts of mitochondrial protein 
weree separated by SDS PAGE and then blotted to nitrocellu-
losee filters. Labelled translation products were analysed by 
phosphoimagerr scanning and quantified with ImageQuant®. 

Thee results presented in Fig. 1 show that in the absence of 
Idhl,, the synthesis of ATP synthase subunil Atp6p. bc\ sub-
unitt Cyt/> and cytochrome c oxidase subunits Cox I p. Cox2p 
andd Cox3p is strongly increased (Fig. I : compare lanes 30/60 
minn pulse of W303 and idh"). Quantitation shows that the 
increasee is between 1.5-fold (for Co.\3p) and 3-fold (for 
Coxlp)) the wild-type level. 

Strikingly,, the increase of newly synthesised proteins in the 
idhl"idhl"  strain is accompanied by an enhanced turnover (Fig. 1: 
comparee lanes 60 min chase of both strains). Quantitation of 
thee radioactivity in the gel indicates that, during the time 
coursee of the chase, about 20% of the labelled protein is 
degradedd in mitochondria from the wild-type cells compared 
too 50'%) in mitochondria from the idhl" strain. The effect is 
mostt pronounced with Cox3p: 25% is degraded in wild-type 
mitochondriaa compared to 55% in the mitochondria lacking 
Idh.. This increase in protein synthesis and enhanced turnover 
ass observed in an idhl" strain is not observed when other 
geness coding for Krebs cycle enzymes like citrate synthase 
((777)) or malate dehydrogenase (MDH1) are disrupted 
(dataa not shown). 

Sincee both synthesis and turnover of mitochondrial proteins 
aree increased in mitochondria lacking Idh. we next investi-
gatedd the effect on steady-stale levels of cytochrome c oxidase 
subunilss using immunodetection. The increased synthesis of 
thee mitochondrial̂  encoded subunits of cytochrome c oxidase 
inn the absence of Idh is nol reflected in the steady-state levels 
off  the proteins (Fig. 2). Indeed, despite the 3-fold higher syn-
thesiss rate. Coxlp is undetectable. Cox3p is hardly detectable 
andd Cox2p and Cytè are reduced (Fig. 2: compare left and 
rightt panels: Coxlp and Cyt/> data not shown). Interestingly. 
thee level of the nuclear encoded Cox4p subunil is reduced to 
thee same extent as Cox2p and Cox3p. In sharp contrast to 
thesee differences, levels of Tim44p (an inner membrane pro-
teinn involved in mitochondrial protein import) appear to be 
thee same in both strains. 

Thee effect on Cox4p implies that levels of fully assembled 
respiratoryy chain complexes should be reduced in the idhl" 

Tablee I 
Tetradd analysis of a cross between a wild-type strain (W303) and an 
idhfidhf strain (W303: idh2::HIS3) 

Phenotype e 

gly/gly y 
his"/his s 

Segregation n 

4:00 3:1 

22 II 
00 0 

2:2 2 

3 3 
16 6 
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strain.. That this is indeed the case was confirmed by blue 
nativee gel electrophorctic separation of mitochondrial ex-
tracts.. Three OXPHOS enzyme complexes contain mitochon-
driallyy encoded subunits: F |Fi r AT P synthase (Complex V), 
cytochromee c oxidase (Complex IV) and the ht\ complex 
(Complexx III) . To detect these complexes in a native gel. anti-
bodiess against ATP synthase subunit F,p\ subunit II of Com-
plexx II I and cytochrome c oxidase (holoenzyme) were used 
(Fig.. 3). As expected from the results shown (Fig. 2). cyto-
chromee c oxidase and hi] levels are significantly reduced (by 
aboutt 80%) in mitochondria lacking Idh. Surprisingly, and in 
contrastt to the effect on respiratory enzymes, the level of ATP 
synthasee appears not to be affected in the mutant strain. 

Fromm our results it is clear that despite increased mitochon-
driall  translation in the absence of Idhlp, steady-state levels of 
thee respiratory enzymes are low. suggesting impaired assembly 
eitherr in addition to, or as a consequence of increased turn-
over.. To investigate this further, newly synthesised proteins 
weree subjected to 2D gel electrophoresis (Section 2), to allow 
thee analysis of their assembly state. In the first dimension 
proteinn complexes are separated on a non-denaturing gel. In 
thee second, denaturing dimension (SDS PAGE), the individ-
uall  subunits of these complexes are resolved. 2D BNE-SDS 
separationss of pulse-chased wild-type and UihP mitochondria 
aree shown in Fig. 4. In wild-type mitochondria (pulse: panel 
A.. chase; panel B), newly synthesised Coxlp. Cox2p and 
Cox3pp migrate at a number of discrete positions, which are 
likelyy to represent distinct intermediates in the assembly of 
cytochromee c oxidase [17,18], After 60 min labelling, a sub-
stantiall  portion of newly synthesised Cox3p co-migrates in the 
firstfirst dimension with fully assembled cytochrome i oxidase and 
thiss portion continues to increase during the chase, indicating 
thatt even under in vitro conditions, in which only limited 
amountss of nuclear encoded subunits are available, assembly 
cann still occur (Fig. 4A and B, open triangles). The absence of 
Idhlpp results in enhanced Cox3p synthesis (as already shown 
inn Fig. 1), but only a small fraction of the newly synthesised 
proteinn is assembled into cytochrome c oxidase (Fig. 4C, open 
triangle).. This amount increases only slightly during the chase 
(Fig.. 4D, open triangle). Unlike the situation in the wild-type 
cells,, the bulk of the newly synthesised Cox3p visualised after 
600 min of labelling accumulates at a position corresponding to 
ann approximate molecular weight of 1 MDa (compare Fig. 4A 
andd C. closed triangles). In contrast to normally assembled 
Cox3p,, this material is rapidly degraded during the chase (Fig. 
4D,, closed triangle). Thus, despite high Cox3p synthesis, only 
aa small fraction of the newly produced protein is assembled 
intoo Complex IV, a picture consistent with our observation of 
aa reduced steady-state level of cytochrome  oxidase (Fig. 2). 

Takenn together, these results both support our initial hy-
pothesiss that Idh functions as a negative regulator of trans-
lationn of mitochondrial mRNAs and suggest additional roles 
forr RNA binding by Idh in terms of stabilisation of mitochon-
driall  translation products and their subsequent assembly into 
functionall  respiratory complexes. 

4.. Discussion 

Earlierr work performed in our group identified the NAD -
dependentt Krebs cycle enzyme Idh as an RNA-binding pro-
tein.. It was shown that Idh could bind specifically and with 
highh affinity to the 5'-untranslated leader sequences of all 
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mitochondriall  mRNAs in vitro. Idh is an octameric enzyme 
consistingg of two subunits. Idhlp and Idhlp. Disruption of 
thee gene for either subunit leads to a loss of enzyme activity 
andd RNA binding, indicating that the native enzyme is neces-
saryy for both activities. We have previously suggested that the 
enzymee may modulate translation, thereby in some way link-
ingg the need for Krebs cycle function and respiratory chain 
activityy to the rate of mitochondrial biogenesis. However, 
apartt from some initial results using strains disrupted for ei-
therr Idh subunit which lent support to the view that the en-
zymee can act as a repressor of translation, we were in later 
experimentss unable to reproducibiy confirm a repressive effect 
onn mitochondrial translation activity. More recent observa-
tionss made by McCammon and co-workers now provide an 
explanationn for this behaviour of Idh disruptants in terms of 
theirr ability to accumulate extragenic suppressor mutations. 
Ass shown by Przybyla-Zawistak el al. [16], disruptants of 
IDlilIDlil  and/or IDH2 are respiratory deficient, exhibiting 
stronglyy reduced growth on glycerol. Isolates of these strains 
readilyy accumulate colonies which display normal respiratory-
growthh and which on subsequent genetic characterisation turn 
outt to contain suppressor mutations in (primarily) CITl and 
MDHIMDHI  genes. Neither of these classes of suppressors restores 
Krebss cycle activity and the basis of their suppressive effect is 
nott understood. Nevertheless, these findings prompted us to 
examinee the possibility that our Idhn strains may contain sim-
ilarr extragenic suppressor mutations. First, in contrast lo Idh 
disruptantt strains constructed by Przybyla-Zawislak et al. 
[16],, both Idh disruptants constructed by us display growth 
onn glycerol. Crossing of our /rf/i" strain with a wild-type 
strain,, followed by sporulation and tetrad dissection indeed 
showedd the presence of an extragenic suppressor mutation. 

