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Mitochondria are essential organelles whose primary function is the synthesis of ATP by oxi

dative phosphorylation. The biogenesis of the oxidative phosphorylation system (OXPHOS), 

composed of respiratory chain complexes and the ATP synthase complex, requires gene prod

ucts from both the nuclear and the mitochondrial genomes. Although the complete 3D struc

tures of several OXPHOS complexes are resolved, still very little is known about the proc

esses involved in their assembly. The importance of understanding the assembly of OXPHOS 

complexes increased when several assembly factors were found to be responsible for a wide 

range of human neurodegenerative diseases [1, 2]. A protein that plays an important role in 

the biogenesis and assembly of respiratory chain complexes is the prohibitin (PHB) complex. 

This thesis deals with various aspects of the mitochondrial PHB complex and its putative role 

in the process of respiratory chain complex assembly. The relatively simple and well-charac

terised yeast Saccharomyces cerevisiae was used for structural and functional studies at the 

molecular level. Next, I used the nematode Caenorhabditis elegans to investigate the effect of 

depletion of the PHB complex during organismal development. As an introduction, the first 

chapter briefly reviews some aspects of the regulation of mitochondrial biogenesis, covering 

from mitochondrial gene expression to the final assembly of OXPHOS complexes. This re

view will be followed by an outline of the thesis. 

1. Mitochondrial biogenesis 

1.1 An overview of mitochondria 

About 1.5 billion years ago, a successful symbiosis occurred between the ancestor of today's 

eukaryotic cell and respiring Gram-negative purple bacteria [3]. The endosymbiont provided 

the host with about 15 times more ATP by oxidative phosphorylation than the host was able 

to obtain from the same molecule of glucose by glycolysis. In return, the host probably of

fered the endosymbiont a safer environment or even a more efficient way to replicate its DNA. 

Nowadays, mitochondria are responsible for the production, by oxidative phosphorylation, of 

most of the ATP required for all cellular processes. Moreover, many essential metabolic proc

esses take place within mitochondria, including the tricarboxylic acid cycle (TCA cycle), iron/ 

sulfur cluster assembly, and biosynthesis of amino acids. In metazoans, mitochondria also 

play a crucial role in controlling apoptosis by integrating and triggering numerous death sig

nals [4-7]. The involvement of mitochondria in central cellular processes, in cell death and in 

ageing, has generated the interest of researchers to study mitochondrial defects that contrib

ute to the pathogenesis of a wide range of human degenerative diseases [8-10]. 

Mitochondria are bounded by two membranes, the outer and the inner membrane, which 

define two separate compartments, a narrow intermembrane space and an internal matrix 

space. The matrix space contains hundreds of enzymes, among which are those required for 

the oxidation of acetyl CoA in the TCA cycle. The oxidation of acetyl CoA to CO, results in 

the production of high-energy electrons that are held by NADH and FADH,. Those electrons 

are then transported through respiratory enzyme complexes embedded in the mitochondrial 

inner membrane (Complexes I, II, III and IV). The last electron transfer reaction takes places 

at complex IV with the reduction of oxygen to water. The energy released by the electron pas

sage is used by complexes I, III and IV, to pump protons from the matrix to the intermem-
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Introduction 

brane space. This creates an electrochemical proton gradient that is used by ATP synthase 

(Complex V) to phosphorylate ADP, thereby producing ATP and completing the process of 

oxidative phosphorylation (OXPHOS) (Figure 1). 

The electron transport chain and the ATP synthase are organised as a cluster in the mitochon

drial cristae. Mitochondrial cristae have been regarded as infoldings of the inner membrane. 

However, in the last years, high-resolution 3D images of electron tomography studies show 

cristae as chambers of variable shapes that are connected to the mitochondrial inner bound

ary membrane by thin tubules of typically -30 nm of diameter [11-13]. Mitochondrial cris

tae vary in abundance and shape, depending on the cell type and on the physiological state 

of the cell [14-16](Figure 2). The structure of mitochondria also reflects their cellular role. 

Indeed, the number of mitochondria, their morphology and intracellular distribution vary in 

response to energetic demands and physiological conditions of the cell. Mitochondria are very 

dynamic organelles, and events of growth, fusion, and fission continuously change mitochon

drial morphology and distribution within the cell [17, 18]. Mitochondria can therefore appear 

as single elaborate networks or as highly fragmented structures. 

As a remnant of the primitive endosymbiont, the mitochondrion contains circular double-

stranded DNA molecules, being the only cytoplasmic organelle in fungal and animal cells 

that harbours its own genome. In mammals, the mitochondrial DNA (mtDNA) encodes 13 

subunits of the oxidative phosphorylation system, 22 tRNAs and 2 rRNAs [20]. In the (uni

cellular) yeast, Saccharomyces cerevisiae, the mtDNA codes for 24 tRNAs, 2 rRNAs, 1 RNA 

molecule component of RNAseP and 8 structural proteins [21]. With the exception of the ri-

bosomal protein Varlp, the other seven proteins are subunits of the core catalytic centres of 

the respiratory chain. 

H* H* H* H* 

NADH+H' NAD* ADP+P, ATP 

Figure 1. The mitochondrial respiratory chain and ATP synthase. Complexes I to V are localised in the 
mitochondrial inner membrane. Complexes I, III and IV translocate protons (H") from the matrix to the 
intermembrane space. Complex V couples the transport of these protons back to the matrix to the syn
thesis of ATP. 
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Figure 2. Three-dimensional reconstruction of isolated, frozen-hydrated rat-liver mitochondria by 
electron tomography. (A) Cristae are shown in green. The outer and inner membrane are shown in 
red and yellow respectively [11]. (B) The inner membrane is shown in brown. Cristae branching off 
the inner membrane are shown in various colours [19]. Courtesy of Dr. C. A. Mannella, Resource for the 
Visualization of Biological Complexity (NIH/NCRR), Wadsworth Center, Albany, NY, USA. 

It has been demonstrated that several molecules of mtDNA associate with proteins to form 

nucleoids in yeast [22-24] and more recently in human cells [25, 26]. Nucleoids are believed 

to be linked to the mitochondrial inner membrane and constitute the units of mtDNA inher

itance [27]. 

The coding capacity of the mtDNA is limited to a few structural proteins of the OXPHOS 

system and to some ribosomal and transfer RNAs. Therefore, mitochondria rely on the nu

clear genome for the remaining respiratory subunits (around 100), the matrix enzymes in

volved in metabolic and biosynthetic reactions, the machinery for maintenance, replication 

and transcription of mtDNA, the translational activators of mitochondrial mRNAs, compo

nents of the translational machinery and proteins involved in assembly of the respiratory sys

tem. Furthermore, mitochondrial proteins synthesised on cytoplasmic ribosomes need to be 

imported into mitochondria by nuclear-encoded translocases embedded in both the inner 

and the outer mitochondrial membrane [28, 29]. Therefore, mitochondrial biogenesis and 

function depend on a precise crosstalk between two physically separated genetic systems, 

the nuclear and the mitochondrial genome [30-32]. Extremely complex and well-coordinated 

processes are needed to accurately regulate this crosstalk in response to the changeable physi

ological circumstances of the cell. 

Why mitochodria have kept a portion of their original genome is still an open question. Most 

of the original symbiont's genetic material has been transferred to the nucleus or lost during 

the evolutionary process. However, genes coding for key hydrophobic components of the res 

piratory chain seem to have remained. Transfer of genes may still go on, or may have stopped 

when changes in the endosymbiont's genetic code presented a barrier to further use ot the 

information transferred (see below, section 1.4.3). On the one hand, DNA is extremely sus

ceptible to damage by oxygen radicals coming from the respiratory chain. Therefore, putting 

distance between the DNA and the mitochondrial membrane seems the safest. Moreover, the 
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Introduction 

machinery required to maintain and regulate two separated genomes is enormously costly for 

the cell. On the other hand, there seem to be physical and regulatory reasons for keeping hy

drophobic core components of the respiratory chain encoded within mitochondria [33, 34]. 

1.2 The drawback of respiration 

Most ot the oxygen consumed by the cell is reduced in the final step of mitochondrial elec

tron transport in the mitochondrial oxidative phosphorylation system. Although respiration 

is an extremely efficient way to produce energy, the incomplete reduction of molecular oxy

gen and the leakage of electrons from the electron transport chain result in the production of 

oxygen radicals. Reactive oxygen species (ROS) are natural byproducts of oxidative metabo

lism and they act as effector molecules in several cellular pathways [35, 36]. However, they are 

also mediators of cell damage. A single free electron transfer to molecular oxygen results in 

the production of superoxide (O,-) . Complexes I and III of the electron transport chain are 

the main producers of superoxide, which is likely to damage mtDNA [37]. Manganese super

oxide dismutase (MnSOD) reduces O,- to H , 0 „ which is not a free radical by itself. However, 

H , 0 , c a n easily diffuse and react with free reduced transition metals producing -OH (known 

as the Fenton reaction), which is extremely reactive and can extensively damage DNA, lipids 

and proteins. 

Although cells have developed anti-oxidant systems to protect themselves from oxidative 

damage, the rate of ROS production seems to be higher than the scavenging capacity of the 

cell and oxidative stress has been associated with a variety of diseases [38] and the process of 

ageing [39-41]. Detects in OXPHOS increase superoxide production due to impaired electron 

flow, thereby increasing oxidative stress and damage to DNA and proteins of the electron 

transport chain. Thus, damaged mitochondria can easily embark on a vicious circle, with in

creased DNA damage leading to increased ROS production, which in turn will lead to more 

DNA damage. Moreover, ROS inhibits a number of mitochondrial enzymes that play an im

portant role in energy production, such as a-ketoglutarate dehydrogenase, which will limit 

the formation of NADH [42, 43]. ROS also inactivates Fe-S clusters, causing iron release and 

inactivation of Fe-S containing complexes. The released iron will be prone to enter the Fenton 

reaction, thereby increasing the production of ROS. 

Reactive oxygen species can disrupt normal physiological pathways and lead to apoptosis. 

Worthy of mention is the fact that two mitochondrial death effectors, AIF (apoptosis-induc-

ing factor) and cytochrome c, appear to work as free radical scavengers inside mitochondria. 

However, they trigger cell death when translocated outside mitochondria [44, 45], suggesting 

a complex relationship between cell death and oxidative stress. 

1.3 Inter-organelle crosstalk 

As mentioned above, biogenesis of mitochondria requires the coordinated expression of the 

nuclear and the mitochondrial genome. This coordination takes place at multiple levels [31, 

46]. In mammals , several nuclear transcription factors of nuclear OXPHOS genes, such as 

NRF1 and NRF2 (for Nuclear Respiratory Factors), have been identified. Interestingly, NRF1 

and/or NRF2 also regulate the expression of the mitochondrial transcription factor TFAM, 
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which is involved in mtDNA replication/transcription, nicely coupling nuclear and mito

chondrial gene expression (reviewed [47, 48]). In the yeast Saccharomyces cerevisiae, tran

scription of nuclear encoded mitochondrial genes is regulated by carbon source [49] and oxy

gen [50]. The Hap2/3/4/5 transcriptional activator complex, for example, plays an important 

role in reprogramming gene transcription during the diauxic shift from fermentative to res

piratory growth [51], with Hap4 playing a key role. Overexpression of Hap4 alone is sufficient 

to upregulate mitochondrial biogenesis and activity even in the presence of glucose when res

piratory activity is normally repressed [52]. Conversely, nuclear gene expression responds to 

alterations in mitochondrial activity, a process called retrograde communication [32]. Three 

proteins involved in this phenomenon, two transcription factors (Rtgl and Rtg3) and a heat 

shock protein (Rtg2) have been characterised in yeast [53-57]. RTG genes regulate the expres

sion of several TCA cycle enzymes in cells with compromised mitochondrial respiratory ac

tivity [58], whereas expression of those TCA cycle enzymes in cells with robust respiratory 

function is under the control of the HAP transcription complex [59]. In vertebrates, no gene 

homologues for RTGs have been identified. However, in myocytes, decreased ATP synthesis 

and disrupted mitochondrial membrane potential result in increased levels of cytosolic Ca 2~, 

which seem to be responsible for a cellular response to mitochondrial dysfunction [60-62]. 

1.4 Mitochondrial gene expression 

1.4.1 Replication 

An important issue in mitochondrial biogenesis is the regulation of mtDNA copy number. In 

S. cerevisiae, mtDNA replication mechanisms are less understood than in mammals, probably 

because for many years the topology of yeast mtDNA was believed to be circular, by analogy 

with animal mtDNA [63, 64], despite mostly only linear molecules being found. This led re

searchers to dogmatically believe in the broken-circle theory, which has hindered progress in 

learning how yeast mtDNA is replicated. Later, it was revealed that the S. cerevisiae mitochon

drial genome consists mostly of linear tandem arrays of the 75-kb mitochondrial genome, 

and a tiny amount of large circular forms that seem to replicate by means of the rolling-circle 

process [65]. In S. cerevisiae, despite the fact that extensive genetic and biochemical studies 

have revealed a number of proteins involved, the biochemical mechanism of replication and 

maintenance of mtDNA is still poorly understood. Recent studies suggest that yeast mtDNA 

replication system diverges from that observed in mammals, and may involve recombination 

coupled to rolling-circle replication mechanisms [66, 67]. 

The replication of mtDNA has been more extensively studied in mammalian mitochon

dria. There are currently two models for animal mtDNA replication. The generally believed 

strand-asymmetric model of mammalian mtDNA replication postulates two sites of initia

tion of DNA synthesis, one for each strand, heavy (H) and light (L) strand. These two origins 

are physically separated and DNA synthesis temporally distinct [68, 69]. Recently, it has been 

proposed that mammalian mtDNA replication proceeds predominantly, perhaps exclusively, 

by a strand-coupled replication mechanism [70, 71]. Despite advances in our understanding 

of mtDNA replication mechanisms in animal mitochondria, and the fact that many factors 
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have been proposed to influence mtDNA copy number, very little is known on how mtDNA 

replication is regulated [72]. 

1.4.2 Transcription 

In mammals , the TFAM protein is essential for mtDNA transcription and maintenance [73]. 

Recently, two new transcription factors have been discovered in mammalian mitochondria, 

TFBM1 and TFBM2 [74, 75]. TFAM, TFBMl, TFBM2 and the mitochondrial RNA polymer

ase can drive transcription in vitro. Although the basal transcriptional machinery seems to 

have been identified, the control of mitochondrial transcription in mammals is still a mystery 

(for review see [76]). 

In yeast, mitochondrial transcription requires two components, a mitochondrial RNA 

polymerase (Rpo41) and a transcription factor sc-mtTFB (Mtfl), which is the orthologue of 

TFBMl and TFBM2 [77, 78]. The yeast orthologue of TFAM, Abf2p, is involved in mtDNA 

packaging but is not essential for transcription. Yeast mitochondrial transcripts contain in

trons and are polycistronic. This implies that a number of RNA-processing events are re

quired before mRNAs are ready for translation. Removal of introns is especially intricate 

because it requires previous translation of intron-encoded maturases that are required for 

splicing [79]. Still much needs to be resolved regarding mRNA stability and processing, al

though new insights regarding the mitochondrial degradosome and its role in mRNA degra

dation are emerging [80]. 

Recent data obtained in S. cerevisiae nicely show that transcription and translation processes 

are strongly linked. Mitochondrial RNA polymerase, Namlp (a matrix protein involved in 

transcript processing and translation events [81]), and Slslp (a membrane-bound regulator 

of transcription-coupled processes [82]), work together to localize transcription complexes to 

the inner membrane, where ribosomes are located, to ensure efficient mitochondrial transla

tion [83] (Figure 3). 

