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Generall  Introduction 

MITOCHONDRIA:: A BRIEF OVERVIEW 

1.. The powerhouse 

1.11 Introduction 

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. 
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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 
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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 
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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) 
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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. 
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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. 
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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 
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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 Mitochondrial 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 
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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 

36 6 



Generall  Introduction 

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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