Havingg identified the presence of an extragenic suppressor 
mutationn in our klh" strains, we repeated the pulse-chase la-
bellingg experiments of mitochondrial proteins with freshly 
constructedd iW/i° strains provided by the McCammon labora-
tory.. The results of these experiments are reported here. As 
indicatedd in Fig. 1. the absence of Idh clearly results in an 
increasee of translational activity in isolated mitochondria. The 
samee effect was observed in experiments using cycloheximide-
inhibitedd cells (data not shown). In both cases, synthesis is 
enhanced,, but the newly produced proteins are degraded 
moree rapidly. Additionally, in the absence of Idhlp, a large 
portionn of newly synthesised Cox3p (and to a lesser extent 
Cox2p)) is not assembled into cytochrome c oxidase. Instead, 
itt is found in a high molecular weight complex (approximately 
11 MDa) of unknown identity that is rapidly degraded. The 
identityy of the protease(s) responsible for this degradation is 
att present unknown. However, membrane-bound members of 
thee triple-A metalloprotease family, including Ymelp and 
Afg3p/Rcalpp [19,20] are known to be responsible for the rap-
idd turnover of non-assembled mitochondrial translation prod-
uctss and have been characterised as high molecular weight 
complexes.. Although recently observed in a mutant putatively 
disturbedd in mitochondrial translational fidelity control [21] 
generallyy increased mitochondrial translation activity is not 
aa common feature of other yeast mutants affecting mitochon-
driall  function. Pulse-chase labelling experiments of mitochon-
driall  proteins are routinely performed in our laboratory, using 
aa wide variety of (mutant) strains [20.22.23]. A general in-
creasee in translation activity as seen in the itihl"  strain has 
nott been seen. Additionally, disruptants of CITl and MDIH 
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showw translation patterns indistinguishable from wild-type 
(dataa not shown). 

Thee observation that steady-state levels of respiratory chain 
complexess are lower in the iW/r" strain (see Figs. 2 and 3). 
correlatess well with the enhanced degradation seen in Fig. 1, 
Onee could argue that conditions of enhanced production (and 
turnover)) of mitochondrial̂  encoded subunits would at least 
resultt in similar steady-state levels of respiratory chain com-
plexess in wild-type and ;V//i° strains. Recently, studies have 
beenn described on chimeric mRNAs harbouring the COX2 
orr the COX3 coding region under transcriptional and trans-
lationall  control of the VAR1 5'-UTR [5], As a protein of' the 
mitoribosoma!!  small subunit. it is thought that synthesis of 
Varlpp does not depend on co-translational membrane inser-
tion.. In line with a membrane-tethering model for mitochon-
driall  translation, both Cox2p and Cox3p were translated effi-
cientlyy from the chimeric mRNAs. but their incorporation 
intoo active cytochrome c oxidase was found to be severely 
defectivee [5]. The increased turnover observed in Idh-deficieni 
cellss is reminiscent of that observed to take place when the 
mRNAss for Cox2p and Cox3p are prevented from membrane 
tethering/dockingg by the 5'-UTR replacement. Taking these 
dataa into account, we suggest that RNA binding by Idh may-
functionn to prevent translation of mRNAs in the mitochon-
driall  matrix. As recently shown by Anderson el al. [24] and 
ourr lab [1], binding of RNA to Idh results in reduction of 
catalyticc activity, but this effect can be reversed by AM P as 
allostericc effector of the enzyme [24]. This combination of 
functionss in mitochondrial redox balance and translational 
controll  may therefore permit Idh to play a key role in regu-
latingg the rate of mitochondrial assembly to the need for 
mitochondriall  function. 
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Prohibitin gg are ubiquitous, abundant and evolution-
aril yy strongly conserved proteins that play a role in 
importantt  cellular  processes. Using blue native 
electrophoresiss we have demonstrated that human 
prohibiti nn and Bap37 together  form a large complex 
inn the mitochondrial inner  membrane. This complex is 
similarr  in size to the yeast complex formed by the 
homologuess Phblp and Phb2p. In yeast, levels of this 
complexx are increased on co-overexpression of both 
Phblpp and Phb2p, suggesting that these two proteins 
aree the only components of the complex. Pulse-chase 
experimentss with mitochondria isolated from phbll 
phb2-m\\\phb2-m\\\ and PHB1/2 overexpressing cells show 
thatt  the Phbl/2 complex is able to stabilize newly-
synthesizedd mitochondrial translation products. This 
stabilizationn probably occurs through a direct inter-
actionn because association of mitochondrial transla-
tionn products with the Phbl/2 complex could be 
demonstrated.. The fact that Phbl/2 is a large multi -
mericc complex, which provides protection of native 
peptidess against proteolysis, suggests a functional 
homologyy with protein chaperones with respect to 
theirr  abilit y to hold and prevent misfolding of newly 
synthesizedd proteins. 
Keywords:Keywords: BAP37/chapcrone/mitochondria/P//fi// 
prohibitin n 

Introductio n n 
Becausee prohibitin occurs in a wide range of organisms, 
iss strongly conserved, abundant and ubiquitously 
expressed,, it probably serves an important role in cell 
function.. Nevertheless, the physiological function of 
prohibitinn has so far been difficult to define. The first 
mammaliann prohibitin gene was originally characterized 
ass a tumour suppressor gene (MeClung el «/.. 1989). 
Thee protein appeared to be associated with anti-
proliferativee activity, thus explaining its tumour suppres-

sionn characteristic. Prohibitin mRNA micro injected 
intoo HeLa cells (Roskams ei al.. 1993) indeed causes 
growthh arrest. However, this effect was subsequently 
foundd to be specifically attributable to the 3'-UTR of the 
prohibitinn mRNA (Jupe et id.. 1996) and probably had 
nothingg to do with the true action of prohibitin at the 
proteinn level. An important clue for cellular function was 
providedd when it was demonstrated that prohibitin 
localizess to mitochondria (Ikonen el a!., 1995). Coates 
andd co-workers (Coates el «/.. 1997) confirmed the 
mitochondriall  localization of prohibitin in mammals, and 
demonstratedd that prohibitin interacts with the structurally 
relatedd protein, BAP37. This report additionally showed 
thatt prohibitins play a role in the determination of the 
replicativee lifespan of yeast. Because it is widely accepted 
thatt mitochondria play a role in ageing, this finding 
indirectlyy suggests that prohibitins play a role in 
mitochondriall  function. 

Thee yeast homologues of prohibitin and BAP37. 
Phblpp and Phb2p, respectively, also interact (Berger 
andd Yaffe. 1998). When the gene for either was disrupted, 
thee other protein was no longer detectable even though 
thee corresponding mRNA was expressed. This inter-
dependencee indicates that Phblp and Phb2p are unstable 
inn the absence of their partner, implying that together they 
formm a complex. A genetic interaction of Phblp and Phb2p 
withh mitochondrial inheritance components has been 
demonstrated.. However, an explanation for these observed 
phenomenaa could not be found (Berger and Yaffe. 1998). 
Moree indications about the cellular function of prohibitins 
havee been provided by comparisons with their Escherichia 
colicoli homologues. It has been demonstrated that the E.coli 
homologuess of prohibitin, HflKC, are associated with and 
negativelyy modulate the protease FtsH (Kihara el a!., 
1996).. Similarly, in yeast, an association of homologues of 
HflKCC (the Phbl/2 complex) with the FtsH homologue 
(thee Afg3p/Rcalp complex) has been demonstrated 
(Stcglichh et al.. 1999}, Also, an increased breakdown of 
mitochondriall  translation products could be observed in a 
Af>hbi/phb2Af>hbi/phb2 strain. 

Heree we report that the human prohibitin and 
BAP377 form a high molecular weight complex very 
similarr to the yeast Phbl/2 complex. We therefore 
continuedd by studying the yeast Phbl/2 complex to 
obtainn more insight into the working mechanism of 
prohibitins.. We provide evidence that the stabilization of 
mitochondriall  translation products by the Phbl/2 complex 
doess not result from a direct inhibition of the Afg3p/Rca 1 p 
proteasee complex, bul results from a protection through 
directt binding of translation products to the Phbl/2 
complex.. This leads to the hypothesis that the Phbl/2 
complexx is a novel type of membrane-associated chaper-
one/holdase. . 
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Results s 

ComplexComplex formation between prohibitin and BAP37 
Prohibitinn and BAP37, proteins in the mitochondrial inner 
membrane,, have been shown to interact physical!) with 
eachh other (Coates et <//.. 1997). To investigate the 
supramolecularr status of this complex, two-dimensional 
(2D)) electrophoresis was performed. A western blot of a 
2DD gel was probed with polyclonal antibodies against 
prohibitin.. BAP37 and as a reference, cytochrome <
oxidasee (COX) (Figure 1A). That prohibitin and BAP37 
aree indeed in the same complex can be deduced from the 
factt that they have the same mobility in the first dimension. 
Thee molecular weight of this complex was estimated to be 
II  MDa by using the mobility of the respiratory chain 
complexess as reference. 

Becausee it has been suggested in the literature (Berger 
andd Yaffe, 1998) that prohibitins in yeast genetically 
interactt with mitochondrial inheritance components, we 
investigatedd whether the expression of this prohibitin 
complexx was altered in cells without mitochondrial DNA 
(p""  cells). Figure IB shows that there is no difference 
betweenn expression of the prohibitin complex in p" cells 
comparedd with control cells. Both antibodies against 
prohibitinn and against BAP37 were able to detect the 
prohibitinn complex, confirming that both proteins are part 
off  the complex. An antibody against COX was used to 
verifyy the lack of expression of mitochondrial translation 
productss in p" cells. 