1.4.3 Translation 

The first characteristic feature regarding mitochondrial translation is that the mitochondria 

use an alternative genetic code. In one dialect used by mitochondria in many organisms, the 

universal codon UGA does not mean "stop" but codes for Trp. In vertebrates, AGA means 

"stop" while universally means Arg, and in yeast and metazoans AUA encodes Met instead 

of He. 

mtDNA encodes some transfer and ribosomal RNAs of the mitochondrial translational ma

chinery with the rest being imported from the cytosol. In recent years, new protein compo

nents of the mitochondrial ribosomes have been identified in yeast and mammals with the 

help of mass spectrometry and affinitypurification techniques [84-87]. The translational ma

chinery of mitochondria shows a low degree of sequence conservation. With only a minority 

of mitochondrial ribosomal proteins (MRP) showing significant sequence similarity to other 

ribosomal proteins, the majority are unique [88, 89]. It has been speculated that the conserved 

proteins might be responsible for central steps of protein synthesis, whereas the unique pro-

18 



teins or domains may have specialised in coupling translation to the inner membrane [90] or 

even to transcriptional processes. 

Another characteristic feature of the translation of most if not all mitochondrially- encoded 

respiratory chain subunits in yeast is the requirement for mRNA-specific translational activa

tors. Translational activators recognise targets in the mRNA 5'-untranslated leaders and seem 

to mediate interactions with mitochondrial ribosomes near the inner membrane, facilitat

ing the insertion of newly synthesized hydrophobic polypeptides into the membrane [91, 92]. 

Recent work demonstrates physical associations among COX1, COX2 and COX3 mRNA-spe-

cific translational activators at the matrix side of the inner membrane. Moreover, interactions 

between Nam lp (see above) and the translational activators are also found, again suggesting a 

controlled delivery of mitochondrial mRNAs to the translation system [93](Figure 3). 

Besides the nuclear control of mitochondrial translation, an intra-mitochondrial regulatory 

mechanism has been postulated for a more immediate response to mitochondrial metabolic 

changes. The TCA cycle enzyme (NAD')-dependent isocitrate dehydrogenase (Idh) binds to 

mitochondrial mRNAs [94]. Recently, a mitochondrial mRNA was found to negatively reg

ulate Idh activity in an AMP dependent manner, suggesting a direct mechanism to regulate 

mitochondrial translation in response to energetic demands [95]. The fact that disruption of 

Idh results in increased mitochondrial translation efficiency also supports a physiological rel

evance for the binding of mRNAs by Idh [96]. 

Cytosol ^^^^^^^^^^^^^^^^^^^m 

Figure 3. Mitocondrial transcription and translation are coordinated processes at the inner mitochondri
al membrane. Naml p is proposed to bind mtRNA polymerase [81] to facilitate the interaction of Slsl p at 
the mitochondrial inner membrane with mtDNA-bound mtRNA polymerase [83]. Naml p interacts with 
translational activators of cytochrome oxidase subunit mRNAs [93], probably helping to establish inter
actions of the 5'-UTR of the mRNA with its tranlational activator. 
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The complexities of the post-translational events required for the correct assembly of func

tional respiratory complexes are discussed in more detail below, further illustrating the intri

cacies and expense of the maintenance and regulation of mitochondrial gene expression. 

1.5 Assembly of mitochondrial respiratory complexes 

Our current understanding of the many processes involved in mitochondrial assembly is 

largely based on studies in the yeast S. cerevisiae, due to the availability of extensive genetic 

and biochemical data on mitochondrial biogenesis in this organism. Analysis of yeast mu

tants disturbed in assembly has led to the identification of a number of nuclear gene prod

ucts involved in the process of assembly. Assembly factors, in contrast to factors involved in 

translational control, often display evolutionary conservation [97]. Factors involved in assem

bly include proteins involved in co-factor addition, protein folding, stabilisation, membrane 

translocation and degradation. However, the exact mechanisms of action of many of those 

factors are still obscure. 

The majority of subunits that build up the oxidative phosphorylation system are nuclear-en

coded, however, most complexes contain subunits encoded by the mitochondrial genome. 

Mitochondria encode for hydrophobic subunits that need to be stoichiometrically assembled 

with the nuclear-encoded ones. Incorrectly folded or assembled subunits have a high potential 

ot disturbing the integrity of the membrane [98], which will result in proton leakage, escape of 

ROS and ultimately compromise the metabolic efficiency of the cell. Therefore, a tight regula

tion must exist to ensure correct assembly of mitochondrial inner membrane complexes. 

Mitochondrial proteins synthesised in the cytosol, often driven by a targeting sequence, 

traverse mitochondrial membranes in an unfolded conformation, helped by mitochondrial 

translocases located in the outer and inner membrane (TOM and TIM complexes, for trans-

locase of the outer and inner membrane, respectively)(for reviews, see [28, 29]). The import 

and sorting events of the imported protein depend on the destination within mitochondria 

and on the membrane topology of the protein itself [99]. Imported unfolded proteins attain 

their native conformation at their site of function. Mitochondrially encoded proteins follow 

a shorter route, since they are synthesised near the mitochondrial inner membrane, which is 

their final destination. Once subunits coming from either compartment have attained their 

proper membrane topology, interaction with partner subunits will lead to full assembly into 

functional complexes. During the process of folding and before final assembly, many subunits 

go through maturation processes such as incorporation of prosthetic groups and proteolytic 

processing of N- and/or C-terminal ends. The coordinated functions of molecular chaper-

ones, assembly factors and membrane-bound translocases are required for the process of fold

ing and assembly. All these factors are briefly described below (see sections 1.5.1 to 1.5.5). 

Remarkably, a distinct quality control system is present in the mitochondrial membrane to 

assist with folding and to selectively remove non-assembled polypeptides and prevent their 

potentially harmful accumulation in the membrane. The role of the quality control appara

tus in respiratory complex assembly will be discussed in more detail within the context of the 

potential involvement of the mitochondrial prohibitin complex as an additional component 

of this system (see section 1.6). 
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1.5.1 Incorporation of prosthetic groups 

Every complex of the electron transport chain contains prosthetic groups that function as 

electron donors/acceptors and need to be incorporated at some point during the process of 

complex assembly. The different prosthetic groups present in complexes I-IV are: Fe/S clus

ters (complex I, II, and III), heme (complex II, III, and IV), copper (complex IV) FMN (fla

vin mononucleotide) (complex I), FAD (flavin adenine dinucleotide) (complex II) [100]. 

Mutations in factors involved in the synthesis or incorporation of prosthetic groups disturb 

the process of complex assembly. Some examples of factors that influence cytochrome c oxi

dase (complex IV) assembly are CoxlOp and Coxl5p; enzymes involved in heme a biosynthe

sis, the precursor of cytochrome a and a} [101-103]. Scolp, Sco2p, Coxl lp , Coxl7p and the 

newly identified Coxl9p, proteins functioning in copper transport from the cytosol to mito

chondria, are responsible for the attachment of copper atoms to Coxlp and Cox2p subunits 

of complex IV [104-111]. 

1.5.2 Molecular chaperones 

Molecular chaperones play an essential role in the import and sorting of cytosolic mitochon

drial proteins [112]. Recently, it has been demonstrated that in mammals the mitochondrial 

import receptor Tom70, at the outer membrane, recruits Hsp70 and Hsp90 for the delivery 

of preproteins and that transolocation depends on the Hsp90 ATPase. In yeast, Hsp70 rather 

than Hsp90 is required for preprotein/Tom70 complex interactions [113]. In the intermem-

brane space Tim9p and TimlOp [114] bind to hydrophobic patches of precursor proteins and 

release them from the outer membrane Tom receptor [115]. In the mitochondrial matrix sev

eral chaperones stabilise and protect polypeptides by preventing aberrant interactions lead

ing to aggregation and denaturation [116]. Mitochondrial Hsp60 forms an oligomeric com

plex that offers a protected environment for the folding of cytosolic imported proteins, like 

the ATP synthase complex [117]. The mitochondrial heat shock protein mtHsp70 (Sscl) is 

required, together with Tim44p and Mgel, for the translocation of cytosolic precursor pro

teins [118]. Once in the matrix, a soluble chaperone system, mtHsp70 and Mdjl, assist fur

ther folding of mitochondrially synthesised and imported proteins [119, 120]. MtHsp70 was 

found to bind mitochondrially encoded Atp9p oligomer and to promote its association with 

Atp6p [121]. A second Hsp70 homologue, Ssql is involved in the assembly of mitochondrial 

Fe/S clusters together with the DnaJ family member Jacl [122, 123]. Members of the HsplOO 

family of chaperones have also been identified in mitochondria but their function is yet not 

well defined [124]. 

1.5.3 Assembly factors 

Apart from the conventional molecular chaperones, there is a whole set of nuclear genes that 

affect assembly of the respiratory chain and show no similarity to known chaperone proteins. 

For many of the still growing family of assembly factors, there are as yet no specific functions 

known. In the case of cytochrome c oxidase (complex IV), mutations in nuclear genes cause 

lack or decreased levels of the studied subunits or of the whole complex, resulting in respira

tory incompetence, whereas synthesis de novo is not impaired. This is the case for PetlOOp, 

Petll7p, Petl91p, Coxl4p, Coxl5p, Coxlóp and Cox20p [125] [126-130]. Assembly of F0F,-
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ATPase (complex V) requires AtplOp, Atp l lp and Atpl2p proteins. The membrane localised 

AtplOp is involved in the assembly of the F(l sector, while Atp l lp and Atpl2p are matrix pro

teins necessary for the assembly of the F, sector [131, 132] [133-136]. Assembly of the fee com

plex (complex III) requires the action of Abclp, Cbp3p, Cbp4p, and Bcslp. Mutants affected 

in Abclp are defective in conformation and function of the cytochrome be, complex and com

plexes II and IV of the respiratory chain are also affected [137]. Cbp3p and Cbp4p are mem

brane-associated proteins specifically required for biogenesis of complex III, with mutations 

in both having similar effects, that is undetectable cytochrome b, reduced amounts of apocy-

tochrome b, FeS, Qcr7p and Qcr8p [138-140]. Alteration of Bcslp, a member of the AAA fam

ily of proteases, results in a decrease in FeS protein content indicating a role in the biogenesis 

of Rieske iron-sulfur protein [141]. 

1.5.4 Protein insertion 

Mitochondrial inner membrane proteins exhibit a wide variation in membrane topologies. 

A number of mitochondrial- and nuclear-encoded membrane proteins have to be inserted 

from the mitochondrial matrix into the inner membrane. This sorting involves insertion of 

hydrophobic t ransmembrane segments and translocation of hydrophilic regions across the 

membrane. In contrast to the extensive studies on the mechanisms of import into mitochon

dria, not much is known about proteins responsible for the export of proteins from the ma

trix. Oxalp belongs to a ubiquitous protein family that is involved in protein insertion into 

membranes of bacteria, mitochondria, and chloroplasts [142, 143]. Oxalp is a polytopic in

ner membrane protein required for the export of Cox2p (complex IV), which spans the inner 

membrane twice (N o u t -C oJ [144, 145]. Oxalp also interacts with newly synthesised Coxlp, 

Cox3p (complex IV) and cytochrome b (complex III), which span the membrane 12, 7, and 8 

times, respectively, and is required for their efficient integration into the membrane. These 

interactions are stabilised in the presence of ribosomes, suggesting a co-translational inser

tion from the matrix [146]. In addition to the export of mitochondrial-encoded proteins, 

Oxa lp also plays a role in translocation of imported nuclear-encoded proteins from the ma

trix, including Oxalp itself [147]. Mbalp is another component of the mitochondrial protein 

export machinery identified in yeast. Mbalp, as Oxalp, interacts with mitochondrial trans

lation products and with sorted nuclear-encoded proteins during their integration from the 

matrix into the inner membrane [148]. Although Oxalp and Mbalp seem to overlap in func

tion and substrate specificity, they can function independently of each other. Coxl8p is spe

cifically required for the export of the C-tail of Cox2p, and interacts with Pnt lp and Mss2p 

in the inner membrane, suggesting that the three proteins work together in translocation of 

Cox2p domains [149]. These factors are probably just a subset of a growing list of factors re

quired for mitochondrial protein export. Yet, they already illustrate the intricate processes in

volved in membrane insertion of respiratory chain subunits. 

7.5.5 Polypeptide processing 

Many mitochondrial proteins encoded in the nucleus are directed into the organelle by N-

terminal targeting sequences [150] that are removed by signal peptidases. Three different mi

tochondrial signal peptidases have so far been described in yeast: (1) the matrix processing 
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peptidase (MPP) is a matrix metallo-protease involved in proteolytic processing of most N-

terminal mitochondrial targeting sequences of imported precursor proteins [151-153]; (2) the 

mitochondrial intermediate peptidase (MIP), another metallo-protease localized in the ma

trix, removes octapeptides from signal sequences of several proteins, including iron-utilising 

proteins, TCA cycle enzymes and respiratory chain components [154-156]; and (3) the inner 

membrane peptidase (IMP), a serine-protease consisting of a small protein Somlp and two 

catalytic subunits Impl and Imp2 facing the intermembrane space. IMP processes nuclear-

and mitochondrial- encoded proteins that are exported from the matrix into the inner mem

brane or the intermembrane space [157-160]. See Figure 4 for an overview ot the process of 

assembly. 

processing factors 

Figure 4. Schematic representation of the assembly of the Oxidative Phosphorylation (OXPHOS) sys
tem. Nuclear-encoded subunits are imported from the cytosol through the translocases TOM and TIM 
(down). Mitochondrial-encoded subunits (Coxlp, Cox2p and Cox3p) translated at the inner membrane 
are inserted into the membrane with the help of Oxalp and Mbalp (top). Mitochondrial processing 
peptidases (IMP, MPP and MIP) are shown. Assembly factors are schematically depicted. 
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1.6 Quality control: ATP-dependent proteases 

Membrane bound organelles harbour a quality control system that ensures the selective re

moval of non-native, non assembled or damaged polypeptides. In some cases and in addition 

to its proteolytic function, a chaperone-like role has also been proposed. Components of the 

quality control are ATP-dependent proteases derived from bacterial ancestors and are highly 

conserved in eukaryotic cells [161, 162]. 

Mitochondrial ATP-dependent proteases have been extensively studied in the yeast S. cerevi-

siae. Yeast mitochondria contain compartmentalised ATP-dependent proteases. In the mi

tochondrial matrix, an ATP-dependent serine protease, termed Pimlp, belongs to the highly 

conserved family of Lon-like proteases and is required for respiratory growth [163, 164]. Lon-

like proteases form homo-oligomeric complexes and a heptameric stoichiometry has been de

scribed for P imlp [165]. Substrates of Pimlp include subunits a, (3 and y of the F0Fi-ATPase 

complex, subunit (3 of the matrix processing peptidase, and ribosomal proteins [ 163, 164, 166]. 

The mitochondrial Hsp70 system was found to cooperate with Pimlp in the proteolytic deg

radation of misfolded peptides [166]. Disruption of the PIMl gene results in the accumula

tion of extensive mutations in the mtDNA, resulting in rapid loss of mtDNA [163, 164]. The 

fact that bacterial and human Lon proteases bind DNA in a site-specific manner, suggests a 

direct role of P imlp in mtDNA metabolism [167, 168]. PIMl protease also controls the matu

ration of COX 1 and COB mRNA (whose introns code for mRNA maturases), and the subse

quent translation of COX1 mRNA [169]. PIMl protease has been reported to specifically and 

preferentially degrade oxidised aconitase, suggesting a protective role against ROS-mediated 

damage [170]. PIMl protease is thus part of the quality control system in the mitochondri

al matrix. In the mitochondrial inner membrane, quality control is ensured by two ATP-de

pendent proteases, termed AAA proteases (for ATPases associated with a number of cellu

lar activities). With their catalytic domains facing opposite membrane surfaces and a native 

molecular mass of 850-1000 kD, these two membrane-embedded ATP-dependent proteolytic 

complexes play crucial roles in the biogenesis of mitochondria. The first complex, the m-AAA 

protease, is active at the matrix side of the innermembrane and contains Afg3p (YtalOp) and 

Rcalp (Ytal2p). The second complex, the /-AAA protease, is an oligomeric complex composed 

of Ymelp subunits and functions at the intermembrane space. Depletion of either of the m-

AAA subunits impairs the respiratory capacity of the cells, and yeast cells lacking both m- and 

i-AAA proteases are not viable. The structure of these complexes is not known, though struc

tural studies of bacterial homologues (FtsH) reveal a hexameric ring structure [171, 172]. 

1.6.1 Roles of membrane-bound AAA proteases 

Membrane-bound AAA proteases belong to the metalloprotease sub-group of ATP-depend

ent proteases and are capable of degradation of incomplete or unassembled newly synthesized 

mitochondrial translation products [173, 174]. AAA proteases degrade protein domains ini

tially present at the opposite membrane surface, implying that the proteases extract their sub

strate from the membrane bilayer for proteolysis [175]. The involvement of either one or both 

AAA proteases in the degradation of a specific substrate might be determined by the topology 

of the substrate itself and overlapping substrate specificity has been demonstrated between 
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the two AAA proteases. The AAA domain, located after the transmembrane domain, binds 

to unfolded solvent-exposed domains of membrane proteins [176], and ATP-dependent con

formational changes of this domain might drive substrate unfolding and dislocation from the 

membrane. Yet other mitochondrial membrane translocases could be involved in the disloca

tion process in analogy to what happens in the endoplasmic reticulum [177-179]. 

Additionally, the m-AAA protease is required for at least two other processes in the biogenesis 

of mitochondria. First, the Afg3/Rcal complex controls the splicing of COX1 and COB t ran

scripts, two respiratory chain subunits encoded by intron-containing genes [180]. It has been 

suggested that the function of the protease is confined to introns encoding mRNA maturases. 

Since these proteins are synthesized as inactive proenzymes, the Afg3/Rcal complex could 

mediate the proteolytic processing of the precursor forms [181]. Second, it has been postu

lated that the Afg3/Rcal complex plays a chaperone-like role in respiratory complex assem

bly. Assembly of F0F,-ATP synthase was found to depend on the m-AAA protease [182]. The 

fact that expression of COX1 and COB was restored after intron removal while cells remained 

respiratory incompetent suggested that the m-AAA protease affects the post-translational as

sembly of respiratory complexes [180]. However, evidence for the proposed role in assembly 

is indirect, and mainly based on (i) the reduced levels of respiratory complexes [182] [183] 

and (ii) the increased sensitivity of nuclear-encoded respiratory subunits to trypsin degrada

tion, suggesting that these subunits remain unassembled [184] [180]. Recently, more exten

sive studies on the fate of newly synthesised mitochondrial proteins using pulse-chase pro

tein labelling have been performed and these experiments do not support a direct role for the 

m-AAA protease in assembly. Instead, these results show that in m-AAA protease mutants, 

newly translated products are efficiently assembled, although newly assembled complexes are 

rapidly degraded. Moreover, accumulation of newly synthesised mitochondrial products does 

not seem to occur, suggesting that it may not be the accumulation of polypeptides in the mem

brane that causes the observed phenotypes. Instead, preliminary data point to altered mem

brane composition as a possible cause of the observed phenotypes [185]. 

Additionally, m-AAA protease is responsible, together with a putative rhomboid protease 

Pcplp, for the removal of the mitochondrial signal sequence of cytochrome c peroxidase 

(Ccpl) [186]. Ccpl is a nuclearly encoded protein that is imported into the mitochondrial in-

termembrane space and is involved in degradation of reactive oxygen species. 

In yeast, proteolysis of mitochondrially encoded respiratory chain subunits by AAA proteases 

results in the formation of free amino acid residues and a heterogeneous spectrum of peptides 

[187]. Interestingly, peptides of above 10 amino acids converge in the mitochondrial inter-

membrane space from where they are released to the cytosol. Peptides generated in the matrix 

by the m-AAA protease are actively transported across the inner membrane by an ABC (ATP-

binding cassette) transporter (Mdll), that shows high similarity to the transporter associated 

with antigen presentation (TAP) in higher eukaryotic cells [187]. Although the physiological 

role of the export of mitochondrial peptides is not known, authors speculate that it might al

low the coordination of mitochondrial and nuclear gene expression in yeast [187]. It is notice

able that peptides derived from mitochondrial encoded membrane proteins have been detect

ed at the cell surface of mammalian cells, where they are presented by class I MHC (Major 
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Histocompatibility Complex) molecules [188], suggesting that mitochondrial peptides could 

be used by the immune system for immune surveillance in mammals . 

7.6.2 Quality control and disease 

The importance of understanding the role of AAA proteases in mitochondrial biogenesis in

creased after the identification of the gene responsible for an autosomal recessive form of he

reditary spastic paraplegia (HSP) [189], This gene (SPG7) encodes paraplegin, a triple-A pro

tein that shows greatest similarity to yeast Afg3p and Rcalp. HSP patients with paraplegin 

mutations have defects in mitochondrial oxidative phosphorylation, as evidenced by charac

teristic structural and functional abnormalities found in muscle biopsies [189]. HSP is a neu

rodegenerative disorder characterised by progressive lower limb spastic paralysis due to either 

failure in development or degeneration of the cortical axons. Why loss of paraplegin causes 

axonal degeneration is not clear. It maybe that the terminal ends of long axons are especially-

vulnerable to mitochondrial defects in turnover or assembly. 

7.6.3 Regulation of the quality control system 

In yeast as in human, the molecular mechanisms underlying the cellular defects observed 

after inactivation of AAA proteases are as yet unclear. Defects associated with mutations in 

AAA proteases could be due to the impaired turnover/processing of a regulatory protein, 

though substrate proteins with potential regulatory functions have not yet been identified. 

Alternatively, both defective proteolysis and assembly functions will lead to the accumulation 

of misfolded proteins that will compromise mitochondrial function. In this context, the pro

gressive nature of HSP could be explained by a cumulative defect in either turnover or assem

bly of respiratory chain subunits. However, recent studies do not support defects in assembly 

or accumulation of newly synthesised mitochondrial proteins [185]. 

It is thus of great interest to understand how degradative and putative assembly functions 

of the quality control system are regulated. The functional homologue of AAA proteases in 

Escherichia coli (FtsH) has been the most extensively studied member of this family of pro

teases. In E. coli, a complex of two related proteins, HflC and HflK was found to negatively 

regulate the degradative activity of FtsH [190]. Yeast contains two proteins that share signifi

cant sequence similarity to HflC and HflK. These two proteins, Phbl and Phb2, also called 

prohibitins, are highly conserved from yeast to human. Moreover, both yeast and mammali

an prohibitins localise to mitochondria [191, 192] where they form a complex (see Chapter 3), 

suggesting that prohibitins might play a role in the regulation of the triple-A proteases. Based 

on this hypothesis, we set out to study functional and structural aspects of prohibitins. Figure 

5 shows a schematic representation of the possible involvement of prohibitins in the biogen

esis of OXPHOS complexes and its relationship with the quality control apparatus. 
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Figure 5. Involvement of the quality control system and the prohibitin complex (PHB complex) in the 
biogenesis of OXPHOS complexes. The quality control system of the mitochondrial innermembrane (m-
AAA and /-AAA proteases) is depicted (left). The role of the PHB complex in the biogenesis of OXPHOS 
and its link to the proteases will be discussed in this thesis. 

2. Outline of this thesis 

This thesis focuses on mitochondrial prohibitin proteins (Phblp and Phb2p). Prohibitins 

have been ascribed many different functions since they were originally identified as potential 

negative regulators of the cell cycle. These proposed functions are reviewed and discussed in 

Chapter 2. This review is based on data presented in Chapter 3, where we show that prohib

itins act as a membrane-bound chaperone that stabilizes newly synthesized mitochondrial 

proteins. In addition to the role of PHB proteins in respiratory complex assembly, putative 

roles in ageing and degenerative disorders are discussed in Chapter 2. 

Chapter 3 reports results from biochemical studies in the yeast Saccharomyces cerevisiae 

showing that the PHB proteins form a high molecular weight complex in the mitochondri

al inner membrane that stabilizes newly synthesized mitochondrial translation products by 

transiently interacting with them. This suggests a chaperone function that is further support 

ed by sequence similarity to members of the hsp60 family. 

Since knowing the structure of a protein complex may help to better understand its molecular 

mechanism of action, we performed structural studies on the prohibitin complex. Due to their 

location in the mitochondrial membrane and their size, prohibitins are difficult to purify for 

X-ray crystallography or NMR studies. In addition, low sequence similarity to known protein 

folds made them difficult to model. Using chemical crosslinking and mass spectrometry, we 

predicted a partial structure for the yeast PHB complex, which is described in Chapter 4. 
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Disruption of PHB proteins in yeast results in a reduced replicative lifespan of the cells [192] 

but not in an observable growth phenotype under laboratory conditions [193], suggesting that 

prohibitins are not essential for respiration. Without a clear phenotype, prohibitin function 

becomes difficult to investigate in the single yeast cell. Disruption of the Drosophila mela-

nogaster homologue gene appeared to be lethal in the passage from larva to pupa [194], sug

gesting a stronger effect on the cellular metabolism of higher species. To further investigate 

this, in Chapter 5 we used Caenorhabditis elegans as a model organism to monitor the effect 

of PHB depletion during C. elegans development. 

Finally, the data presented in this thesis will be summarised and discussed in Chapter 6 

(General discussion). In addition, I will discuss some recent published data of interest not 

covered in the review presented in Chapter 2. 
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Abstract 

Although originally identified as putative negative regulators of the cell cycle, recent studies 

have demonstrated that the PHB proteins act as a chaperone in the assembly of subunits of 

mitochondrial respiratory chain complexes. The two PHB proteins, Phblp and Phb2p, are lo

cated in the mitochondrial inner membrane where they form a large complex that represents 

a novel type of membrane-bound chaperone. On the basis of its native molecular weight the 

PHB complex should contain 12-14 copies of both Phblp and Phb2p. The PHB complex binds 

directly to newly synthesised mitochondrial translation products and stabilises them against 

degradation by membrane bound metalloproteases belonging to the family of mitochondrial 

triple-A proteins. Sequence homology assigns Phblp and Phb2p to a family of proteins which 

also contains stomatins, HflKC, flotillins and plant defence proteins. However, to date only 

the bacterial HflKC proteins have been shown to possess a direct functional homology with 

the PHB complex. Previously assigned actions of the PHB proteins, including roles in tumour 

suppression, cell cycle regulation, IgM receptor binding and apoptosis seem unlikely in view 

of any hard evidence in their support. Nevertheless, because the proteins are probably indi

rectly involved in ageing and cancer, we assess their possible role in these processes. Finally, 

we suggest that the original name for these proteins, the prohibitins, should be amended to 

reflect their roles as proteins that hold badly formed subunits, thereby keeping the nomencla

ture already in use but altering its meaning to reflect their true function more accurately. 

Introduction 

The study of the PHB proteins already spans more than 10 years and tells us an unusual sto

ry. The proteins display a remarkable degree of sequence conservation and homologues have 

been discovered in a large variety of organisms including bacteria [1], plants [2], yeast [3), 

worms [4], flies [5] and humans [6]. Moreover, both proteins are ubiquitously and abundant

ly expressed [3]. Disrupting the PHB genes has effects ranging from decreased replicative 

lifespan in yeast [7] to a larval arrest phenotype in the fruitfly [5]. A number of diverse cel

lular functions have been attributed to these proteins. They include action as a tumour sup

pressor [6, 8], with a role in cell cycle regulation [8]. Their putative association with the im

munoglobulin (Ig)M receptor and oestrogen receptor has suggested a possible role in cellular 

signalling [4,9], and binding to E2F proteins has been taken as an indication for a role in tran

scription regulation during the cell cycle [10]. A relation of the proteins with the induction of 

apoptosis has also been proposed [11]. Still the role of the PHB proteins in all these processes 

remains unclear. The recent discovery of a chaperone function in the assembly process of mi

tochondrial respiratory chain complexes is a breakthrough in our understanding of the action 

of the proteins [12, 13]. This finding identifies the PHB proteins as members of a novel type 

of membrane-bound chaperone family. Intriguing questions arise. What is the structure of 

this membrane-bound chaperone and its orientation in the mitochondrial inner-membrane? 

What is the working mechanism at the molecular level? How can we explain the diversity of 

its apparent cellular activities? 
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The function of the PHB complex 

The localisation, structure and interactions of the proteins are outlined in the first paragraph 

of this review. The diversity of activities ascribed in early studies has made it difficult to form 

a coherent picture of their function. In particular, the early ideas about tumour suppression 

and cell cycle regulation, which are based mainly on indirect evidence are not easy to recon

cile with later data. In this review we critically examine the earlier ideas about the action of 

the PHB proteins and evaluate them in the light of later results. We will also analyse the evo

lutionary conservation, because there is sequence similarity of the PHB proteins with a large 

family of proteins containing also HflKC, stomatins, flotillins, HIR genes and mechanore-

ceptors [14, 15]. 

Several studies have implicated a role of for the PHB proteins in ageing [7, 16-19]. Given the 

significance of mitochondria in ageing [20] we assess their role in this process. Although to 

date no mutations in the PHB genes have been found that cause human disease, expression 

levels of the proteins implicate an indirect role in cancer. Moreover, defects in respiratory 

complex assembly can cause improper functioning of mitochondria, which in turn can lead 

to apoptosis and neurodegenerative disorders. 

Nomenclature and chromosome localisation 

The PHB family of proteins contains two members, which have been termed either prohibi-

tin 1 (Phblp) and prohibitin 2 (Phb2p),or BAP32 and BAP37. The human prohibitin 1 gene 

(hPHBl) is mapped to chromosome 17q21[6], and encodes a protein of32kDa [21]. Prohibitin 

2, a 37 kDa protein with strong homology to Phblp, was found by Terashima and colleagues 

to bind to the IgM receptor, as does Phblp, and these authors named the two proteins B-cell-

receptor complex-associated proteins (BAP32 and BAP37) [4]. A BLAST search of the human 

genome places the PHB2/BAP37 gene on chromosome 12pl3 [22]. The name 'prohibitin' re

fers to a presumed function in the negative regulation of cell cycle progression, which is based 

on the method originally used to identify the PHB1 gene [6]. However, in this review we con

clude that this putative role of prohibitin is not correct, and B-cell-receptor association is also 

refuted (see below). For these reasons, both of the previously used names are misleading and 

we propose to discard them. Moreover, it is not clear whether the generic term 'prohibitin' re

fers to Phblp, Phb2p or the prohibitin complex. Therefore, we advocate the use of a terminol

ogy that better covers the function of the PHB proteins as a mitochondrial chaperone [13]. 

Because the name prohibitin is already well established in the literature, we propose to use 

the abbreviation PHB and give this the new meaning: 'proteins that hold badly folded subu-

nits'. So in summary we propose to use hPHBl for the human prohibitin gene, hPhblp for the 

human prohibitin protein, hPHB2 and hPhb2p for the BAP37 gene and protein respectively. 

The complex that these two proteins form in the mitochondrial membrane becomes the PHB 

complex. 

Cellular localisation, membrane topology and protein complex structure 

Immunofluorescence and immunoelectron microscopy demonstrated that epitope-tagged rat 

Phblp was located in the periphery of the mitochondria [23]. Also in human cells it was dem

onstrated that hPhblp and hPhb2p both locate to the mitochondria and display a physical as-
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sociation, as demonstrated by coimmunoprecipitation [7]. This result has subsequently been 

independently confirmed by native electrophoresis [13] (Fig. 1). 

The exact localisation and membrane orienta

tion was investigated in more detail by several 

groups using yeast as a model [12, 24]. Berger 

and colleagues demonstrated that both yPhblp 

and yPhb2p are associated with the mitochon

drial inner membrane. Both proteins have 

one predicted transmembrane-spanning helix 

(TMpred) located near the N-terminus of the 

proteins, going from amino acid 10 to 30 for 

yPhblp and from amino acid 36-54 for yPhb2p. 