PhblpPhblp  and Phb2p  form  a complex  in  the 
mitochondrialmitochondrial  inner  membrane 
Too check whether the yeast homologues Phblp and Phb2p 
formm a complex comparable to that of the human 
prohibitins.. similar experiments were performed using 
yeastt mitochondria. Since no antibody against Phb2p was 
availablee we expressed Phb2-T7p in the wild-type W303 
strain.. After transfer to nitrocellulose membranes of the 
proteinss in the resulting 2D electrophoresis gel. the blot 
wass probed first with a monoclonal anti-T7 antibody and 
subsequentlyy with anti-Phbl polyclonal antibody. The 
resultt obtained shows clearly that the Phb I p and Phb2-T7p 
proteinss migrate identically in the first dimension and form 
partt of the same high molecular weight complex. In the 
second,, denaturing dimension, both proteins run according 
too their calculated molecular weight (Phblp 32 kDa and 
Phb2pp 34 kDa) (Figure 2A). Disruption of cither the I'HBI 
orr PHB2 gene results in a disappearance of the Phb 1/2 
complex,, again emphasizing the interdependence of the 
proteinss (results not shown). Overcxprcssion of either 
I'HBII'HBI  or PHB2 did not result in a significant increase of 
thee Phb 1/2 complex (results not shown). However, when 
bothh PHB I and PHB2 were ovcrexpressed. a clear increase 
off  the Phb 1/2 complex could be demonstrated (Figure 2B). 
Thiss suggests either that Phb 1 p and Phb2p arc the only two 
componentss of the complex or that other components, if 
any,, are present in non-limiting amounts. In a 2D PAGF 
gell  the Phb 1/2 complex was visualized by general protein 
stainingg and no other components except Phb I p and Phb2p 
couldd be found at the same molecular weight in the first 
dimensionn (Figure 2C). yet another indication that Phblp 
andd Phb2p are the only components of the complex. Given 
aa mol. wt of - I MDa. this would mean that the Phbl/2 

AA Prohibitia.BAP37 
complexx COX BN E E 

B B Prohibitinn BAP37 
ii n 

wtt p  wt p

COX X 

Fig.. I. Prohibitin and BAP 37 Form a high molecular weight complex 
inn human mitochondria. (A) Two-dimensional electrophoresis <BN and 
SDS-PAGE)) of mitochondria extracted from human fibroblasts. The 
complexess were transferred to nitrocellulose and blots «ere incubated 
withh antisera directed against prohibitin. BAP37 ;ind human 
cytochromee < oxidase holo-enzyme (COX). Arrows indicate the 
directionss of the first and second dimension. (B) A western blot of a 
lirstt dimension BN electrophoresis gel of mitochondria of B2.p° ip") 
andd wild-type A549 (wt) lung carcinoma cells. The blots were probed 
withh polyclonal antibodies against prohibitin. BAI'37 and COX. 

complexx contains between 12 and 16 copies each of Phb I p 
andd Phh2p. 

Phblpp and Phb2p are membrane-associated proteins 
(Bergerr and Yaffe. 1998) that are thought to be anchored 
too the membrane by a single transmembrane helix located 
closee to the N-terminus of both proteins. Because most 
mitochondriall  proteins contain an N-terminal leader 
peptidee that is cleaved off upon import into the mito-
chondriaa (Neupert. 1997). this would affect the putative 
membranee anchor of Phblp and Phb2p. We therefore 
analysedd the mature proteins Phblp and Phb2p as incor-
poratedd in the complex. Spots from a 2D gel (e.g. 
Figuree 2C) were either blotted onto PVDF membranes 
andd submitted to micro sequencing, or cut out of the gel 
andd analysed by mass spectrometry. Amino acid sequenc-
ingg revealed that the N-termini of both Phblp and Phb2p 
weree blocked, in contrast to a protein from the same blot 
withh a similar staining intensity (ATP synthase subunit a ). 
However,, both prohibitins were unambiguously identified 
fromm the mass spectra. For Phblp. 26 peaks covering 
77.7%% of the sequence were found: for Phb2p, 16 peaks 
coveringg 53.6% were identified. Experimental evidence is 
providedd that the proteins are imported into the mitochon-
driaa without cleaving off a large N-terminal leader peptide, 
becausee trom Phblp a peptide starting at Lcu7 and from 
Phb2pp a peptide starting at Ser4 were positively identified 
byy tandem mass spectrometry. Also, these findings mean 
thatt the predicted transmembrane domains for Phblp 
iaminoo acids 10-30) and Phb2p (amino acids 36-54) are 
presentt in the mature protein as incorporated in the 
complex. . 
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StabilizationStabilization  of  subunits  II and III of  COX occurs 
throughthrough  direct  association  with  the Phbl/2 
complex complex 
Steglichh and co-workers found that the absence of the 
Phbl/22 complex resulted in a decreased stability of 
mitochondrial!;,, encoded translation products (Steglich 
elel <//.. I999|. Similar results were obtained by pulse-
chasee experiments using mitochondria of a PHB1/2 
overexpressingg strain and a phbl/2 disruptant strain 
(Figuree 3). A possible mechanism for the decreased 
stabilityy of mitochondrial!) encoded subunits in the 
Aphhl/2Aphhl/2 strain might be that these subunits are protected 
throughh direct interaction with the Phbl/2 complex. In 
orderr to lest this hypothesis we incubated 2D PAGE blots 
withh antibodies against COX subunits. In the PUB 1/2 
overexpressingg strain, but not in the Aphhl/2 strain, we 
observedd an extra spot of Cox3p, which co-migrated in the 
firstt dimension with the Phbl/2 complex (Figure 4A). Co-
migrationn of Cox2p could also be observed (our unpub-
lishedd data). The Cox3p antibod y cross-reacts with 
multiplee species that co-migrated with the COX complex. 
Ann explanation for this is thai the COX complex did not 
fullyy dissociate in the second dimension. It is well 
documentedd that the very hydrophobic subunits are 
difficultt to dissociate even in the presence of SDS 
(Verheull et al.. 1981). The co-migration of Cox2p and 
Cox3pp with Phbip strongly suggests that these proteins 
associatee with the Phbl/2 complex. Additional evidence 
forr the direct binding of mitochondrial translation products 
too the Phbl/2 complex was provided by co-immunopre-
cipitationn (Figure 5A). Mitochondria isolated from a 
PIPI I HI/2 overexpressing and a AphbI/2 strain were used 
ass starting material for co-immunoprecipitation wit h 
anti-Phbll polyclonal antibody. Western blot analysis of 
thee immunoprecipitate shows that although the mitochon-
driall lysates of both strains contained similar amounts of 
mitochondriall protein (Figure 5A. lanes I and 2). Cox2p 
andd Cox3p could only be co-precipitated with the Phbl 
antibodyy in the PUB 1/2 overexpressing strain (Figure 5A. 
laness 3 and 4). Figure 5B illustrates that indeed no Phblp 
wass present in the phbl/2 disruptant strain and that Phblp 
wass immunoprecipitatcd from the PHBI/2 overexpressing 
strain.. The co-immunoprecipitation of Cox2p and Cox3p 
withh Phblp was specific because (he high abundance, 
hydrophobic,, mitochondrial ADP/ATP carrier protein 
(AAC).. also an integral inner membrane protein, did not 
co-immunoprecipitatee (Figure 5C). In order to obtain 
informationn about (he binding and release of mitochon-
driall translation products from the Phbl/2 complex, a 
pulse-chasee experiment of the Phbl/2 disruptant and 
overexpressingg cells in the presence of cycloheximide (to 
blockk nuclear translation) was performed, followed by 2D 
PAGEE analysis (Figure 4B). In the 40 min pulse labelling, 
labelledd mitochondrial translation products wore co-
migratingg with the Phbl/2 complex only in the PHBI/2 
overexpressingg strain and not in the Aphhl/2 strain. 
confirmingg the western blot results (Figure 4A). 
However,, after a 60 min chase most of the label had 
disappearedd from this position in the gel and most of (he 
labell co-migrated with the fully assembled complex 
(COX).. We infer that newlv synthesized proteins were 
transferredd from the Phbl/2 complex to assembling COX 
orr were broken down. 

Phbl/Phb2 2 
complex x 

BNE E 

Phb2-T7p. . 
Phblp p 

BB Phb1/Phb2 
complex x 

W303 3 

W3033 + 
mcP1*P2 mcP1*P2 

COX X 
BNE. . 