These transmembrane-spanning helices are 

thought to anchor the proteins to the mitochon

drial inner membrane [24]. Mammalian Phblp 

with an epitope tag introduced into the N-termi

nus interferes with its localisation to the mito

chondria [23], confirming that this region of the 

protein is important for its localisation. 

hPhb2p 
hPhblp 

Figure 1. hPhblp and hPhb2p form a high mo
lecular weight complex in human mitochon
dria. Two-dimensional electrophoresis (BNE 
and SDS-PAGE) of mitochondria extracted 
from human fibroblasts. Intact protein com
plexes were separated in the first native di
mension and in the second dimension the 
individual components of the complexes are 
resolved by using denaturing conditions. The 
complexes were transferred to nitrocellulose 
and blots were incubated with antisera d i 
rected against Phblp, Phb2p and human mi
tochondrial ATP synthase. Arrows indicate the 
directions of the first and second dimension. 
PHB indicates the PHB complex and ATPase 
the ATP synthase complex and hPhblp and 
Phb2p indicate the prohibitin proteins. 

A slight mobility difference between a C-termi-

nally tagged Phblp and an N-terminally tagged 

Phblp lead to the suggestion that an N-termi-

nal target signal is cleaved off after import [23]. 

Because cleavage of an N-terminal leader would 

effectively truncate the putative membrane an

chor we investigated the N-terminus of the mature protein by protein sequencing and mass 

spectrometry [13]. The first indication that there is no cleavage of a mitochondrial import sig

nal comes from the fact that amino acid sequencing revealed that both N-termini of yPhblp 

and yPhb2p were blocked. Usually, cleavage of an import sequence gives a free N-terminus. 

More direct evidence comes from mass spectrometric data, which show that a tryptic digest 

of mature yPhblp contains a peptide starting at Leu 7, and yPhb2p contains a peptide start

ing at Ser 4 [13](Fig.2). 

Berger and colleagues performed protease protection experiments that suggested that the C-

terminus of the Phblp protein is located in the matrix, because when no detergent was used 

the proteins were protected against degradation by trypsin [24]. However, Steglich and col

leagues found that when mitoplasts were incubated with high concentrations of trypsin, 

yPhblp and yPhb2p were both degraded [12]. Because high concentrations of trypsin had to 

be used and proteinase K was not able to degrade either of the proteins, they concluded that 

both yPhblp and yPhb2p are likely to be tightly folded. These findings indicate that both pro

teins are anchored to the mitochondrial inner membrane and oriented towards the intermem-

brane space. Compatible with the putative tight folding and protease resistance were results 

from proteinase K-treated human mitochondria [19]. Chemical cross-linking experiments 
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Figure 2. Phbl p and Phb2p do not contain a large cleavable mitochondrial import sequence and are lo
calised in the same mitochondrial compartment. The yeast PHB1 and PHB2 genes are represented. The 
grey boxed parts are tryptic digests from the mature PHB complex that could be positively identified by 
mass spectrometry. The light grey bar indicates the predicted transmembrane helix and the dark grey 
line represents a chemical cross link (details see text and [13]) 

in combination with mass spectrometry revealed that a C-terminal residue of Phblp cross

links to a C-terminal residue of Phb2p (our unpublished results), thereby excluding models in 

which the proteins are proposed to be located on opposite sides of the membrane (Fig.2). 

Phblp and Phb2p display interdependence, since Phblp cannot be detected by western blot

ting in a Phb2p disruption mutant and vice versa [24]. Because the messenger RNA (mRNA) 

levels were found to be normal, this interdependence is best explained in terms of mutual sta

bilisation of the two proteins. The mass of the complex was estimated by gel filtration exper

iments to be 2 MDa [12] and lMDa on the basis of native electrophoresis experiments [13] 

(Fig. 1). Neither method is particularly accurate for proteins of such a high molecular weight. 

Moreover, detergents that remain attached to the complex can influence both the retardation 

on a gel filtration column and the migration on a native gel, leading to an overestimation of 

the total molecular weight of the complex. Nevertheless, it is clear that Phblp and Phb2p form 

a large, multimeric complex. Attempts to increase the amount of complex succeeded only 

when both Phblp and Phb2p were overexpressed, leading to the suggestion that these pro

teins are the only components of the complex and other, if any, components are required only 

in non-limiting amounts [13]. Visualisation of the complex by a general protein staining of a 

gel revealed no other components in the complex [13]. Consistent with this finding, immun-

odepletion experiments of mammalian cells showed that all of the hPhblp present in a cell is 

bound to hPhb2p, and vice versa [19]. 

Assuming a molecular mass of 1 MDa, the PHB complex should therefore contain between 

12 and 14 molecules of both Phblp and Phb2p. Based on the functional and sequence homol

ogy with HSP60 chaperones, it has been speculated that Phblp and Phb2p form a similar bar-
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rel-shaped structure [13]. However, experimental data about the structure of the complex are 

lacking and interesting questions remain: How are the molecules arranged in the complex? 

For instance, there could be alternating Phblp and Phb2p molecules or there could be a ring 

of Phblp and a ring of Phb2 molecules that are stacked on top of each other. How are the com

ponents folded and how are they orientated in the membrane? It should be noted that the 

membrane-spanning domains are only computer predictions, and there is no hard experi

mental data yet for their existence in vivo. Phosphorylation of Phblp has been suggested in 

two publications [17, 25]. When considering the HSP60 homology [13], ATP binding might 

be required for binding and release of substrates. Answers to these questions about the struc

ture of the complex are required to obtain more insight into the mechanism of action of the 

PHB complex. 

A mitochondrial chaperone for the stabilisation of proteins 

The mitochondrial localisation of Phblp and Phb2p makes it likely that the cellular function 

of these proteins lies also in this organelle. Using yeast as a model organism, several groups 

have gathered evidence for a mitochondrial function of the PHB complex [7, 12, 13, 24]. It 

was shown that disruption mutants of PHB1, PHB2 and double-disruption mutants have a 

decreased replicative lifespan, which was accompanied by a decrease of mitochondrial mem

brane potential [7]. More evidence for a mitochondrial function was provided by Berger and 

Yaffe, who demonstrated that mutants disrupted for the PHB1 and PHB2 genes display syn

thetic lethality in combination with mutations in genes involved in mitochondrial morphol

ogy maintenance (Mmmlp) or mitochondrial DNA maintenance (MdmlOp and Mdml2p) 

[24]. Also a fusion protein of PHB2-TetA was able to rescue MDM12 null cells [24]. Although 

these results are in concordance with a mitochondrial function of the PHB complex, they still 

do not reveal the function of the proteins. 

Sequence similarity between Phblp and Phb2p and the bacterial complex HflC and HflK act

ed as a starting point for investigations into the role of the PHB complex in mitochondrial en

zyme processing [12]. In bacteria, HflC and HflK form a complex which is anchored to the 

plasma membrane and oriented towards the periplasmic space. This complex is associated 

with and negatively regulates the AAAprotease FtsH (see below) [1]. Similarly it was shown 

that the PHB complex was associated with the mitochondrial m-AAA protease (Afg3p/Rcalp) 

in yeast [12]. Moreover, it appeared that the PHB complex stabilised newly translated mito

chondrial gene products, prompting the authors to suggest that the PHB complex is a nega

tive regulator of the m-AAAprotease [12]. The increased stability of mitochondrial transla

tion products was confirmed using a different assay [13]. Additionally, it was demonstrated 

by native electrophoresis and immunoprecipitation that the stabilised mitochondrial transla

tion products, Cox2p and Cox3p, were associated with the PHB complex. At this point the full 

spectrum of substrates of the PHB complex is not known, and it is quite possible that proteins 

other than subunits of the respiratory chain can also bind. The direct interaction with the 

substrates Cox2p and Cox3p suggests a chaperone function for the PHB complex, instead of 

acting as a protease inhibitor. A small but significant sequence homology with HSP60, a solu

ble mitochondrial chaperone, supports this idea [13]. This suggests that there might be some 

evolutionary conservation of some aspect of mechanism or function between these chaper-
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ones, the one soluble, the other membrane associated. In this context, it is interesting to men

tion Tcm62p. Like Phblp and Phb2p, this homologue of the Hsp60 family of proteins is a mi

tochondrial membrane-bound chaperone, and Tcm62p has been shown to be involved in the 

assembly of complex II. Tcm62p associates directly with subunits of complex II during the as

sembly process [26], giving a precedence for the notion that the PHB complex is also involved 

in respiratory chain complex assembly directly at the inner membrane. 

Beside the direct interaction of substrates with the PHB complex, there are also genetic ar

guments that support the fact that the stabilisation of newly synthesised mitochondrial gene 

products by the PHB complex [12, 13] is a result of a chaperone activity rather than an inhi

bition of the m-AAA protease. When PHB1 or PHB2 are disrupted in a yeast deletion mutant 

of the m-AAA protease, this results in a severe growth defect which is not present in either of 

the single mutants [12]. Because the deletion of an inhibitor should have no effect in the ab

sence of the protease, this observation is more likely to be explained by a chaperone activity. 

Furthermore, the PHB complex is increased in mutants that give rise to imbalances of subu

nits, such as a disruption of a COXl-transIation activator (Mss51p) [13] or a COX assembly 

chaperone (Shylp) (see below). This increase of chaperone/holdase activity to secure proper 

folding is consistent with a need to sequester excess unassembled subunits with potentially 

damaging effects on the integrity of the inner membrane. Although it has been found that an 

association between the PHB complex and the m-AAA complex occurs, this interaction can 

only be demonstrated by use of mild detergents [12]. The PHB complex and the m-AAA pro

tease are in fact autonomous complexes, because disruption of the genes encoding subunits 

of one does not destabilise the other. Nevertheless, the parallel with the bacterial HflKC and 

the protease FtsH, which also associate, is evident. The interaction of the PHB complex with 

the m-AAA protease therefore suggests a spatial organisation for the assembly of the respira-

Figure 3. Schematic representation of the role of the PHB complex in the biogenesis of respiratory chain 
complexes. Mitochondrial translation takes place near the mitochondrial inner membrane. Translation 
products are used for respiratory chain complex assembly. When imbalances between mitochondri
al and nuclear-encoded subunits occur, the mitochondrial translation products are bound to the PHB 
complex (Phbl/2), which acts as a holdase/unfoldase. In a next step the mitochondrial translation prod
ucts are passed on to either the proteases (Afg3p/Rca1 p or Ymel p) or to the complex, for instance cyto
chrome c oxidase (COX). 
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tory chain complexes (Fig. 3). This is in line with earlier findings that degradation of proteins 

by the m-AAA protease and the /-AAA protease are linked to assembly processes [12]. The 

assembly of OXPHOS complexes is a complicated process, which brings together proteins en

coded by the mitochondrial and nuclear genomes. Also because these complexes are assem

bled in the inner mitochondrial membrane, mistakes might affect membrane integrity and 

cause membrane leakage. It is very likely that there are coordinated chaperones and proteases 

involved to control this process. 

The size, composition and localisation of the human PHB complex is similar to the yeast 

homologue [13]. This makes it likely that also in mammals the PHB complex serves a similar 

function. Studies on the expression levels of prohibitin are indicative for a function in mito

chondrial metabolism [19]. Moreover, this study clearly demonstrated that Phblp and Phb2p 

are induced by metabolic stress caused by imbalances of mitochondrial and nuclear-encod

ed proteins. Thiamphenicol treatment gives a twofold increase, and withdrawal gives a fur

ther increase again up to three times the control level. In contrast, other stresses such as heat 

shock, hydrogen peroxide, ultraviolet (UV) and X-radiation did not give a response [19]. 

The superfamily of stomatin, Phblp and Phb2p, flotillin, HflKC and HIR proteins 

Homology searching with Psi-BLAST revealed that Phblp and Phb2p can be categorised into 

a superfamily of proteins. A first report named the superfamily after its members, namely 

stomatin, prohibitins (Phblp and Phb2p), flotilllin and HflKC (SPFH) [14]. A second paper 

grouped Phblp and Phb2p in a family designated as PID, because of the putative function of 

the family members in proliferation, ion channel regulation and death [15]. 

The PID family contains several proteins; PHB proteins (proliferation and cell cycle con

trol), stomatins (ion channel regulation) and the plant-defence-related genes (cell death) 

[15]. In this study it is demonstrated that in maize there are several genes that show homol

ogy with PHB proteins and stomatins. The authors tried to find a common feature for these 

proteins and propose that they all play a role in ion-channel activity. We feel however that 

this common feature is too speculative to be accepted until direct experimental evidence has 

been obtained. Thus, although stomatins have been suggested to act as negative regulators of 

univalent cation permeability with a possible role in mechanotransduction, the function of 

stomatins is as yet unclear [15]. Second, the putative role of the PHB complex in regulation 

of mitochondrial membrane channels [3] is solely based on a proposal lacking experimental 

evidence. Finally, the exact role and mechanisms of action of HIR proteins in plant defence 

are still unknown. Moreover, despite the original proposal, recent data indicates that the PHB 

complex is not involved in cell proliferation and are not tumour suppressor proteins (see be

low). Therefore, the suggestion that HIR proteins might form a new class of plant tumour sup

pressor genes on the basis of homology with PHB proteins appears highly unlikely. We believe 

that the sequence similarity between the members of this super family points to an evolution

ary related group of genes. Nevertheless, because no structure-function relationship of any 

of the members of this superfamily is known to date, the functional similarities of the family 

members remain speculative. 
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The function of the PHB complex 

The description of the PID family of proteins is comparable to an earlier paper in which a Psi-

BLAST search revealed sequence similarities between PHB proteins, stomatins, HflKC and 

flotillins, but did not include the plant defence genes [14]. The authors named the common 

domain of this group of genes SPFH domain (Stomatin, PHB proteins, Flotilllins and HflKC). 

Stomatin (also called erythrocyte protein band 7.2 or mammalian band 7 protein) is an inte

gral membrane phosphoprotein of red blood cells thought to regulate cation conductance by 

interacting with other proteins of the junctional complex of the membrane skeleton. Stomatin 

is evolutionarily related to a large number of proteins. Structurally all these proteins consist of 

a short N-terminal domain which is followed by a t ransmembrane region and a variable size 

(from 170 to 350 residues) C-terminal domain. The consensus for the stomatin family is: R-

x(2)-{LIV}-{SAN}x(6)-{LIV}-D-x(2)-W-G-{LIV}-{KRH}-{LIV}x-{KR}-{LIV}-E-{LIV}-{KR] 

[15]. This consensus is not present in Phblp and Phb2p. Flotillins are caveolae-associated in

tegral membrane proteins with no known function [27]. The last family member is the E. colt 

HflKC protein [1]. This protein has a remarkable conservation in function with the PHB com

plex which is discussed in more detail below. Besides the common SPFH domain, all family 

members are integral membrane proteins. The proposed common function of the SPFH fam

ily of proteins has been suggested to be regulation of targeted protein turnover. However, this 

proposal still requires experimental validation. 

The PHB complex has functional similarities with HflKC 

The bacterial HflKC proteins are related to PHB proteins, with HflKC and yPHBl show

ing 20% identity and 30% similarity [12]. The bacterial HflKC family of proteins were found 

to play a role in the lysis decision after infection of bacteriophage X. The CII gene of bacte

riophage X plays a role in the lysogenity decision and mutations in HflA resulted in a high 

frequence of lysogenisation (high frequency of lysogenisation) [28]. HflA appeared to be an 

operon of three genes, HflK, HflC and HflX [29]. Like PHB 1 and PHB2, HflK and HflC en

code membrane proteins which form a complex with each other. An N-terminally located 

t ransmembrane segment anchors both proteins to the membrane and leaves the C-terminal 

domain exposed to the periplasmic space [30]. This situation is very comparable to the pro

posed PHB complex topology in the mitochondrial innermembrane [12]. Analogous to Phblp 

and Phb2p, HflK and HflC are also interdependent because disrupting either one of the pro

teins causes the other one to become unstable [1]. 

Another parallel is that the PHB complex and HflKC protect membrane proteins against deg

radation and are associated with a membrane protease of the AAA family of proteases [1, 12]. 

HflKC was rediscovered because missense mutations in this gene antagonised degradation of 

the membrane protein SecY by the AAA protease FtsH [31]. However, when the HflKC genes 

were disrupted, this stabilisation of SecY disappeared, and instead there was an increased deg

radation [1]. It was shown both in vivo and in vitro that degradation of uncomplexed forms 

of SecY was inhibited when HflKC was present. Additionally the authors showed by coimmu-

noprecipitation and chemical cross-linking that HflKC was associated with FtsH. This led to 

the conclusion that HflKC is a negative regulator of FtsH. Because overexpressing FtsH sup

pressed the hflK13 or hflC9 mutation effect, the stabilising effect of the mutant genes was ex

plained by suggesting that because of the mutation (hflK13 and hflC9) HflKC does not dis-
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sociate from the FtsH complex, therefore activation of the proteolytic activity of FtsH is not 

possible. Also, overexpression of the wild type molecules of HflKC led to suppression of the 

mutant phenotype and this was explained in terms of dilution of the mutant proteins [1]. 

HflKC and the PHB complex are both able to bind proteins which are substrates for the pro

teases [13, 32]. When YccA, a substrate of the FtsH protease, was mutated it appeared to be 

resistant to proteolysis [32]. This mutant, which was namedyccAl l , also had a dominant neg

ative effect on SecY degradation by the FtsH protease because SecY was less prone to proteol

ysis. Cross-linking experiments and immunoprecipitations demonstrated that the substrates 

could bind to both HflKC as well as to the FtsH protease. This led to the suggestion that the 

mutant yccAll occupies the protease, therefore SecY cannot enter the protease and is stabi

lised. Interestingly, this inhibitory action of YccAll was mediated by HflKC, since the dele

tion ofhflK-hflC suppressed the yccAll phenotype. This modulation of FtsH-dependent pro

tein degradation also occurred for the hydrophobic substrate subunit a of the ATP synthase 

and YccA, but not for the hydrophilic substrates CII and a32. This led to the idea that there are 

two pathways for FtsH dependent degradation, of which only one is regulated by the HflKC 

complex [32]. The experimental system in which hydrophobic membrane proteins are over-

expressed put extra demand on the proteolytic system, therefore coupling the mechanism of 

action of HflKC to the proteolytic system. In more physiological circumstances the role of the 

HflKC is possibly not linked so strongly to FtsH activity, and it is therefore quite possible that 

HflKC has a chaperone function similar to that proposed for the PHB complex. 

PHB proteins and cancer 

Shortly after cloning of the rat PHB1 gene and the suggestion that Phblp acts as a negative 

regulator of the cell cycle [8], the human PHB1 homologue was cloned and shown to lie on 

chromosome 17q21, a region which was known to contain the then unidentified BRCA1 tu

mour suppressor gene involved in familial breast cancer [6, 21]. An early study found muta

tions in the human gene in a significant percentage of patients with sporadic breast cancer, 

suggesting that the BRCA1 locus might be the PHB1 gene [6]. However, no evidence indicat

ing loss of function of PHB7 in those tumours has been presented, either then or subsequent

ly. Moreover, genetic and cytogenetic studies quickly indicated that the two loci were sepa

rate, and that PHB1 was not the gene involved in susceptibility to inherited breast cancer [33]. 

Indeed, further studies of familial breast cancer patients failed to confirm alterations in the 

PHB1 gene [34, 35], and no mutations were found in bladder, ovarian, lung or liver tumours 

[35-38]. 

Consequently, the original hypothesis that Phblp might be a tumour suppressor protein that 

acts to inhibit cell cycle progression has not been substantiated. Despite this, observations 

into the possible role of Phblp as a tumour suppressor have continued. Interestingly, studies 

of various cell lines have indicated that the ability of microinjected PHB1 mRNA to inhibit 

cell cycle activity is restricted to normal cells and cell lines of the so-called Group B immor

tal complementation group [39-41]. This activity lies not in the protein coding region of the 

mRNA (and is therefore not a function of the protein) but rather is a property of the 3'un-

translated region (UTR) of the mRNA [40,41]. The mechanism by which the 3'UTR ofPHBl 
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mRNA inhibits cell cycle entry is unexplained, although by analogy with other apparent ex

amples of 3'UTR-mediated proliferative effects [42], it is possible that PHBl mRNA acts as a 

"riboregulator" [40, 41]. It is also interesting to note that the sequence of the PHBl 3'UTR is 

distinct between Group B and the other immortal complementation groups, suggesting that 

the inhibitory effect of the PHBl 3'UTR may have been lost during the immortalization proc

ess of these cells [40, 41]. Most recently, a specific polymorphism in the PHBl 3'UTR has been 

suggested to increase the risk of familial breast cancer [43]. However, no data has yet been 

produced to elucidate the mechanism by which such effects could be achieved, nor has it been 

shown that introduction of a 'wild type' PHBl gene expressed at physiological levels can in

hibit the growth of Group B cells or reverse their immortalised phenotype. 

More convincing data indicating a role for the PHB proteins in tumourigenesis have come 

from studies of the expression patterns of the proteins. A number of different studies have in

dicated that PHBl mRNA and/or protein are expressed at easily detectable levels in tumour 

cell lines [4, 36, 39-41, 44, 45], and high level expression of PHB2 has also been reported in 

transformed cell lines [4]. Many of these studies have also shown clearly that the levels of the 

proteins are in fact higher in transformed cells and tumours than in the normal cell coun

terpart, rather than expression being diminished in tumours as would be expected for a tu

mour suppressor protein. Most recently, an immunohistochemical study of primary human 

tumours showed a consistent overexpression of both Phblp and Phb2p in neoplastic tissues 

from a wide range of anatomical sites [19]. 

The reason underlying the observed increase in expression of the PHB proteins is likely to be 

due at least in part to the presence of conserved binding sites for the myc oncoprotein in the 

promoters of the two genes [19]. Myc is highly expressed in tumours and is known to be in

volved in both cell cycle regulation and in cellular carbohydrate metabolism [46]. Tumours 

show abnormal metabolism, with a reliance on anaerobic glycolysis even in the presence of 

oxygen, the so-called Warburg effect, which may act to decrease the potential damaging ef

fects of reactive oxygen species produced as an inevitable consequence of oxidative phospho

rylation [46]. Myc expression induces the transcription of a variety of glycolytic enzymes and 

transporter molecules involved in glucose metabolism [47] and the induced expression of 

LDH-A by myc is sufficient to account for the Warburg effect [48]. Consequently, it is likely 

that transcriptional activation of the PHB genes by c-Myc in tumours is a necessary part of the 

coordinated response acting to reduce oxidative stress to the tumour cells and allow their con

tinued growth even under situations of hypoxia which are common in vivo [46]. 

IgM binding receptor binding, E2F binding, MLK2, oestrogen receptor binding? 

Terashmina and colleagues [4] found three proteins of 32, 37 and 41 KDa that co-precipitate 

with surface IgM in murine B lymphocytes (IgM-BCR, for B cell receptor complex). They 

called these proteins BAP32 and BAP37 for BCR-associated proteins. Amino acid sequenc

ing revealed that BAP32 and BAP37 were mPhblp and mPhb2p respectively. They concluded 

that these proteins were non covalently associated with the IgM antigen receptor complex in 

B lymphocytes. This association did not occur for a second receptor, IgD, which is expressed 

later in development in mature B cells. However, the mitochondrial localisation of Phblp and 
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Phb2p [7, 19, 23] indicates that the association observed with the IgM-BCR complex might be 

the result of an artefact of the system used, rather than indicating a true functional interac

tion. The coimmunoprecipitation experiment was done after lysis of the cells and was only 

successful with Triton X-100 and Nonidet P-40 but not with digitonin. This result is coun

terintuitive because digitonin is a relatively milder detergent compared to Nonidet P-40 and 

Triton X-100, and it is therefore expected to preserve noncovalent interactions at least as well 

as the harsher detergents. For instance, Steglich and coworkers showed that association of 

the yeast PHB complex with a mitochondrial protease could only occur when digitonin was 

used as a detergent and not when Triton X-100 was used [12]. A more plausible explanation 

for the results of Terashima et al., [4] would be that the Triton X-100 treatment, in contrast to 

the digitonin treatment, releases the PHB complex from the mitochondria and possibly also 

dissociates the complex, therefore allowing the proteins to bind to the solubilised IgM-BCR 

complex. 

More recently, Wang and colleagues [10] postulated Phblp as a negative regulator of the tran

scription factor E2F. The authors described a physical interaction of Phblp with the E2F-tran-

scription factor and with the retinoblastoma (Rb) tumour suppressor protein. E2F is a cell-

cycle-regulated transcription factor that binds to both promoter DNA and the Rb protein. Rb 

inhibits E2F-mediated transcription. When Rb becomes hyperphosphorylated by activated 

CDKs it dissociates from E2F allowing E2F to activate transcription. A mutant Phblp unable 

to bind to Rb failed to repress E2F activity and inhibit cell proliferation. The same authors 

found that Phblp also associates with the signalling kinase c-Raf-1, which also interacts with 

Rb and reverses both Phblp and Rb-mediated repression of E2F activity. However, other up

stream regulators of Rb function had no effect on Phblp function. Serum stimulation of qui

escent cells inactivated Rb and Phblp with different kinetics and by different signaling path

ways; while Rb inactivation was CDK dependent, the inactivation of Phblp was not. Further, 

stimulation of IgM could specifically release Phblp-mediated repression of E2F activity but 

had no effect on Rb-mediated repression. It has been reported that stimulation of IgM leads 

to an activation of Raf-1. The authors postulate that this inactivation might occur through the 

recruitment of Raf-1, although increased binding of Raf-1 to Phblp was not detected. From 

that they conclude that Phblp negatively regulates E2F activity, responding to extracellular 

signals that cannot target Rb-family members. All these data, however, are still far from pro

viding insight on the true function of the PHB proteins, since all assays were performed in ar

tificial situations where proteins are cotransfected and overexpressed. 

An interaction of Phblp with MLK2 (mixed lineage Kinase 2) has also been described in the 

literature [49]. MLK2 is a mitogen-activated protein kinase like Raf-1 that functions in the 

p38/JNK-signaling pathway. In breast carcinoma cells, MLK2 was found to bind to Phblp 

and to (^-tubulin, a cytoskeletal protein. No subsequent data regarding the effect of MLK2 

on Phblp has yet been reported, so the functional significance of this proposed interaction is 

unknown. 

A gene denoted as REA has been identified in a yeast two hybrid screen as an oestrogen-recep

tor-binding protein, which represses estrogen receptor mediated transcriptional activation 
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[9]. Sequencing of the REA gene identified it as Phb2p, suggesting that this protein is involved 

in steroid receptor function. 

The significance of all these findings is hampered by the confirmed localisation of Phblp to 

the mitochondrial inner membrane, where it forms a functional complex together with Phb2p 

[7, 12, 13, 19, 23, 24]. We believe that many of these proposed interactions with nonmitochon-

drial proteins are due to nonspecific association in the artificial systems employed (yeast two-

hybrid, immunoprecipitation of harsh detergent lysates, nonphysiological overexpression of 

a single component of the PHB complex) and such artifacts show that, as monomers, Phblp 

and Phb2p are 'sticky' proteins, able to bind a range of other proteins. Indeed, the ability to 

bind polypeptides is a necessary characteristic of chaperones. Furthermore, in a two-hybrid 

screen Phblp could be found to bind to histone H2, Rb-binding protein 1 and three small pep

tides produced by out-of-frame translation, indicating a relatively broad spectrum of binding 

activities in this artificial system (our unpublished data). Presumably, the specificity of bind

ing required for a chaperone/holdase function is achieved at least in part through the forma

tion of the PHB complex containing both of the proteins. It is also highly likely that assembly 

of the PHB complex in a hydrophobic membrane environment will provide additional struc

tural constraints on the proteins and contribute to the relatively narrow range of in vivo bind

ing partners. 

PHB proteins and the ageing phenotype 

The potential for an involvement of Phblp in the process of cellular ageing was recognised 

shortly after its original identification as a putative negative regulator of the cell cycle [16]. 

Despite more recent observations showing that Phblp is unlikely to have a direct role in 

cell cycle control, the PHB complex has subsequently been implicated in the ageing process 

through a variety of different studies. Initially, studies of PHBl in human fibroblasts aged 

in vitro by continuous passage showed a marked decrease in mRNA levels in senescent cells 

compared with young subconfluent cells. Protein levels were also slightly lower in these se

nescent cells compared with the young subconfluent cells, although there was no direct cor

relation between mRNA and protein levels [16]. Further analysis of the expression ofhPHBl 

mRNA and protein levels during cellular ageing indicated that neither mRNA nor protein 

levels change appreciably with in vitro age, but two-dimensional (2-D) electrophoresis indi

cated that young cells have an acidic form of Phblp that is not present in the aged cells [17]. 

Other studies using hormone-treated ovarian cells suggested that the more acidic species rep

resents a phosphorylated form of Phblp [25]. Consequently, it appears that the ability to post-

translationally phosphorylate Phblp is lost during the process of cellular ageing, although the 

functional significance of this is not known. A more detailed immunofluorescence study of 

the expression of both PHB proteins during cellular ageing indicated that a subpopulation of 

senescent cells contain lower levels of Phblp and Phb2p [19]. This heterogeneous decrease in 

protein levels was correlated with the heterogeneous decline in mitochondrial membrane po

tential seen during in vitro ageing of mammalian cells [19, 50]. It was also shown that chick 

embryonic fibroblasts show a similar heterogeneous decline in levels of both Phblp and Phb2p 

during in vitro ageing, indicating that loss of the proteins is a conserved feature [19]. Further 

circumstantial evidence that PHB proteins are important for cellular ageing comes from ob-
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servations of their expression in immortalised cells; all tumour cell lines express high levels 

of the PHB proteins, and primary human tumours from a variety of different anatomical sites 

also express high levels of the two proteins [19], suggesting that expression ofPHBl and PHB2 

is associated with extended lifespan. 

These observations in higher species show a correlation between expression of PHB genes and 

ageing, but do not indicate that these proteins influence ageing itself. Convincing data indi

cating a role for the PHB complex in the ageing process has come from the analysis of budding 

yeast. Although S. cerevisae can grow continually in culture, the lifespan of individual cells 

is limited to a more or less defined number of population doublings. This replicative lifespan 

is measured by counting the number of times that individual 'mother' cells divide, and the 

daughter cells are easily recognised in budding yeast by their smaller size. It was found that 

deletion of either or both of the PHB genes shortened the replicative lifespan by about one 

third [7, 24]. That this reduction in lifespan was caused by an acceleration of the ageing proc

ess is evident from analysis of the phenotypic characteristics of the cells. Old yeast cells show 

altered surface morphology and prolonged cell division times, and cells deleted for PHB1 and 

PHB2 showed a roughened cell surface and prolonged cell cycle times after fewer divisions 

than the wild type counterparts, indicating clearly that the normal ageing process has been 

speeded up by deleting the PHB complex [7]. 

Thus, the levels of the PHB proteins are decreased during natural cellular ageing in cells 

from higher species, high level expression may be required for lengthening of lifespan in tu

mour cells, and deletion of PHBl and PHB2 accelerates the ageing process. The mechanism 

by which expression of the PHB genes influences ageing has not been fully elucidated at the 

present time. However, given the clear evidence linking the proteins to the regulation of mi

tochondrial function in both yeast and mammals, it must be postulated that they influence 

longevity through affects on mitochondrial metabolism. A key feature of the ageing process is 

the progressive deterioration in functional activity of cells and tissues. The free-radical theory 

of ageing states that ageing is essentially caused by the accumulation of cellular damage as a 

consequence of the production of reactive oxygen species [51]. These generally short-lived but 

harmful molecules are produced in large quantities during the process of aerobic respiration 

in mitochondria, and so mitochondria have been intensely investigated for their possible roles 

in the ageing process. It is clear that metabolic efficiency is a key determinant of lifespan in 

a wide variety of species from yeast through to humans [20, 52]. There is also overwhelming 

evidence to show that ageing of higher species is associated with increasing levels of damage 

to mitochondrial DNA (mtDNA), at least in certain tissues [53, 54]. The damage can take the 

form of typical age-associated deletions, which often represent quite large parts of the mito

chondrial genome, although other smaller deletions and mutations can also be observed. Such 

damage to mtDNA appears to be heterogeneous in ageing tissues [55]. Whether this damage 

to individual mtDNA genomes causes the cell to lose mitochondrial function has been a con

troversial area, although it is known that there are heterogeneous losses of mitochondrial en

zyme activities in muscle and liver tissues in aged animals, whilst liver cells removed from old 

animals show a heterogeneous loss of mitochondrial membrane potential [56-58]. 
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Considering the possible role of the PHB complex in ageing, it can therefore be hypothesised 

that a loss of function of the PHB complex would increase the rate of formation of improperly 

processed respiratory enzyme complexes. This in turn would be expected to increase oxida

tive stress due to leakage of electrons as they are transferred along the respiratory chain. Such 

increased production of reactive oxygen species would be able to account fully for the acceler

ated rate of ageing seen in PHB null cells. Direct evidence to support such a proposal for the 

role of the PHB complexes in ageing has come from knockout yeast, which show a slight in

crease in content of reactive oxygen species [13]. In higher species, in vitro ageing is associated 

with increased oxidative stress [59], correlating with the observed loss of PHB function [19]. 