B N E E 

W303*mcPf-P2 2 

Fig.. 2. Phblp and Phb2p Form a I MDa complex of which they are the 
onlyy components, < A i 2D PAGF. of mitochondrial membranes of a 
W3033 Apht'2 strain transformed with the multicopy plasmid 
YEplacl95-PHB2-T7-lag.. After western blotting, the blots were 
incubatedd with a monoclonal antibod) recognizing the T7-taü and 
subsequentlyy with the polyclonal antibod) against Phblp. (B) A Phblp 
polyclonall antibody was used to check the expression level of the 
Phbl/22 complex. The Phbl signal was only increased when both I'lllil 
andd PH82 were overexpressed (W303+;w/>/+/'2). COX is indicated as 
aa reference protein, which could be demonstrated by incubating with 
thee Coxlp monoclonal antibody. (C) When overexpressed [see IH I | . 
thee Phhl/Phb2 complex could also he detected after Coomassie 
staining.. Por belter comparison mitochondrial ATP synthase (ATPase) 
iss indicated. 

DoesDoes  Phbl/2  complex  function  as a membrane-
boundbound  chaperone? 
Ourr findings suggest that the Phbl/2 complex somehow 
protectss mitochondrial translation products from proteo-
lyticc breakdown. Both the observed size and the function 
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.\phbU\phb2 .\phbU\phb2 
,\pftöö i/.sphb2 

mcP1*P2 2 
fafa Phbi/Phb2 

complexx COX 

pulsee (mm) 10 30 30 30 10 30 30 30 
chasee (mm) - -- 30 60 - - 30 60 

—— Cox3o.'Atp6p 

Fig.. 3. The Phbl/2 complex stabilizes mitochondria] translation 
products.. Proteins were pulse-labelled with [35S]methionine in isolated 
mitochondriaa for 10 and 30 ruin. Alter addition of a large excess of 
unlabelledd methionine, mitochondria were chased for 30 and 6(1 min. 
respectivelyy and analysed on SDS-PAGE (see Materials and methods). 
Mitochondrial!)) translated products were compared in a disruptant 
strainn (Aphbl/dphb2) and in a strain overcxpressing the Phbl/2 
complexx [Aphbl/Aphb2 mcPI+P2). The mitochondria] translation 
productss Var I p. Cox I p. Cohp and Cox2p are indicated. Cox3p and 
Atp6pp were nol separated using these electrophoresis conditions. 

off  the Phbl/2 complex are reminiscent of hsp60-like 
chaperones,, raising the possibility that the Phbl/2 complex 
protectss newly synthesized mitochondrially encoded 
respiratoryy chain subunits from proteolysis by functioning 
ass a novel, inner membrane-bound chaperone. Sequence 
databasee comparison of members of the prohibitin family 
showss that they are unrelated to any of the known protein 
chaperonee families. However, use of the Psi-Blast algo-
rithm,, which is sensitive to weak, but often biologically 
relevantt sequence similarities, shows that Phblp and 
Phb2pp are members of an extensive family of integral 
membranee proteins, whose principal other members 
includee stomatin and mammalian band 7 proteins (Pfam 
PF01145;; Prosite PDOC00977) (Tavernarakis el al.. 
1999).. Additionally. Psi-Blast detects a short, but statistic-
allyy significant similarity to members of the hsp60 family 
(Figuree 6) in a conserved region of this family that has 
beenn shown to exert influence on several aspects of hsp60 
(GroEL)) function, including the ATPase. binding of 
GroESS and the binding/release of unfolded peptides 
(Fentonn el al.. 1994). 

PhbPhb 1/2 complex is increased when there is an 
imbalanceimbalance of mitochondrially translated products 
AA holdase/unfoldase function of the Phbl/2 complex could 
implyy that this complex becomes limiting in situations in 
whichh extreme imbalances of translation products occur. 
Thiss may trigger increased levels of the complex, which 
inn turn displays a higher degree of occupation by 
unassembledd translation products. A situation of imbal-
ancee might occur when the respiratory activity of cells is 
changing.. This is supported by the mRNA levels for both 
1'IIBI1'IIBI  and l'HB2. which are induced 2.5- and 2.6-fold at 
thee diauxic shift, but return to low levels immediately 
afterwardss (DeRisi el al., 1997). Also, western blot 
analysiss using a Phblp antibody shows that the protein 
levelss of Phblp are increased upon metabolic stress (our 
unpublishedd datai. Furthermore, we investigated the 

ptibip p 

Cox3pp » MM X Steady y 
state e 

B B 

Cox3p p 

W?S.?.~mcP1W?S.?.~mcP1 *P2 

Fig.. 4. COX subunits associate temporarily with the Phbl/2 complex. 
(A)) A 2D gel of mitochondrial membranes of cells overexpressing the 
Phbl/22 complex (\V.!0.Umr/>/ + />2l and cells lacking this complex 
{Apkbl/AphbT).{Apkbl/AphbT). which were blotted to nitrocellulose. Western blots 
weree firsl incubated with the monoclonal antibody against Cox3p. and 
subsequentlyy with the polyclonal antibody against Phblp. ili ) The same 
strainss were used in a pulse-chase experiment (see Materials and 
methods).. After 40 min pulse labelling, cells were chased for 60 min. 
Mitochondriall  pellets were run on 2D PACE as described before. 
Labelledd proteins were detected using a Phosphorlmager. Cox3p is 
indicated. . 

expressionn of the Phbl/2 complex in a yeast strain in 
whichh there is an imbalance in the mitochondrially 
encodedd subunits because of a mutation in a translational 
activatorr of COX I (MssSlp) (Decosler el al.. 1990). 
Figuree 7 demonstrates that, consistent with our expect-
ations,, expression of the Phbl/2 complex is indeed 
increasedd when compared with the u and p" subunits of 
ihee ATP synthase complex. 

Discussion n 

Importantt cellular functions such as tumour suppression. 
celll  cycle arrest and determination of implicative lifespan 
havee been attributed to prohibitin. and although il has been 
shownn thai prohibitins influence the stability of mito-
chondriallyy translated proteins (Steglich el al., 1999). the 
relationshipp of ihis activity to the cellular roles of this 
complexx remains poorly understood. 

Thee exact structure of the Phbl/2 complex has still to be 
resolved:: however, the molecular size of the complex 
observedd in 2D electrophoretic separations suggests that, 
likee other members of the stomatin/band 7 protein family, 
ill  max contain 12-16 copies each of Phblp and Phb2p 
(Silverss el al., 1998). Taken together with the observed 
associationn of the complex with newly synthesized 
mitochondriall  translation products and sequence simil-
aritiess with other chaperones. it is tempting to suggest that 
thee complex has a barrel-like structure within which such 
productss can be contained. As such, ils action may parallel 
thatt of the mitochondrial inner membrane protein Tcm62p 
(Dibrovv el al.. 1998). This member of the hsp60 family 
off  chaperones appears to be specifically required for 
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Fig.. 5. Cox2p and Cox3p specifically co-immunoprecipitatc with the Phhl/Phb2 complex. Mitochondria from W303+mcPl+P2 (lanes I and 3) and 
Jl>libl/J/>lih2Jl>libl/J/>lih2  (lanes 2 and 4) were used for immunoprecipitation with the polyclonal antibodj against Phblp. Lanes I and 2 represent 1'i of the total 
lysatee and lanes 3 and 4 correspond to the immunoprecipitate. The same blot «as lirst incubated with the monoclonal antibodies directed against 
Cox3pp and Cox2p (A) and subsequently with the polyclonal antibody against Phblp (B). To demonstrate the specificity of the co-immunoprecipitate. a 
separatee blot of an SDS gel containing total lysate (11 and the immunoprecipitate i?i was incubated with a polyclonal antibody against the 
mitochondriall  ADP/ATP carrier protein (AACi [(C). left panel| and additionally with the Phblp antibody |iC). right panel). 

PHB_YEASTT TKPJgglATNJSC-iS3Sl.QMS5SLTLRVLHRPEVLQL?AIYQNLGLDYD@RVLPSlENEVL|2SI 
PHB_HUMANN SRPRNVPVI0GSiS|lQNENITLRILFRPVASQLPRIFTSIGEDYD{gRVLPSITTEIL|3sS 
L2CC_DR0MEE SQPRNVPSlgGSiaSLQN'ËNITLRILYRPIPDQLPKIYTILGQDYDgRVLPSXAP 
PH32_YEASTT AKPRN\'ASL0C-fJSgLQ>lSNITCRVLSRPDVVQLPTIYRTLGQDYD@RVLPSI^TKEVLS7vS 
BAP37_HUMAA ARPRKISSJ^GSi2g-Q^ISLRVLSRPNAQEL?SMYQRLGLDYE@RVLPSIVNEVLi2sS 
AAC496911 .1 TKPHT|3SSISGg^:,Qt'lfflN:,TIiRV'LSRPEVSRLPYIFQTLGLEYr^gKVLPSlg>JSVL{3Affl 
CH66 0_ECOLI VLDJ^GAJ^ l JHSGVSBAREIEL @DKFEN^AQM§JBEffl 