Consequently, the PHB complex, by playing a role in the assembly of complexes required for 

mitochondrial respiration, can be considered as protecting cells from the harmful effects of 

this essential process. Since the proteins appear to be lost in old cells, which show increased 

oxidative stress and mitochondrial dysfunction, restimulating the expression and/or activity 

of the PHB complex would be expected to delay or reverse the ageing process, and would rep

resent an alternative to other approaches, such as the administration of antioxidant chemi

cals, enhanced expression of antioxidant enzymes, or caloric restriction, all of which have 

been shown to be effective in delaying ageing [20, 60-62], 

The PHB complex and degenerative disorders 

The currently available data strongly suggest a role for the PHB complex as a membrane-

bound mitochondrial chaperone involved in the stability of newly mitochondrially encod

ed subunits of the respiratory chain. It is therefore likely that mutations in either of the PHB 

genes would result in a mitochondrial disorder phenotype. Mitochondrial disorders give a 

broad spectrum of diseases. The most common types of disorders that have been associat

ed with mitochondrial dysfunction are myopathies and neuropathies. However, other disor

ders such as diabetes, hearing loss and optic neuropathy can also be caused by mitochondrial 

dysfunction [63, 64]. Additionally, recent data demonstrate that mutations in mitochondrial 

DNA can result in kidney failure [65]. 

The PHB complex is implied to be a chaperone, which is capable of holding newly synthesised 

mitochondrial translation products in order to be assembled into respiratory chain complex

es. Its role becomes even more important when imbalances of mitochondrially encoded subu

nits and nuclearly encoded subunits occur. Therefore, it may also be true that dysfunction of 

the PHB complex gives a phenotype only when found in combination with other disturbances 

in mitochondrial function. For instance, when mutations in the mitochondrial DNA occur, 

the PHB complex might be required to overcome problems arising from these mutations. An 

illustration for this is that HepC2 cells showed an increase of PHB1 expression when treated 

with thiamphenicol, an inhibitor of mitochondrial respiration. In other words, mutations in 

one of the PHB proteins might amplify other mitochondrial defects [19]. In favour of this ar

gument are the data showing that deletion of either PHB gene in combination with deletion 

mutants in the mitocondrial m-AAA protease (see above) give a lethal phenotype for growth 

on glucose [12]. Also, in combination with MDM10 and MDM12, deletion of PHB1 or PHB2 

gives a lethal phenotype [24]. In all these cases single deletions give no growth-phenotype on 
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glucose. Interestingly, in a disruption strain of SHY1, the yeast homologue of SURF1 which is 

associated with Leigh syndrome, the amount of PHB complex is increased [66]. This suggests 

that increased PHB expression might be a good marker for mitochondrial dysfunction, espe

cially in cases where this involves imbalances of respiratory chain subunits. We would there

fore suggest that these proteins should be included in microarrays designed to detect mito

chondrial disorders or to investigate mitochondrial dysfunction. 

The PHB complex binds to mitochondrial AAA-metalloproteases [12] and plays a role in the 

stabilisation of respiratory chain subunits [13]. Interestingly, disease-causing mutations have 

recently been found in a gene which has strong homology with the yeast mitochondrial AAA 

proteases. These mutations caused hereditary spastic paraplegia, and therefore the gene was 

called paraplegin [67]. The paraplegia patients showed ragged red fibres, a hallmark of mito

chondrial dysfunction. However, muscle tissue is not the primarily affected tissue, and it is 

not clear how the mutations relate to the clinical phenotype. Three AAA-metalloproteases 

bound to the mitochondrial inner membrane have been described in yeast YME1, RCA1 and 

AFG3, and metazoan homologues have been described [68]. Although the molecular mecha

nism of this disease is still not known, these findings highlight the importance of proper han

dling of proteins of the mitochondrial inner membrane to maintain mitochondrial integrity. 

Defects in these processes, regulated by AAA proteases, the PHB complex and other chaper-

ones might cause membrane leakage, reactive oxygen species production and possibly influ

ence apoptosis. 

Concluding remarks and prospects 

In summary, there have been a number of recent publications that provide insight into the 

function of the PHB complex. Using yeast as a model system, evidence has been provided that 

the PHB complexes are chaperones that play a role in assembly of respiratory chain complexes 

and possibly ATP synthase. This knowledge is of great help in the interpretation of the role of 

PHB proteins in the diverse cellular activities in which they are thought to play a role, such as 

in tumourigenesis and ageing. Despite this progress, understanding of the action of this pro

tein complex is still poor, and many questions remain to be resolved. 

On the structural level it has to be investigated whether Phblp and Phb2p really form a barrel 

and how it sits in the mitochondrial inner membrane. Another interesting question is, What 

are the natural substrates of this complex? Are hydrophobic mitochondrially encoded pro

teins the only substrates of the complex, or are there also more hydrophilic and nuclear-en

coded protein substrates that are processed by the complex? The finding that the PHB com

plex forms a mitochondrial chaperone with similarities to the GroEL chaperone system [13] 

also raises issues concerning the mechanistic function of the proteins: How does the substrate 

binding and release cycle in the PHB complex? Is there ATP binding and dephosphorylation 

involved in this process to induce conformational changes allowing the proteins to bind and 

release? 

Recent data into the physiological function of the PHB complex also leaves questions to be re

solved, particularly in terms of the relationships to tumour growth, ageing and degenerative 

diseases. Perhaps most fundamentally, in order to understand the PHB complex we need to 
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know the precise role in the assembly process and how the PHB complex relates to the pro

tease. Is the involvement really a question of quality control? If we compare the process of 

respiratory chain enzyme assembly with the process of traffic control, then a holdase/foldase 

function could be regarded as the regulation of cars merging from two lanes of traffic into a 

single lane. A role for the PHB complex in quality control, in contrast, would be comparable 

to the job of a recovery pickup truck that removes vehicles that have broken down due to over

use or even improper assembly at the factory, and are now blocking the efficient flow of traf

fic. It is clear that there is much to be understood about the role of the PHB complex, but now 

that a framework has been put in place for their functions, it has become possible to address 

these issues in a meaningful way. 
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Abstract 

Prohibitins are ubiquitous, abundant and evolutionarily strongly conserved proteins that play 

a role in important cellular processes. Using blue native electrophoresis we have demonstrat

ed that human prohibitin and Bap37 together form a large complex in the mitochondrial in

ner membrane. This complex is similar in size to the yeast complex formed by the homologues 

Phblp andPhb2p. In yeast, levels of this complex are increased on co-overexpressionof both 

Phblp and Phb2p, suggesting that these two proteins are the only components of the com

plex. Pulse-chase experiments with mitochondria isolated from phbl/phb2-nul] and PHB1/2 

overexpressing cells show that the Phbl/2 complex is able to stabilize newly synthesized mi

tochondrial translation products. This stabilization probably occurs through a direct inter

action because association of mitochondrial translation products with the Phbl/2 complex 

could be demonstrated. The fact that Phbl/2 is a large multimeric complex, which provides 

protection of native peptides against proteolysis, suggests a functional homology with protein 

chaperoneswith respect to their ability to hold and prevent misfolding of newly synthesized 

proteins. 

Introduction 

Because prohibitin occurs in a wide range of organisms, is strongly conserved, abundant and 

ubiquitously expressed, it probably serves an important role in cell function. Nevertheless, the 

physiological function of prohibitin has so far been difficult to define. The first mammalian 

prohibitin gene was originally characterized as a tumour suppressor gene [l].The protein ap

peared to be associated with anti- proliferative activity, thus explaining its tumour suppres

sion characteristic. Prohibitin mRNA microinjected into HeLa cells [2] indeed causes growth 

arrest. However, this effect was subsequently found to be specifically attributable to the 3'-

UTR of the prohibitin mRNA [3] and probably had nothing to do with the true action of pro

hibitin at the protein level. An important clue for cellular function was provided when it was 

demonstrated that prohibitin localizes to mitochondria [4]. Coates and co-workers [5] con

firmed the mitochondrial localization of prohibitin in mammals, and demonstrated that pro

hibitin interacts withthe structurally related protein, BAP37. This report additionally showed 

that prohibitins play a role in the determination of the replicative lifespan of yeast. Because it 

is widely accepted that mitochondria play a role in ageing, this finding indirectly suggests that 

prohibitins play a role in mitochondrial function. 

The yeast homologues of prohibitin and BAP37, Phblp and Phb2p, respectively, also interact 

[6]. When the gene for either was disrupted, the other protein was no longer detectable even 

though the corresponding mRNA was expressed.This interdependence indicates that Phblp 

and Phb2p are unstable in the absence of their partner, implying that together they form a 

complex. A genetic interaction of Phblp and Phb2p with mitochondrial inheritance compo

nents has been demonstrated. However, an explanation for these observed phenomena could 

not be found [6]. More indications about the cellular function of prohibitins have been pro

vided by comparisons with their Escherichia coli homologues. It has been demonstrated that 

the E.coli homologues of prohibitin, HflKC, are associated with and negatively modulate the 
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protease FtsH [7]. Similarly, in yeast, an association ofhomologuesofHflKC (the Phbl/2 com

plex) with the FtsH homologue (the Afg3p/Rcalpcomplex) has been demonstrated [8]. Also, 

an increased breakdown of mitochondrial translation productscould be observed in a Aphbl/ 

phb2 strain. 

Here we report that the human prohibitin and BAP37 form a high molecular weight complex 

very similar to the yeast Phbl/2 complex. We therefore continued by studying the yeast Phbl/ 

2 complex to obtain more insight into the working mechanism of prohibitins. We provide evi

dence that the stabilization of mitochondrial translation products by the Phbl/2 complex does 

not result from a direct inhibition of the Afg3p/Rcalp protease complex, but results from a 

protection through direct binding of translation products to the Phbl/2 complex. This leads 

to the hypothesis that the Phbl/2 complex is a novel type of membrane-associated chaperone/ 

holdase. 

Results 

Complex formation between prohibitin and BAP37 

Prohibitin and BAP37, proteins in the mitochondrial inner membrane,have been shown to in

teract physically with each other [5]. To investigate the supramolecular status of this complex, 

two-dimensional (2D) electrophoresis was performed. A western blot of a 2D gel was probed 

with polyclonal antibodies against prohibitin, BAP37 and as a reference, cytochrome c oxi

dase (COX) (Figure 1A). That prohibitin and BAP37 are indeed in the same complex can be 

deduced from the fact that they have the same mobility in the first dimension. The molecu

lar weight of this complex was estimated to be 1 MDa by usingthe mobility of the respiratory 

chain complexes as reference. 

Because it has been suggested in the literature [6] that prohibitins in yeast genetically inter

act with mitochondrial inheritance components, we investigated whether the expression of 

this prohibitin complex was altered in cells without mitochondrial DNA (p° cells). Figure IB 

shows that there is no difference between expression of the prohibitin complex in p" cells com

pared with control cells. Both antibodies against prohibitin and against BAP37 were able to 

detect the prohibitin complex, confirming that both proteins are part of the complex. An an

tibody against COX was used to verify the lack of expression of mitochondrial translation 

products in p" cells. 

Phblp and Phb2p form a complex in the mitochondrial inner membrane 

To check whether the yeast homologues Phblp and Phb2p form a complex comparable to 

that of the human prohibitins, similar experiments were performed using yeast mitochon

dria. Since no antibody against Phb2p was available we expressed Phb2-T7p in the wild-type 

W303 strain. After transfer to nitrocellulose membranes of the proteins in the resulting 2D 

electrophoresis gel, the blot was probed first with a monoclonal anti-T7 antibody and subse

quently with anti-Phbl polyclonal antibody. The result obtained shows clearly that the Phblp 

and Phb2-T7p proteins migrate identically in the first dimension and form part of the same 

high molecular weight complex. In the second, denaturing dimension, both proteins run ac-
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Prohibit in/BAP37 
complex COX BNE 

BAP37 
Prohibitin 

B Prohibitin BAP37 

COX 

Fig. 1. Prohibitin and BAP 37 form a high 
molecular weight complex in human mi
tochondria. (A) Two-dimensional electro
phoresis (BN and SDS-PAGE) of mitochon
dria extracted from human fibroblasts. The 
complexes were transferred to nitrocel
lulose and blots were incubated with an-
tisera directed against prohibitin, BAP37 
and human cytochrome c oxidase holo-
enzyme (COX). Arrows indicate the direc
tions of the first and second dimension. (B) 
A western blotof afirst dimension BN elec
trophoresis gel of mitochondria of B2.p° 
(p°) and wild-type A549 (wt) lung carci
noma cells. The blots were probed with 
polyclonal antibodies against prohibitin, 
BAP37andCOX. 

cording to their calculated molecular weight (Phblp 32 kDa and Phb2p 34 kDa) (Figure 2A). 

Disruption of either the PHB1 or PHB2 gene results in a disappearance of the Phbl/2 complex, 

again emphasizing the interdependence of the proteins (results not shown). Overexpression 

of either PHB1 or PHB2 did not result in a significant increase of the Phbl/2 complex (re

sults not shown). However, when both PHB1 and PHB2 were overexpressed, a clear increase 

of the Phbl/2 complex could be demonstrated (Figure 2B). This suggests either that Phblp 

and Phb2p are the only two components of the complex or that other components, if any, are 

present in non-limitingamounts. In a 2D PAGE gel the Phbl/2 complex was visualized by gen

eral protein staining and no other components except Phblpand Phb2p could be found at the 

same molecular weight in the first dimension (Figure 2C), yet another indication that Phblp 

and Phb2p are the only components of the complex. Given a mol. wt of ~1 MDa, this would 

mean that the Phbl/2 complexcontains between 12 and 16 copies each of Phblp and Phb2p. 

Phblp and Phb2p are membrane-associated proteins [6] that are thought to be anchored to 

the membrane by a single transmembrane helix located close to the N-terminus of both pro

teins. Because most mitochondrial proteins contain an N-terminal leader peptide that is 

cleaved off upon import into the mitochondria [9], this would affect the putative membrane 

anchor of Phblp and Phb2p. We therefore analysed the mature proteins Phblp and Phb2p as 

incorporated in the complex. Spots from a 2D gel (e.g. Figure 2C) were either blotted onto 

PVDF membranes and submitted to micro sequencing, or cut out of the gel and analysed 

by mass spectrometry. Amino acid sequencing revealed that the N-termini of both Phblp 

and Phb2p were blocked, in contrast to a protein from the same blot with a similar staining 

intensity (ATP synthase subunit a). However, both prohibitins were unambiguously identi

fied from the mass spectra. For Phblp, 26 peaks covering 77.7% of the sequence were found; 
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Phb2-T7p. 
Phblp-

B 

W303 

W303 + 
mcP1+P2 

Phb1/Phb2 
complex 

BNE 

Phb1/Phb2 
complex COX 

BNE, 

Fig. 2. Phblp and Phb2p form a 1 MDa com
plex of which they are the only components. 
(A) 2D PAGE of mitochondrial membranes of a 
W303 Aphb2 strain transformed with the mul
ticopy plasmid YEplac195-PHB2-T7-tag. After 
western blotting, the blots were incubated 
with a monoclonal antibody recognizing the 
T7-tag and subsequently with the polyclonal 
antibody against Phblp. (B) A Phblp polyclo
nal antibody was used to check the expres
sion level of the Phb1/2 complex. The Phbl 
signal was only increased when both PHB1 and 
PHB2 were overexpressed (W303+mcP7+P2). 
COX is indicated as a reference protein, which 
could be demonstrated by incubating with the 
Coxlp monoclonal antibody. (C) When over-
expressed [see (B)], the Phb1/Phb2 complex 
could also be detected after Coomassie stain
ing. For better comparison mitochondrial ATP 
synthase (ATPase) is indicated. 

BNE 

W303+mcP7+P2 

for Phb2p, 16 peaks covering 53.6% were 

identified. Experimental evidence is pro

vided that the proteins are imported into 

the mitochondria without cleaving off a 

large N-terminal leader peptide, because 

from Phblp a peptide starting at Leu7 

and from Phb2p a peptide starting at Ser4 

were positively identified by tandem mass 

spectrometry. Also, these findings mean 

that the predicted transmembrane do

mains for Phblp (amino acids 10-30) and 

Phb2p (amino acids 36-54) are present in 

the mature protein as incorporated in the 

complex. 

Stabilization of subunits II and III of COX occurs through direct association with 
the Phb1/2 complex 

Steglich and co-workers found that the absence of the Phbl/2 complex resulted in a decreased 

stability of mitochondrially encoded translation products [8]. Similar results were obtained 

by pulse- chase experiments using mitochondria of a PHB1/2 overexpressing strain and a 

phbl /2 disruptant strain (Figure 3). A possible mechanism for the decreased stability of mito

chondrially encoded subunits in the Aphbl/2 strain might be that these subunits are protected 

through direct interaction with the Phbl/2 complex. In order to test this hypothesis we incu

bated 2D PAGE blots with antibodies against COX subunits. In the PHB1/2 overexpressing 

strain, but not in the Aphbl/2 strain, we observed an extra spot of Cox3p, which co-migrated 
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pulse (min) 10 30 30 30 10 30 30 30 

chase (min) -- - 30 60 - -- 30 60 

Varip 

Cox lp 

Cobp 
Cox2p 

Cox3p/Atp6p 

Fig. 3. The Phbl/2 complex stabilizes mitochondrial translation products. Proteins were pulse-labelled 
with ["S]methionine in isolated mitochondria for 10 and 30 min. After addition of a large excess of un
labeled methionine, mitochondria were chased for 30 and 60 min, respectively and analysed on SDS-
PAGE (see Materials and methods). Mitochondrially translated products were compared in a disruptant 
strain {Aphbl/Aphb2) and in a strain overexpressing the Phb1/2 complex {Aphbl/Aphb2 mcP1+P2). The 
mitochondrial translation products Varip, Coxlp, Cobp and Cox2p are indicated. Cox3p and Atp6p were 
not separated using these electrophoresis conditions. 

in the first dimension with the Phbl/2 complex (Figure 4A). Co-migration of Cox2p could 

also be observed (our unpublished data). The Cox3p antibody cross-reacts with multiple spe

cies that co-migrated with the COX complex. An explanation for this is that the COX complex 

did not fully dissociate in the second dimension. It is well documented that the very hydro

phobic subunits are difficult to dissociate even in the presence of SDS [10]. The co-migration 

of Cox2p and Cox3p with Phblp strongly suggests that these proteins associate with the Phbl/ 

2 complex. Additional evidence for the direct binding of mitochondrial translation products 

to the Phbl/2 complex was provided by co-immunoprecipitation (Figure 5A). Mitochondria 

isolated from a PHB1/2 overexpressing and a Aphbl/2 strain were used as starting material 

for co-immunoprecipitation with anti-Phbl polyclonal antibody. Western blot analysis of the 

immunoprecipitate shows that although the mitochondrial lysates of both strains contained 

similar amounts of mitochondrial protein (Figure 5A, lanes 1 and 2), Cox2p and Cox3p 

could only be co-precipitated with the Phbl antibody in the PHB1/2 overexpressing strain 

(Figure 5A, lanes 3 and 4). Figure 5B illustrates that indeed no Phblp was present in the phbl/ 

2 disruptant strain and that Phblp was immunoprecipitated from the PHB1/2 overexpressing 

strain. The co-immunoprecipitation of Cox2p and Cox3p with Phblp was specific because 

the high abundance, hydrophobic, mitochondrial ADP/ATP carrier protein (AAC), also an 

integral inner membrane protein, did not co-immunoprecipitate (Figure 5C). In order to ob

tain information about the binding and release of mitochondrial translation products from 

the Phbl/2 complex, a pulse-chase experiment of the Phbl/2 disruptant and overexpressing 

cells in the presence of cycloheximide (to block nuclear translation) was performed, followed 

by 2D PAGE analysis (Figure 4B). In the 40 min pulse labelling, labelled mitochondrial t rans

lation products were co-migrating with the Phbl/2 complex only in the PHB1/2 overexpress-
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W303+mcP7+P2 Aphb1/a.phb2 

Fig. 4. COX subunits associate temporarily with the Phbl/2 complex. (A) A 2D gel of mitochondrial mem
branes of cells overexpressing the Phb1/2 complex (W303+mcP7+P2) and cells lacking this complex 
(Aphb1/Aphb2), which were blotted to nitrocellulose. Western blots were first incubated with the mono
clonal antibody against Cox3p, and subsequently with the polyclonal antibody against Phblp. (B) The 
same strains were used in a pulse-chase experiment (see Materials and methods). After 40 min pulse la
belling, cells were chased for 60 min. Mitochondrial pellets were run on 2D PAGE as described before. 
Labelled proteins were detected using a Phosphorlmager. Cox3p is indicated. 

A Total IP B Total IP C T ° ta l IP Total IP 
n ö -1 ^ 2 - 1 H Ö"1 ^ 7~> ' - " i ' r-T-if-r-t 

Fig. 5. Cox2p and Cox3p specifically co-immunoprecipitate with the Phb1/Phb2 complex. Mitochondria 
from W303+mcP7+P2 (lanes 1 and 3) and Aphbl/Aphb2 (lanes 2 and 4) were used for immunoprecipi-
tation with the polyclonal antibody against Phblp. Lanes 1 and 2 represent 1% of the total lysate and 
lanes 3 and 4 correspond to the immunoprecipitate. The same blot was first incubated with the mono
clonal antibodies directed against Cox3pand Cox2p (A) and subsequently with the polyclonal antibody 
against Phbl p (B). To demonstrate the specificity of the co-immunoprecipitate, a separate blot of an SD5 
gel containing total lysate (1) and the immunoprecipitate (3) was incubated with a polyclonal antibody 
against the mitochondrial ADP/ATP carrier protein (AAC) [(C), left panel] and additionally with the Phblp 
antibody [(C), right panel]. 

70 



ing strain and not in the Aphbl/2 strain, confirming the western blot results (Figure 4A). 

However, after a 60 min chase most of the label had disappeared from this position in the 

gel and most of the label co-migrated with the fully assembled complex (COX). We infer that 

newly synthesized proteins were transferred from the Phbl/2 complex to assembling COX or 

were broken down. 
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Fig. 6. Sequence conservation between prohibitins and part of E.coli GroEL. Representative members 

of the prohibitin family were aligned using ClustalW (version 1.4) using values of 10 and 0.05 as penal

ties for gap opening and extension, respectively. The aligned sequences were then compared with the 

region of the sequence identified by Psi-Blast in the CPN60 chaperone family as displaying similarity 

(E-value of 5e~50 after four iterations against the NCBI non-redundant protein database). Amino acids 

identical or chemically conserved between E.coli GroEL, as representative of the CPN60 family, and oth

er 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); (R,K); (A,G); H; P; C. Database accession numbers and 

the positions of the sequences shown are: S.cerevisiae Phbl SwissProt P40961, residues 73-287; human 

prohibitin SwissProt P35232, residues 71-272; Drosophila melanogaster prohibitin homologue SwissProt 

P24156, residues 13-203; S.cerevisiae Phb2 SwissProt P50085, residues 102-315; human B-cell-associat-

ed protein (BAP37) DDBJ/EMBL/GenBank AAF17231, residues 85-299; Arabidopsis thaliana prohibitin 

homologue, DDBJ/EMBL/GenBank AAC49691.1, residues 76-277; E.coli GroEL SwissProt P06139, residues 

39-203. 
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Does Phb1/2 complex function as a membrane-bound chaperone? 

Our findings suggest that the Phbl/2 complex somehow protects mitochondrial translation 

products from proteolytic breakdown. Both the observed size and the function of the Phbl/ 

2 complex are reminiscent of hsp60-like chaperones, raising the possibility that the Phbl/2 

complex protects newly synthesized mitochondrially encoded respiratory chain subunits 

from proteolysis by functioning as a novel, inner membrane-bound chaperone. Sequence da

tabase comparison of members of the prohibitin family shows that they are unrelated to any 

of the known protein chaperone families. However, use of the Psi-Blast algorithm, which is 

sensitive to weak, but often biologically relevant sequence similarities, shows that Phblp and 

Phb2p are members of an extensive family of integral membrane proteins, whose principal 

other members include stomatin and mammalian band 7 proteins (Pfam PF01145; Prosite 

PDOC00977) [11]. Additionally, Psi-Blast detects a short, but statistically significant similar

ity to members of the hsp60 family (Figure 6) in a conserved region of this family that has been 

shown to exert influenceon several aspects of hsp60 (GroEL) function, including the ATPase, 

binding of GroES and the binding/release of unfolded peptides [12). 

Phb1/2 complex is increased when there is an imbalance of mitochondrially trans
lated products 

A holdase/unfoldase function of the Phbl/2 complex could imply that this complex becomes 

limiting in situations in which extreme imbalances of translation products occur. This may 

trigger increased levels of the complex, which in turn displays a higher degreeof occupation by 

unassembled translation products. A situation of imbalance might occur when the respiratory 

activity of cells is changing. This is supported by the mRNA levels for both PHB1 and PHB2, 

which are induced 2.5- and 2.6-fold at the diauxic shift, but return to low levels immediate

ly afterwards [13]. Also, western blot analysis using a Phblp antibody shows that the protein 

levels of Phblp are increased upon metabolic stress (our unpublished data). Furthermore, we 

investigated the expression of the Phbl/2 complex in a yeast strain in which there is an imbal

ance in the mitochondrially encoded subunits because of a mutation in a translational activa

tor of COXI (Mss51p) [14]. Figure 7 demonstrates that, consistent with our expectations, ex

pression of the Phbl/2 complex is indeed increased when compared with the a and B subunits 

of the ATP synthase complex. 

ATPase ATPase 

Fig. 7. Phb1/Phb2 complex levels are increased in respiratory chain deficient mutants. Cells lacking the 
MSS51 gene {Amss51) were compared with wild-type cells (W303). Mitochondrial membrane extracts 
were analysed by 2D (BN/SDS)-PAGE and the Phb1/Phb2 complex was detected with a polyclonal anti
body against Phblp. For better comparison, mitochondrial ATP synthase (ATPase) is indicated. 
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Discussion 

Important cellular functions such as tumour suppression, cell cycle arrest and determination 

of replicative lifespan have been attributed to prohibitin, and although it has been shown that 

prohibitins influence the stability of mitochondrially translated proteins [8], the relationship 

of this activity to the cellular roles of this complex remains poorly understood. 

The exact structure of the Phbl/2 complex has still to be resolved; however, the molecular size 

of the complex observed in 2D electrophoretic separations suggests that, like other members 

of the stomatin/band 7 protein family, it may contain 12-16 copies each of Phblpand Phb2p 

[15]. Taken together with the observed association of the complex with newly synthesized mi

tochondrial translation products and sequence similarities with other chaperones,it is tempt

ing to suggest that the complex has a barrel-like structure within which such products can be 

contained. As such, its action may parallel that of the mitochondrial inner membrane protein 

Tcm62p [16]. This member of the hsp60 family of chaperones appears to be specifically re

quired for assembly of complex II. Like Phbl/2, it is unusual in beingmembrane associated, it 

forms a similar high molecular weight complex and has recently been demonstrated to bind 

subunits of complex II prior to their assembly. 

The function most recently proposed for the prohibitins is as negative regulators of the Afg3p/ 

Rcalp protease, since disruption of the prohibitin genes causes destabilization of mitochon

drial polypeptides [8]. Several of our observations show that it is unlikely that a direct inhibi

tion of the protease by Phbl/2 is the mechanism of this negative regulation. First, we found an 

increase in the level of the Phbl/2 complex upon disruption of a COX1 translation initiation 

factor. In this situation, due to decreased COX assembly, degradation of redundant subunits 

is required and activity of the protease should increase. To increase an inhibitor that leads to 

a decreased protease activity seems contradictory. In contrast, an imbalance in the produc

tion of subunits would be expected to increase the levels of a chaperone/holdase whose func

tion is to ensure correct assembly. Secondly, a protease inhibitor function does not satisfacto

rily explain why deletion of the PHB1 and PHB2 genes in a background of disruptants of afg3 

or real causes a severe growth defect, since an inhibitor should have no effect in the absence 

of the protease. However, abolishing the activity of a chaperone/holdase that is linked to the 

protease ought to compound the effect of protease dysfunction. These observations strongly 

suggest that the prohibitins have functions above and beyond their putative role as protease 

inhibitors. Additionally, since the function of a protease inhibitor could be efficiently served 

by a single, small polypeptide, the sophisticated nature of the prohibitin complex with its mul

tiple subunit structure suggests that they should have additional properties. 

For the above reasons, we do not think that the prohibitins act mainly as inhibitors of the m-

AAA protease in the inner mitochondrial membrane and our observations are more in keep

ing with a direct role in respiratory chain enzyme processing as a chaperone/holdase. One 

reason for supposing a role as protease inhibitors is the finding that the two complexes are 

physically associated. The association of the Phbl/2 complex with the Afg3p/Rcalp complex 

is detected only when very mild detergents are used, and the complexes appear to be autono

mous because disruption of either of the complexes fails to destabilize the other [8]. In com-
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bination with our evidence that the Phbl/2 complex directly binds polypeptides of the respi

ratory chain, this association of the Pbhl/2 and the Afg3p/Rcalp complex suggests a spatial 

organization for the assembly of respiratory chain enzymes. This model implies that the pro

hibitins are used toassist with polypeptide folding, and if a polypeptide cannot be folded cor

rectly, it is passed directly to the protease for destruction, rather than being free for incorpo

ration into a respiratory chain complex. Polypeptide subunits with reduced ability for correct 

folding could arise due to mutations in the mitochondrial genome, which occur naturally and 

accumulate during ageing, or as a result of direct oxidative damage to proteins, which also oc

curs naturally in the mitochondrial environment. The incorrect incorporation of a mutant 

or damaged polypeptide subunit into the respiratory chain would cause increased oxidative 

stress as well as compromising metabolic efficiency, and this would explain the effect of dele

tion of the prohibitin genes in shortening cellular lifespan [5, 6]. In support of this hypothesis, 

analysis of steady-state reactive oxygen species in prohibitin-null yeast with the fluorescent 

probe H2DCFDA shows that the deletion strains have a higher level of oxidative stress than 

the corresponding wild-type cells (our unpublished data). Thus, the observations imply that 

the prohibitins act as an additional component of the quality control system for assembly of 

the respiratory enzyme complexes, which itself includes the Afg3p/Rcalp protease [17]. 

The assembly of OXPHOS complexes is an intricate process and involves gene products from 

both the nuclear and the mitochondrial genome. Because in COX the subunits are assem

bled in stoichiometric amounts , nuclear- and mitochondrially-encoded subunits need to be 

provided in a one-to-one ratio. When a yeast cell switches from one state to another, e.g. sta

t ionary phase to log phase or aerobic versus anaerobic growth, there might be a temporary 

imbalance between nuclear and mitochondrial gene products. This is an undesirable situa

tion because aggregation of unassembled, hydrophobic mitochondrial translation products 

present in the mitochondrial inner membrane may cause proton leakage. Since the Phbl/2 

complex is induced transiently in such circumstances, it might also have a function as a hold

ing complex, preventing these peptides from misfolding and thereby either causing damage 

to the membrane, or leading to the accumulation of incompletely assembled complexes that 

cause escape of reactive oxygen species. 