PHB_YEASTT VAOFD--B^LlBORElZSlKlRKigLSTRANEFSligLEDVSITKl8r-i 'FG?EFTlSEB8EOKni 
PHB_HUMANN VARFD--^Sr.:Ti80RELVSROVSDDLTERAATFJ^l|lLDDVSLTHLTFGKSFT5gBiEElK()V 
L2CC_DR0MEE EIWS@RVSQJgLTVRAKQFgr I L D D I S L T H L T F G E E F T L S J B E M K QV 
?HB2_YEASTT VAOFB--HSOLl8^REI<^SRLiiRENLVRRASKFNlLLDDVSiTYlrTFSPEFTldBH5EHKr)I 
3AP37_HUMAA V A B F B — I S PL iBORAOÜS L L H R R H L T E R A K P F S BI LDDVAiET EfeS F S S E YT A M E H K O V 

AAC496911 . 1 VAQFB|--BD0LLaERP:-TVSALVRESLITRAKDFNIVLDDV&.ITHLSYGVSFSSBffiEOKOV 
CH66 0_ECOLI ASBASJDAggDG-lftrATVLAgAHTTH BHaAVAAGMN P É D L K H GT nBBB^'H- - -

PHB_YEASTT SQQDAERAKFLVEKAEQERgASVHRgEGEAESAEF0SKgLAH^-I^LLLIRRLEASKB: 
PHB_HUMANN BvQ|^5RARFVVEKAEQQKKAAlii^EG{gSKAAEfii^;SLATAS-D^LgF.I,RKT,F.AAE(g-
L2CC_DROMEE SQQBAEKARFWEKAEQQKLASIBJPJEG@-AERACVGQVIARPE-TVWWSLRLIDRPRYR 
PHB2_YEASTT fQQDAQRAAF\A/DKARQEKgGKWRgQGEAKSAEJ3lG@|lKSS - -RDYVELKRLDTARgl 
BAP37_HUMAA SQQ@AQRAQFLVEKAJ2QEQRQK:VQSEGEAEAAi2MLG^Lsi\- - PgY0KLRKIRAA@NI 
AACC 49 6 9 1 .1 gQOjgAERSKFWMKADQERRAAVBRBEGES E AAOfflJjSDgT AfflAJ - KgLflELRR ISASREI 
CH60_ECOLII  BVE|gLKALSyFC5iüSiaAIAlllVGTnBibsB̂  

PHB_YEASTT AQTLAKSS-NWffiPSQHSGGGNSSSSGSFNSLLLNIGR-
PHB_HUMANN AYQJLSRSR-NITHjgPAGQSVLLQLPQ 
L2CC_DR0MEE B T S Y P R S R - G V A H J S P S G Q S H A A Q S A I D H R A V A G CI 

PHB2_YEASTT A K I L A S S ? - N | 3 V I B D K E A L L L N T W D A R I D G R G Q I N S E G-

BA?37_HUMAA SKTIATSg-NJglHTADNLVLNLQDESFTRGSDSLIKGKX 
A A C 4 9 6 9 1 .11 ASTLARSP-NVflWlPGGOSMLFALNR 
CH66 3_ECOLI BDSBjEG^fDBGffiSPYF 

Fig.. 6. Sequence conservation between prohibitins and pari of E.coli GroEL. Representative members of the prohibitin family were aligned using 
ClustalWW (version 1.4) using values of 10 and 0.05 as penalties for gap opening and extension, respectively. The aligned sequences were then 
comparedd with the region of the sequence identified by Psi-Blast in the CPNM) chaperone family as displaying similarity (E-value of 5e "" after four 
iterationss against the NCB1 non-redundant protein database). Amino acids identical or chemically conserved between E.coli GroEL, as representative 
off  the CPN60 family, and other sequences are highlighted by black and grey shading, respectively. Groups of chemically conserved amino acids are: 
(V.I.L.M);; (F.W.Y): (E,D); (Q.N): (S,T); IR.KI : (A,G): H; P: C. Database accession numbers and the positions of the sequences shown are: 
S.cerevisicieS.cerevisicie Phbl SwissProl P40961, residues 73-287; human prohibitin SwissProl P35232, residues 71-272: Drosophila melanogaster prohibitin 
homologuee SwissProl P24156. residues 13-20?; S.cerevisiae Phb2 SwissProt P50085, residues 102-? 15: human B-cell-associated protein (BAP37) 
DDBJ/EMBL/UenBankk AAH723I. residues 85-299; Arabidopsis lhaliana prohibitin homologue. DDBJ/EMBL/GenBank AAC49691.1. residues 
76-277;; E.coli GroEL SwissProt P06139. residue- 39 203. 

assemblyy of complex II. Like Phbl/2. it is unusual in being 
membranee associated, it forms a similar high molecular 

weightt complex and has recently been demonstrated to 
bindd subunits of complex II prior to their assembly. 
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Fig.. 7. Phbl/Phb2 complex levels are increased in respiratory chain 
deficientt mutants. Cells lacking the MSS5J gene tJmssSl) were 
comparedd with wild-type cells (W303). Mitochondrial membrane 
extractss were analysed by 2D (BN/SDS)-PAGE and the Phbl/Phh2 
complexx was detected with a polyclonal antibody against Phblp. For 
betterr comparison, mitochondrial ATP synthase (ATPase) is indicated. 

Thee function most recently proposed for the prohibitins 
iss as negative regulators of the Afg3p/Rcalp protease, 
sincee disruption of the prohibitin genes causes destabiliz-
ationn of mitochondrial polypeptides (Steglich el al.. 1999). 
Severall  of our observations show that it is unlikely that a 
directt inhibition of the protease by Phbl/2 is the mechan-
ismm of this negative regulation. First, we found an increase 
inn the level of the Phbl/2 complex upon disruption of a 
COXICOXI translation initiation factor. In this situation, due to 
decreasedd COX assembly, degradation of redundant 
subunitss is required and activity of the protease should 
increase.. To increase an inhibitor that leads to a decreased 
proteasee activity seems contradictory. In contrast, an 
imbalancee in the production of subunits would be expected 
too increase the levels of a chapcrone/holdase whose 
functionn is to ensure correct assembly. Secondly, a 
proteasee inhibitor function does not satisfactorily explain 
whyy deletion of the PHB1 and PHB2 genes in a 
backgroundd of disruptants of afg3 or real causes a severe 
growthh defect, since an inhibitor should have no effect in 
thee absence of the protease. However, abolishing the 
activityy of a chaperone/holdase that is linked to the 
proteasee ought to compound the effect of protease 
dysfunction.. These observations strongly suggest that the 
prohibitinss have functions above and beyond their putative 
rolee as protease inhibitors. Additionally, since the function 
off  a protease inhibitor could be efficiently served by a 
single,, small polypeptide, the sophisticated nature of the 
prohibitinn complex with its multiple subunit structure 
suggestss that they should have additional properties. 

ForFor the above reasons, we do not think that the 
prohibitinss act mainly as inhibitors of the m-AAA protease 
inn the inner mitochondrial membrane and our observations 
aree more in keeping with a direct role in respiratory chain 
enzymee processing as a chaperone/holdase. One reason for 
supposingg a role as protease inhibitors is the finding that 
thee two complexes are physically associated. The associ-
ationn of the Phbl/2 complex with the Afg3p/Rcalp 
complexx is detected only when very mild detergents are 
used,, and the complexes appear to be autonomous because 
disruptionn of cither of the complexes fails to destabilize 
thee other (Steglich el al.. 1999). In combination with our 
evidencee that the Phbl/2 complex directly binds polypep-
tidess of the respiratory chain, this association of the Pbhl/2 
andd the Afg3p/Rcalp complex suggests a spatial organiza-
tionn for the assembly of respiratory chain enzymes. This 
modell  implies that the prohibitins are used to assist with 
polypeptidee folding, and if a polypeptide cannot be folded 

correctly,, it is passed directly to the protease for destruc-
tion,, rather than being free for incorporation into a 
respiratoryy chain complex. Polypeptide subunits with 
reducedd ability for correct folding could arise due to 
mutationss in the mitochondrial genome, which occur 
naturallyy and accumulate during ageing, or as a result of 
directt oxidative damage to proteins, which also occurs 
naturallyy in the mitochondrial environment. The incorrect 
incorporationn of a mutant or damaged polypeptide subunit 
intoo the respiratory chain would cause increased oxidative 
stresss as well as compromising metabolic efficiency, and 
thiss would explain the effect of deletion of the prohibitin 
geness in shortening cellular lifespan (Coales el al.. 1997: 
Bergerr and Yaffe, I998). In support of this hypothesis, 
analysiss of steady-state reactive oxygen species in 
prohibitin-nulll  yeast with the fluorescent probe 
H2DCFDAA shows that the deletion strains have a higher 
levell  of oxidative stress than the corresponding wild-type 
cellss (our unpublished data). Thus, the observations imply 
thatt the prohibitins act as an additional component of the 
qualityy control system for assembly of the respiratory 
enzymee complexes, which itself includes the Afg3p/Rca I p 
proteasee (Suzuki el al.. 1997). 

Thee assembly of OXPHOS complexes is an intricate 
processs and involves gene products from both the 
nuclearr and the mitochondrial genome. Because in COX 
thee subunits are assembled in stoichiometric amounts, 
nuclear-- and mitochondrially-encoded subunits need to be 
providedd in a one-to-one ratio. When a yeast cell switches 
fromm one state to another, e.g.. stationary phase to log phase 
orr aerobic versus anaerobic growth, there might be a 
temporaryy imbalance between nuclear and mitochondrial 
genee products. This is an undesirable situation because 
aggregationn of unassembled, hydrophobic mitochondrial 
translationn products present in the mitochondrial inner 
membranee may cause proton leakage. Since the Phbl/2 
complexx is induced transiently in such circumstances, it 
mightt also have a function as a holding complex, 
preventingg these peptides from misfolding and thereby 
eitherr causing damage to the membrane, or leading to the 
accumulationn of incompletely assembled complexes that 
causee escape of reactive oxygen species. 

Prohibitinn disruption gives only a very mild phenotype 
inn yeast, and is presumed to cause a reduction in 
lifespann due to a gradual decline in cellular metabolic 
capacityy (Coales el al.. 1997). In contrast, disruption of the 
DrosophilaDrosophila homologue of prohibitin is lethal during 
embryonicc development (Eveleth and Marsh. 1986). 
suggestingg a more rapid effect on cellular metabolism in 
higherr species. It is likely that in man prohibitins serve an 
importantt role in ageing and mitochondrial function. 

Materialss and methods 

CellCell lines, strains and media 
Thee standard cell culture medium in this study was Dulbecco's modified 
Eagle'ss medium (DMEM) containing 4.5 g/1 glucose. I 10 mg/l pyruvate, 
withh 10'i fetal bovine scrum. Tissue culture reagents were purchased 
fromm Lif e Technologies (Bethesda. MDi . The p" ceils la kind gill of Dr 
[.J.Holt,, Dundee), derived from the lung carcinoma cell line A549. were 
supplementedd with 50(ig/ml uridine. The absence of mitochondrial DNA 
fromm both these cell lines has been show n previously by Southern blotting 
andd PCR (Bodnar el al.. 1993). 
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Thee wild-tvpe SacchuroniYtes cerevisiae strain used in this study is 
W3Ü3/1AA (MATa. adel-2.'hirt-] 1.-15: /CH2-3,-1 12; ura3-l. rrpl- l ; 
crml-lOOnMurofff  andTzagoloff. 19901. Using this strain, disruptions of 
eitherr PHHI (W303/I A - J / J M /I or PHB2 (W303/1 A - > / I / J 2 ). or both 
(W303/IA-.>M>/.ViM) .. were made 

EscherichiaEscherichia cofi strain DH5ct was used (Woodcock er a/., 19891 and 
cellss were grown in LB medium tl££ hactotryptone, 0.5 <7[ yeast extract. 
1*22 NaCl) supplemented with ampicillin 11(H) |ig/mll when necessary tor 
plasmidd selection. 

CloningCloning and epitope tagging of PHB1 and PHB2 
PHHIPHHI and PHH2 genes were cloned individually and together into the 
multicopyy shuttle vector YEplac 195 (Gietz and Sugmo. 198K >. The PHHI 
genee was isolated as a 1.9 kh Mst\ fragment from the cosmid pEGH 195 
(kindlyy provided by FYS A Investigator Pumelle Bénédicte). The PHB2 
genee was obtained as a 2.4 kb Sph]-Pstl fragment from cosmid pEGH484 
(vann der Aan et til.. 1996). 

Thee 11-residue T7-tag iMASMTGGQQMGl was added at the 
C-terminuss of Phb2 protein using overlapping PCR. Primers used were 
(epitope-eneodingg nucleotides are underlined); 5'-CTTCTATGACCG -
GTGGTC'AACAAATGGGTTAGATATTATCTTTAAGAATTGAG-3' ' 
<53mer)) and 5'-GTTGACCACCGGTCATAGAAGCCATGCCTTCGC-
TATTTATTTGAC-3'' (45mer). Oligonucleotide 5'-GAATTGAAAAG-
CTTAGATACAG-3'' introduced a Hi'ndlll site (bold I for further cloning. 
Thesee primers were designed based on the sequence in the yeast genomic 
databasee fSGDl. Sequence analysis of PHB2-T7 revealed a small 
discrepancyy at the 3' end of the gene compared with the wild type. The 
extremee C-lerminus of the fusion protein was changed to RVKKNSEG-
tag-stopp instead of RGQINSEG-tag-stop. 

PreparationPreparation of mitochondrial fractions for blue native PAGE 
HumanHuman fibroblasts. Cells from exponentially growing cultures were 
collectedd as described previously (Klement ft a!.. 1995). The cell pellet 
wass resuspended in phosphate-buffered saline (PBS) and the cell 
concentrationn was determined by use of a counting chamber. Crude 
mitochondriall  pellets were obtained by incubating I x 10* cells in 2(H) ml 
off  PBS for 10 min on ice with 4 mg/m! digitomn. The samples were 
centrifugedd for I ruin at 12 000 if and the pellet was washed with PBS. 
Thee mitochondrial pellets were stored at -70=C until further processing 
forr 2D PAGE. 

Yeast.Yeast. Yeast cells were grown on 20 ml of YPGal medium (I9r yeast 
extract.. 17c peptone, 2rU galactose) overnight to an ODwll , of -2.0. Cells 
weree harvested at 1H00 # and washed once in cold tap water. The pellet 

 0.2 mg wet weight) was resuspended in 0.65 M mannitol. 20 mM Tris 
pHH 7.1 and 1 mM EDTA. and 0.4 ml of glass beads were added. This 
suspensionn was vortexed for 5 min at 4°C. After sedimentation of the 
glasss beads, the lysate was transferred to another tube and the glass beads 
weree washed once more. The pooled supernatants were centrifuged for 
33 min at 4°C to remove (he unbroken cells. Mitochondria were collected 
byy centrifugal ion at 10 (XH) t> for 15 mm and the pellets were .stored at 
-V-C. . 

ElectrophoresisElectrophoresis and western blotting 
Standardd SDS-PAGE was performed according to Laemmli (1970) and 
2DD PAGE was carried out by the method of Schiigger and von Jagow 
(1991).. Following electrophoresis, proteins were blotted to nitrocellulose 
(Towbinn et til.. 1979), Immunoreactivc material was visualized by 
chemiluminescencee (ECL™; Amersham) according to the manufacturer's 
instructions. . 

Antibodies Antibodies 
Polyclonall  antiserum to Phblp was raised by repeated injections of a 
svnlheticc peptide (Chiron Mimotopes. Australia) representing the 15 
aminoo acids at the C-lerminus of Phblp conjugated to keyhole limpet 
haemocyaninn (Sigma) using glutaraldehyde. Prior to use. the serum was 
adsorbedd against yeast acetone powder prepared from phhl-nM cells, to 
removee antibodies that recognize other yeast antigens. Human polyclonal 
antibodiess against prohibitin and BAP37 were described previously 
(Coateseffli... iy*J7). The monoclonal antibody for the detection of T7-tag 
wass obtained from Novagen. The monoclonal antibodies to suhunits 
COX1.. COX2. COX3 and COX4 were obtained from Molecular Probes, 

Pulse-chasePulse-chase  experiments 
InIn mitochondria. Cells were grown in rich medium containing 2fï 
galactosee until mid-log phase and all further procedures were performed 
ass described by McKee and Poyton i 19X4). Mitochondria were isolated 

withh a few minor modifications; spheroplasts were immediately lysed 
IpotteringII  and the post-mitochondrial fraction was not used. 
Mitochondriaa were resuspended in 0.6 M mannitol to a final concentration 
off  2 mg/ml. 

Forr efficient translation, isolated mitochondria were incubated in 
optimizedd protein-synthesizing medium D in the presence of X pl/ml 
TRAN^S-LABFL™™ (1175 Ci/mmol: 10.5 mCi/mk containing 70fv 
L-i"S]meihioninee and \5C4 I -["S|cysteine: ICN Biomedicals. Inc.). 
Labellingg was allowed to continue for 30 min and 250 JLLI samples were 
takenn at 10 and 30 min. An excess of cold methionine (final concentration 
0.22 M) was added after 30 mm to start the chase. Samples were taken at 30 
andd 60 min chase. 

Sampless were pelleted and the pellet was prepared for SDS-PAGE in 
LSBB (2r'r SDS. 5 *  fi-mereaptoethanol. 5.8*;; glycerol. 62.5 mM Tris-
HC11 pH 6.8. 100 ng/ml bromophenol blue). Gels were dried under 
vacuumm and labelled proteins were quantified using a Phosphorlmager 
(Molecularr Dynamics, L'SA). 

InIn cells. Cells from exponentially growing cultures in YPGal medium 
weree collected by centnfugation and washed with PBS. The pellet was 
resuspendedd in labelling medium 140 mM potassium phosphate buffer 
pHH 7.4. {).$% glucose) to a concentration of 25 mg/ml (wet weight). To 
stopp cytoplasmic translation, cells were pre-incubated for 10 min with 
cycloheximidee (20 pg/ml). Pulse labelling was started by adding 
|"S]melhioninee to a final concentration of 50 pO/ml. After 30 min. 
cellss were collected by centrifugation and washed twice. Cells were 
chasedd by adding unlabelled methionine (0,1 ml of 0.2 M to each sample). 
Mitochondriall  fractions for blue native (BN) PAGE were prepared as 
describedd above. 

ImmImm  un oprecipitatton 
Mitochondriaa were resuspended in 100 pi of PBS containing 2.5 mM 
phenylmethyisulfonyll  fluoride (PMSE). Lauryl maltoside (final concen-
trationn 15c:f<) was added to solubilize cells and to extract the membrane 
proteins.. Samples were left on ice for 30 min and centrifuged at 12 000 g 
forr 5 mm at 4"C. Supernatants were adjusted to I ml with PBS containing 
11 mg of bovine serum albumin and 2.5 mM PMSF. Incubation with 
antibodiess coupled to protein A-Sepharose 4B was performed in a 
rotatingg wheel overnight at 4UC, The immunoprecipitares were eluted by 
incubatingg the beads in sample buffer ( 41 SDS. 20f£ glycerol in 10 mM 
Tris-HClpH6.8latt 37CC. After centrifugation. eluates were run on SDS-
PAGEE gels and blotted to nitrocellulose. Proteins were detected by 
immunostaining. . 

Masss spectrometry 
Inge!Inge! digestion Protein-containing gel slices were i'-alkylated with 
iodoaeetamide,, digested with trypsin (Boehringer-Mannheim: sequenc-
ingg grade) and extracted according to the protocol of Shevchenko et at. 
(1996).. Only the peptides eluted with 20 mM NH4HCO.t were used lor 
masss spectrometry analysis. These were collected and cleaned on ZipTip 
CISS (Milliporc) micropipette tips according to the manufacturer's 
instructions,, and subsequently eluted in 10 jil of 6 0*  methanol, I1* 
formicc acid. 

MAMA UM TOP mass spectrometry. The peptide solution (0.5 pi) was mixed 
withh 0.5 (J.I of a 10 mg/ml «-cyano-4-hydroxycinnaniic acid (Sigma) 
solutionn in acetonitrile/ethano] (1:1 v/v). The mixture (0.5 ul) was spotted 
onn the target and allowed to dry at room temperature. MALD I spectra 
weree acquired on a Micromass TofSpec 2F.C (Micromass, Wythenshawe. 
UK)) equipped with a 2 GHz digitizer. 

ESI-QTOFESI-QTOF mass spectrometry. The solution (2 p.1) was introduced into a 
nanosprayy capillary, and positive mode spectra were recorded on a 
Q-TOFF mass spectrometer (Micromass. Wythenshawe, UK) equipped 
withh a Z-spray source. 

Miscellaneous Miscellaneous 
EscherichiaEscherichia colt transformations were carried out by electroporaiion with 
thee E.c/ili pulser (Bio-Rad). Sticcluiromyce* cerevisiae was transformed 
byy using the one-step method (Chen et at.. 1992). DNA manipulations 
weree performed using standard protocols. N-terminal amino acid 
sequencingg was performed on a Procise 494A (Applied Biosystems) 
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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

Figur ee 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— — 

Figur ee 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). 

76 6 



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 

Figur ee 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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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 Figur ee 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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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. 

84 4 

file:///eu2
file:///S-LABEL


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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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. 

Introductio n 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 
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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 

Figur ee 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 
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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 

Figur ee 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 th e tw o 

fractionss is displayed. 

200 mm 

•• pellet 

•• sup 

2%% lauryl-
maltoside e 
(LM) ) 

Tritonn X-100 
200 min 

Na-cholate e 
200 mm 
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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. 

Material ss 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 

98 8 

file:///ctde2-i


Proteolyticc control of mitochondrial translation products 

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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Generall  Discussion 

11 Introductio n 

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. 

Figur ee 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). 

Figur ee 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. 

Figur ee 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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Figur ee 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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Summary y 

Oxidativee phosphorylation is a widely used strategy to produce the energy required for 

biologicall  processes. In eukaryotic cells, the enzymes that serve to couple the oxidation of 

carbonn compounds to the production of ATP are embedded in the inner membrane of 

mitochondria.. Impaired molecular respiration can profoundly affect cellular function and 

aa wide variety of degenerative diseases in man are associated with defects in the 

mitochondriall  respiratory sytem. 

Thee importance of controlled mitochondrial biogenesis is pointed out in the first part of 

thee General Introduction (Chapter 1). The hydrophobic core compounds of the respiratory 

complexess are produced within mitochondria and proteins involved in their expression 

andd assembly have been studied extensively in S. cerevisiae. The amount of each of the 

mitochondriallyy encoded subunits is regulated most directly via synthesis and 

degradation,, and both are discussed. The second part of the General Introduction reviews 

thee current knowledge concerning the role of ATP-dependent proteases in mitochondrial 

biogenesiss in S. cerevisiae. 

Thee TCA cycle enzyme iso-citrate dehydrogenase (Idh) was previously found to bind 

mitochondriall  messenger RNAs specifically, which suggested that Idh may modulate 

translation,, and thereby link metabolism and mitochondrial gene-expression. Strong 

supportt for the idea that Idh has a dual function is provided in chapter 2, were we show 

thatt indeed the overall mitochondrial translation rate is increased in the absence of Idh. 

Assemblyy of newly synthesised proteins is however impaired and instead they are subject 

too enhanced turnover. The latter observation could indicate that Idh directs mRNAs to 

theirr proper translation location. 

Becausee of their very hydrophobic nature, the accumulation of mitochondrially encoded 

respiratoryy chain subunits in the inner membrane is highly unfavourable. The results 

describedd in chapter 3 show that the membrane-associated Phb complex can interact with 

newlyy synthesised subunits, and that disruption of the complex leads to enhanced 

turnoverr of those subunits. It is proposed that the Phb complex may hold mitochondrially 

producedd subunits until assembly partners become available, to protect membrane 

integrity,, and to prevent unwanted degradation. 

Mitochondriaa harbour a highly conserved membrane-associated proteolytic system that 

ensuress the removal of potentially harmful unassembled subunits. In yeast, this system is 

formedd by the /-AAA protease, consisting of multiple copies of Ymelp, and the m-AAA 
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protease,, consisting of multiple copies of Afg3p and Real p. The m-AAA protease is 

essentiall  for respiratory function, and has previously been implicated in the proteolytic 

degradationn of mitochondrial translation products as well as the assembly of oxidative 

phosphorylationn complexes. 

Inn chapter 4. results are described that indicate that assembly of mitochondrial translation 

productss is in fact efficient in the absence of the m-AAA protease. However, the newly 

formedd respiratory complexes disintegrate rapidly, suggesting that they are somehow 

defective.. In gel activity and protease-sensitivity assays on complex IV did not reveal an 

intrinsicc defect so far. 

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

translationn products, and its absence may lead to accumulation of translation products that 

disturbb membrane integrity. This possibility is addressed in chapter 5 where the turnover 

off  newly translated subunits is analysed in the presence of a partially inactivated m-AAA 

protease.. From the results is concluded that accumulation of mitochondrial translation 

productss is not likely to occur, but preliminary data do however point to altered 

membranee characteristics in the absence of the m-AAA protease. 

Finally,, the roles of iso-citrate dehydrogenase, the Phb complex and the m-AAA protease 

inn relation to each other in mitochondrial biogenesis are discussed in the General 

Discussion,, and an updated model of the function of the m-AAA protease is presented. 
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Samenvatting g 

Oxidatievee fosforylering is een veelgebruikte strategie om de energie te produceren die 

nodigg is voor biologische processen. In eukaryote cellen bevinden de enzymcomplexen 

diee de oxidatie van koolstofverbindingen koppelen aan de productie van ATP zich in de 

mitochondrialee binnenmembraan. Verslechterde ademhaling kan een diepe invloed 

hebbenn op het functioneren van de cel en een grote verscheidenheid aan degeneratieve 

ziektenn in de mens wordt geassocieerd met defecten aan het mitochondriale 

ademhalingssysteem. . 

Inn het eerste deel van de Algemene Introductie (Hoofdstuk 1) wordt het belang van 

gecontroleerdee mitochondriale biogenese uiteengezet. De hydrofobe kernonderdelen van 

dee ademhalingsenzymen worden gemaakt in de mitochondriè'n zelf en eiwitten die 

betrokkenn zijn bij hun expressie en assemblage zijn uitvoerig bestudeerd in S. cerevisiae. 

Vann elk van de mitochondriaal gecodeerde onderdelen wordt de hoeveelheid het meest 

directt gereguleerd via synthese en afbraak, welke mechanismen beide besproken worden. 

Inn het tweede deel van de Algemene Introductie wordt een overzicht gegeven van de 

huidigee kennis betreffende de rol van ATP-afhankelijke proteases in mitochondriale 

biogenesee in S. cerevisiae. 

Eerderee studies hebben laten zien dat het citroenzuurcyclusenzym iso-citraat 

dehydrogenasee (Idh) specifiek mitochondriale boodschapper RNAs (mRNAs) bindt, 

hetgeenn er op wijst dat Idh mogelijk translatie moduleert en zo metabolisme en 

mitochondrialee genexpressie aan elkaar koppelt. Het idee dat Idh een tweeledige werking 

heeftt wordt verder onderbouwd in hoofdstuk 2. waar we laten we zien dat de algehele 

translatiesnelheidd inderdaad toeneemt in de afwezigheid van Idh. Echter, assemblage van 

nieuww gesynthetiseerde eiwitten is geremd en in plaats daarvan zijn deze eiwitten 

onderworpenn aan verhoogte afbraak. Deze laatste observatie zou er op kunnen wijzen dat 

Idhh mRNAs naar hun juiste translatieplek dirigeert. 

Dee opstapeling van mitochondriaal gecodeerde ademhalingsketenonderdelen in de 

binnenmembraann is vanwege hun hydrofobe aard zeer ongunstig. De resultaten 

beschrevenn in hoofdstuk 3 laten zien dat het membraangeassocieerde Phb complex 

interactiess kan aangaan met nieuw gesynthetiseerde onderdelen en dat uitschakeling van 

hett complex leidt tot versnelde afbraak van deze eiwitten. Ons voorstel is dat het Phb 

complexx mitochondriaal geproduceerde onderdelen vasthoudt totdat assemblagepartners 

123 3 



beschikbaarr zijn. om de membraan te beschermen en om ongewenste afbraak te 

voorkomen. . 

Mitochondriënn bevatten een sterk geconserveerd membraangeassocieerd proteolyse-

systeemm dat de verwijdering van mogelijk schadelijke ongeassembleerde eiwitten 

waarborgt.. In gist wordt dit systeem gevormd door de /-AAA protease opgebouwd uit 

meerderee copieén van Ymelp en de w-AAA protease opgebouwd uit meerdere copieën 

vann Afg3p en Rcalp. De ni-AAA protease is onmisbaar voor ademhaling en werd eerder 

eenn rol toebedeeld in zowel de afbraak van mitochondriale translatieproducten als de 

assemblagee van de oxidatieve fosforyleringcomplexen. 

Inn hoofdstuk 4 worden resultaten beschreven die er op duiden dat de assemblage van 

mitochondrialee translatieproducten in feite efficient is in de afwezigheid van de w-AAA 

protease.. De nieuwgevormde ademhalingcomplexen desintegreren echter snel, hetgeen 

suggereerdd dat ze op één of andere manier defect zijn. Het testen van de in gel activiteit 

enn protease-gevoeligheid van complex IV toonde geen intrinsiek defect aan. 

Dee m-AAA protease speelt een belangrijke rol bij de afbraak van mitochondriale 

translatieproductenn en de afwezigheid ervan zou kunnen leiden tot ophoping van 

transs lat ie producten die de integriteit van de membraan verstoren. Deze mogelijkheid 

wordtt onderzocht in hoofdstuk 5 waar de afbraak van nieuw vertaalde eiwitten wordt 

bekekenn in de aanwezigheid van een gedeeltelijk geinactiveerde protease. De resultaten 

duidenn erop dat stapeling van mitochondriale translatieproducten niet waarschijnlijk is, 

maarr een voorstudie wijst wel op veranderde membraaneigenschappen in de afwezigheid 

vann de m-AAA protease. 

Tenn slotte worden in de Algemene Discussie de rollen besproken die iso-citraat 

dehydrogenase,, het Phb complex en de m-AAA protease spelen ten opzichte van elkaar in 

mitochondrialee biogenese en er wordt een vernieuwd model gepresenteerd van de 

werkingg van de m-AAA protease. 
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Kortom:: een unieke levensles. De leermeesters waren in alle gevallen de vele mensen die 

inn de loop van de tijd mijn pad kruisten en die aan me geschaaft hebben. Hoewel julli e 

invloedd onmogelijk in een paar woorden is uit te drukken, wil ik toch een poging wagen. 

Less en Hans. julli e hebben me in alle vrijheid laten experimenteren op gist en daar heb ik 

veell  van geleerd. Hans. we hebben daarnaast veel lol gehad. Martijn. ji j ontdekte het Afg3 

eiwitt en verrichtte daaraan het eerste onderzoek waarop ik verder geborduurd heb. Het is 

jammerr dat je al snel vertrok. Leo. met jouw komst waaide er een nieuwe wind wat 
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gehad!!  Marjan je was daarbij onmisbaar (ofschoon je witte wijn met ijs bestelde). Je hield 

bovendienn het lab draaiende samen met Muus. die ondanks al het organisatorische werk 

altijdd een luisterend oor had en tijd voor een praatje (en een pilsje). Michiel en Ammy. 

Katinkaa en Corien. Jolanda en Hans B.. Cindy en Gert-Jan. vanWilpie en Janynke. julli e 

brachtenn elk op geheel eigen wijze leven in de 

brouwerijj  en zorgden voor een alles behalve 

saaiee omgeving. Ik ben blij dat ik julli e ontmoet 

heb!!  Janynke. je bezoeken aan Montreal waren te 

gek! ! 

Verderr was het een komen en gaan van 

studenten.. Boris. Isse en Wesley, ik ben blij dat 
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onderzoek.. Ik hoop dat julli e wat opgestoken hebben, ik in ieder geval wel. Hans Neuf en 

Wouter.. Maartje. Arne. Ed. Murtada julli e waren een aanwinst voor het lab en daarbuiten. 

ikk heb een hoop plezier met julli e beleeft! Ik hoop dat julli e allemaal een mooie toekomst 

tegemoett gaan. 

Dee promotiejaren hebben ten slotte geleid tot blijvende vriendschappen. Esther, je was 

niett te stoppen op het gebied van feest en plezier en gelukkig voor ons was dit zeer 
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besmettelijk.. De vakantie in Spanje, gedeeltelijk met Marta. Andre en Jeanine spant 

daarbijj  de kroon. 

Andre,, paranimf, je gevoel voor humor en je relativeringsvermogen hebben me 

ongelofelijkk geholpen bij het 'dealen' met aio-problemen. Daarnaast heb ik genoten van 

allee tripjes, feestjes en etentjes waarbij ji j van de partij was. Lieve Jeanine, ook ji j was (en 

bent)) er altijd bij en daar ben ik heel blij om. Jullie bezoek aan Montreal was geweldig! Ik 

geniett enorm van julli e gastvrijheid, elke keer weer. 

Martaa A.. paranimf, je spaanse warmte heeft een diepe en blijvende invloed op me gehad. 

Zoo ook je gevoel voor humor, je vrolijkheid en niet te vergeten je hemelse kookkunst. 

Samenn met Sara en Marta M. who. together with Maria and Marta A., have teached me a 

lessonn in partying, food, hospitality and friendship that I will never forget. Let's play 

dice! ! 

Silvy,, lieve huisgenoot, we hebben veel lol gehad, heerlijk gegeten en gewoon lekker TV 

gekeken.. Het voelde echt als een thuis! Nu dit schrijven gedaan is. is het tijd voor een 

echtee brief. 

MM Git t^VlCSfit ^ 
Hett schrijven heeft zich voor een groot deel in Montreal, Canada afgespeeld.... 

Siegfried.. I really appreciate the trust you put in me by hiring me as a post-doc before I 

actuallyy finished the thesis. It was not easy to write the thesis while working on 

somethingg completely different in an unknown place, but the Hekimi-lab-members make 

mee feel at home. Mellissa. you are a very special person, and I mean that. Hiroko, the 

wisee one. we miss you and sushi. Irene, keep up the good spirit; you (and your food) rock. 

man.. Mara, now back to the Mexican sun. you were a great student and an even greater 

friend.. Pitufa-Hania. the calming one, don't forget you are amazing. 

Lievee oma. lieve Bastiaan. ik zie weer naar julli e uit! Lieve papa en mama, waar ik ook 

ben,, julli e zijn altijd dichtbij en daar ben ik heel blij om. 

126 6 



™™™^^*^™**™^"^^*^ ™ ™ 

 i 



~:: ' l a i a ^ - -




	Cover
	Titlepage
	Outline
	CONTENTS
	Abbreviations
	Chapter 1 GENERAL INTRODUCTION
	CHAPTER 2 Increased synthesis and decreased stability of mitochondrial translation products in yeast as a result of loss of mitochondrial (NAD+)-dependent isocitrate dehydrogenase
	CHAPTER 3 Prohibitins act as a membrane-bound chaperone for the stabilization of mitochondrial proteins
	CHAPTER 4 Assembly, and enhanced turnover of yeast mitochondrial respiratory complexes in the absence of the m-AAA protease complex
	CHAPTER 5 Proteolytic control of levels of mitochondrially encoded subunits of the OXPHOS complexes in S. cerevisiae
	CHAPTER 6 GENERAL DISCUSSION
	Summary
	Samenvatting
	Nawoord
	Cover