Prohibitin disruption gives only a very mild phenotype in yeast, and is presumed to cause a 

reduction in lifespan due to a gradual decline in cellular metabolic capacity [5]. In contrast, 

disruption of the Drosophila homologue of prohibitin is lethal during embryonic development 

i 18], suggesting a more rapid effect on cellular metabolism in higher species. It is likely that in 

man prohibitins serve an important role in ageing and mitochondrial function. 

Materials and methods 

Cell lines, strains and media 

The standard cell culture medium in this study was Dulbecco's modified Eagle's medium (DMEM) 
containing 4.5 g/1 glucose, 110 mg/1 pyruvate, with 10% fetal bovine serum. Tissue culture reagents 
were purchased from Life Technologies (Bethesda, MD). The p" cells (a kind gift of Dr I.J.Holt, 
Dundee), derived from the lung carcinoma cell line A549, were supplemented with 50 ug/ml uri
dine. The absence of mitochondrial DNA from both these cell lines has been shown previously by 
Southern blotting and PCR [19]. 
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The wild-type Saccharomyces cerevisiae strain used in this study is W303/1A (MATa, ade2-2, his3-

11,-15; leu2-3,-U2; ura3-l, trpl-1; canl-100) [20]. Using this strain, disruptions of either PHB1 

(W303/1 A-Aphbl) or PHB2 (W303/lA-4p/ib2),or both (W 30VI A-Aphbl Aphb2), were made. 

Escherichia coli strain DH5a was used [21] and cells were grown in LB medium (1% bactotryptone, 

0.5% yeast extract, 1% NaCl) supplemented with ampicillin (100 ug/ml)when necessary for plas-
mid selection. 

Cloning and epitope tagging ofPHBl and PHB2 

PHB1 and PHB2 genes were cloned individually and together into the multicopy shuttle vector 
YEplacl95 [22]. The PHB1 gene was isolated as a 1.9 kb Mscl fragment from the cosmid pEGH195 
(kindly provided by FYSA Investigator Purnelle Bénédicté). The PHB2 gene was obtained as a 
2.4 kb Sphl-Pstl fragment from cosmid pEGH484 [23]. 

The 11-residue T7-tag (MASMTGGQQMG) was added at the C-terminusof Phb2 protein using 
overlapping PCR. Primers used were (epitope-encoding nucleotides are underlined): 5'-CTTCTAT 
GACCGGTGGTCAACAAATGGGTTAGATATTATCTTTAAGAATTGAG-3' (53mer) and 5'-GT 
TGAGCACCGGTCATAGAAGCCATGCCTTCGCTATTTATTTGAC-3' (45mer). Oligonucleotide 
5'-GAATTGAAAAGCTTAGATACAG-3' introduced a HindlU site (bold) for further cloning. 
These primers weredesigned based on the sequence in the yeast genomic database(SGD). Sequence 
analysis of PHB2-T7 revealed a small discrepancy at the 3' end of the gene compared with the wild 
type. The extreme C-terminus of the fusion protein was changed toRVKKNSEG-tag-stop instead 
of RGQINSEG-tag-stop. 

Preparation of mitochondrial fractions for blue native PAGE 

Human fibroblasts. Cells from exponentially growing cultures were collected as described previ

ously [24]. The cell pellet was resuspended in phosphate-buffered saline (PBS) and the cell concen
tration was determined by use of a counting chamber. Crude mitochondrial pellets were obtained 

by incubating 1 x 106 cells in 200 ml of PBS for 10 min on ice with 4 mg/ml digitonin. The samples 

were centrifuged for 1 min at 12 OOOgand thepellet was washed with PBS. The mitochondrial pel

lets were storedat -70°C until further processing for 2D PAGE. 

Yeast. Yeast cells were grown on 20 ml of YPGal medium (1% yeast extract, 1% peptone, 2% galac

tose) overnight toanODw | ( )of-2.0. Cells were harvested at 1800 g and washed once in cold tap wa

ter. The pellet (± 0.2 mgwet weight) was resuspended in 0.65 M mannitol, 20 mMTris pH 7.1 and 

1 mM EDTA, and 0.4 ml of glass beads were added. This suspension was vortexed for 5 minat 4°C. 

After sedimentation of the glass beads, the lysatewas transferred to another tube and the glass 
beads were washed once more. The pooled supernatants were centrifuged for 3 minat 4°C to re

move the unbroken cells. Mitochondria were collected by centrifugation at 10 000 g for 15 min and 
the pellets were stored at -70°C. 

Electrophoresis and western blotting 

Standard SDS-PAGE was performed according to Laemmli [25] and 2D PAGE was carried out 

by the method of Schagger and von Jagow [26]. Following electrophoresis, proteins were blotted 
to nitrocellulose [27]. Immunoreactive material was visualized by chemiluminescence (ECL1M; 
Amersham) according to the manufacturer's instructions. 

Antibodies 

Polyclonal antiserum to Phblp was raised by repeated injections of a synthetic peptide (Chiron 
Mimotopes, Australia) representing the 15 amino acids at the C-terminus of Phblp conjugated to 

keyhole limpet haemocyanin (Sigma) using glutaraldehyde. Prior to use, the serum was adsorbed 
against yeast acetone powder prepared from phbl-null cells, to remove antibodies that recognize 
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other yeast antigens. Human polyclonal antibodies against prohibitin and BAP37 were described 
previously [5]. The monoclonal antibody for the detection of T7-tag was obtained from Novagen. 
The monoclonal antibodies to subunits COX1, COX2, COX3 and COX4 were obtained from 
Molecular Probes. 

Pulse-chase experiments 

In mitochondria. Cells were grown in rich medium containing 2% galactose until mid-log phase 
and all further procedures were performed as described by McKee and Poyton [28]. Mitochondria 
were isolated with a few minor modifications: spheroplasts were immediately lysed (pottering) and 
the post-mitochondrial fraction was not used. Mitochondria were resuspended in 0.6 M mannitol 
to a final concentration of 2 mg/ml. 

For efficient translation, isolated mitochondria were incubated in optimized protein-synthesiz
ing medium D in the presence of 8 ul/mlTRAN35S-LABELTM (1175 Ci/mmol; 10.5 mCi/ml; con
taining 70% L-[35S]methionine and 15% L-[35S]cysteine; ICN Biomedicals, Inc.). Labelling was 
allowed to continue for 30 min and 250 ul samples were taken at 10 and 30 min. An excess of cold 
methionine (final concentration 0.2 M) was added after 30 min to start the chase. Samples were 
taken at 30 and 60 min chase. 

Samples were pelleted and the pellet was prepared for SDS-PAGEin LSB (2% SDS, 5% (3-mer-
captoethanol, 5.8% glycerol, 62.5 mMTris-HCl pH 6.8, 100 ug/ml bromophenolblue). Gels were 
dried under vacuum and labelled proteins were quantified using a Phosphorlmager (Molecular 
Dynamics, USA). 

In cells. Cells from exponentially growing cultures in YPGal medium were collected by centrifu-
gation and washed with PBS. The pellet was resuspended in labelling medium (40 mM potassium 
phosphate buffer pH 7.4, 0.3% glucose) to a concentration of 25 mg/ml (wet weight). To stop cyto
plasmic translation, cells were pre-incubated for 10 min with cycloheximide (20 ug/ml). Pulse la
belling was started by adding [35S]methionine to a final concentration of 50 uCi/ml. After 30 min, 
cells were collected by centrifugation and washed twice. Cells were chased by adding unlabelled 
methionine (0.1 ml of 0.2 M to each sample). Mitochondrial fractions for blue native (BN) PAGE 
were prepared as described above. 

Immunoprecipitation 

Mitochondria were resuspended in 100 ul of PBS containing 2.5 mM phenylmethylsulfonyl fluo
ride (PMSF). Lauryl maltoside (final concentration 1.5%) was added to solubilize cells and to ex
tract the membrane proteins. Samples were left on ice for 30 min and centrifuged at 12 000 g for 
5 min at 4°C. Supernatants were adjusted to 1 ml with PBS containing 1 mg of bovine serum albu
min and 2.5 mM PMSF. Incubation with antibodies coupled to protein A-Sepharose 4B was per
formed in a rotating wheel overnight at 4°C. Theimmunoprecipitates were eluted by incubating the 
beads in sample buffer (4% SDS, 20% glycerol in 10 mM Tris-HCl pH 6.8) at 37°C. After centrifu
gation, eluates were run on SDS-PAGEgels and blotted to nitrocellulose. Proteins were detected 
byimmunostaining. 

Mass spectrometry 

In-gel digestion. Protein-containing gel slices were S-alkylated with iodoacetamide, digested with 
trypsin (Boehringer-Mannheim; sequencing grade) and extracted according to the protocol of 
Schevchenko et al. [29]. Only the peptides eluted with 20 mM NH4HCO_, were used for mass spec
trometry analysis. These were collected and cleaned on ZipTip C18 (Millipore) micropipettetips 
according to the manufacturer's instructions, and subsequently eluted in 10 ul of 60% methanol, 
1% formic acid. 
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MALDI-TOF mass spectrometry. The peptide solution (0.5 pi) was mixed with 0.5 pi of a 10 mg/ml 
a-cyano-4-hydroxycinnamicacid (Sigma) solution in acetonitrile/ethanol (1:1 v/v). The mixture 
(0.5 pi) was spotted on the target and allowed to dry at room temperature. MALDI spectra were 

acquired on aMicromass TofSpec 2EC (Micromass, Wythenshawe, UK) equipped with a 2 GHz 
digitizer. 

ESI-QTOF mass spectrometry. The solution (2 pi) was introduced into a nanospray capillary, and 

positive mode spectra were recorded on a Q-TOF mass spectrometer (Micromass, Wythenshawe, 
UK) equipped with a Z-spray source. 

Miscellaneous 

Escherichia coli transformations were carried out by electroporation with the E.coli pulser (Bio-

Rad). Saccharomyces cerevisiae was transformed by using the one-step method [30]. DNA manip

ulations were performed using standard protocols. N-terminal amino acid sequencing was per

formed on a Procise 494A (Applied Biosystems). 
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Abstract 

The mitochondrial prohibitin complex consists of two subunits (PHB1 of 32 kD and PHB2 

of 34 kD), assembled into a membrane-associated supercomplex of approximately 1 MD. 

A chaperone-like function in holding and assembling newly synthesized mitochondrial 

polypeptide chains has been proposed. To further elucidate the function of this complex, 

structural information is necessary In this study we use chemical crosslinking, connecting 

lysine side chains, which are well scattered along the sequence. Crosslinked peptides from 

protease digested prohibitin complexes were identified with mass spectrometry. From these 

results, spatial restraints for possible protein conformation were obtained. Many interaction 

sites between PHB1 and PHB2 were found, whereas no homodimeric interactions were ob

served. Secondary and tertiary structural predictions were made using several algorithms 

and the models best fitting the spatial restraints were selected for further evaluation. From 

the structure predictions and the crosslink data we derived a structural building block of one 

PHB1 and one PHB2 subunit, strongly intertwined along most of their length. The size of the 

complex implies that approximately 14 of these building blocks are present. Each unit con

tains a putative transmembrane helix in PHB2. Taken together with the unit building block 

we postulate a circular palisade-like arrangement of the building blocks projecting into the 

intermembrane space. 

Introduction 

The two structurally related proteins PHB1 and PHB2, previously referred to as prohibitin 

proteins, localise to mitochondria in mammals, plants, and yeast [1-6]. In yeast, levels of 

PHB1 and PHB2 have shown to be interdependent, and have been shown to physically associ

ate with each other to form a large multimeric complex in the mitochondrial inner membrane 

of mammals and yeast [4, 5,7]. The molecular mass of the so-called PHB complex is estimated 

to be 1 MD by migration in Blue Native Electrophoresis (BNE) experiments. PHB constituent 

proteins are ubiquitously expressed in mammalian tissues and have been highly conserved 

through evolution, suggesting a vital function among eukaryotes. To date, various functions 

have been attributed to both PHB proteins, including cell cycle regulation, receptor-mediated 

signalling at the cell surface, ageing, apoptosis, and a role in the assembly of mitochondrial 

respiratory chain complexes (for review see [3]). Although the now clear localization of the 

PHB complex to the mitochondria has already provided the context where to place its func

tion, the exact role of these proteins still remains unclear. Based on recent results we propose 

that the PHB complex forms a novel type of membrane-associated holdase/unfoldase chaper-

one for the stabilisation of mitochondrial proteins. Because the ability of the PHB complex to 

stabilise newly translated mitochondrial gene products via direct interaction it was proposed 

that the PHB complex could form a barrel structure where proteins could be contained [7]. In 

the yeast Saccharomyces cerevisiae the PHB1 and PHB2 subunits have molecular weights of 32 

and 34 kD, respectively, varying very little among other eukaryotes. Assuming a molecular 

mass of 1 MD, between 12 and 16 subunits of each PHB1 and PHB2 would be needed to form 

such a complex. Beyond the interdependence of PHB1 and PHB2 to form the PHB complex, 

which suggests that they probably associate in a 1:1 ratio (further substantiated by the equal 
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staining intensity of the protein bands upon blue native 2D electrophoresis [7]), nothing is 

known about the structure of the complex. More detailed structural information of the PHB 

complex is required to further elucidate the molecular mechanism of action of the PHB com

plex. Resolving the structure of a protein with unknown function will give valuable clues to 

its role in vivo. Three-dimensional protein structures have been traditionally determined by 

X-ray crystallography and NMR spectroscopy. X-ray crystallography is limited to the avail

ability of analyte crystals and NMR to small protein complexes. These techniques require rel

atively large amounts of pure protein, and this becomes especially labor-intensive in the case 

of membrane proteins. 

Also, despite the increasing number of determined macromolecular structures, structural ge

nomics and protein modelling are still limited to known folds or structures. Although PHB 

proteins are highly conserved in evolution, their low sequence similarity to known protein 

folds makes them difficult to model. 

As an alternative approach to structure determination we have generated amino acid distance 

information using crosslinking technology and mass spectrometry for the identification of 

crosslinks [8]. Although the atomic distance information provided by crosslinks might be of 

low resolution, a limited number of distance constraints [9] can be of valuable help to solve the 

tertiary structure of a macromolecule. Our crosslinking results suggest that the PHB complex 

is built from heterodimers, where PHB1 and PHB2 run parallel and intertwined for a long dis

tance through their pr imary structure, raising the concept of a PHB 'unit cell'. We predict the 

unit cells to be organized into a large palisade shaped macromolecular complex. 

Results 

Isolation of the complex 

Highly purified mitochondria from yeast cells overexpressing the PHB complex were ex

tracted for blue native electrophoresis as described in Materials and Methods. After the first 

native dimension the predominant high molecular weight band corresponding to the PHB 

complex was cut out. The stability of the complex after electroelution was tested by re-apply

ing the unmodified electro eluted complex to two-dimensional blue native electrophoresis. 

Approximately 90% of the electro eluted complex remained stable as seen with Western anal

ysis of its migration as a high molecular weight entity (Fig. 1 A). 

Crosslinking 

Crosslinks were introduced into the PHB complex with the Afunctional lysine reactive 

crosslinkers DTSP and sBID as described in Materials and Methods. For crosslinking in solu

tion, the PHB complex was electroeluted from the gel slices. In other experiments DTSP was 

applied directly to the gel pieces. 

After crosslinking the complex still migrated in BNE at 1 MD. In the second (SDS) dimension 

the band at 32 kD was replaced by a new band at approximately 70 kD (illustrated for sBID in 

Fig. IB). Peptide mass fingerprinting showed this new band to contain both PHB1 and PHB2 
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Figure 1. Reelectrophoresis of electroeluted PHB com
plex. PHB complex was cut out of a first dimension BNE 
gel and electroeluted as described in Materials and 
Methods. (A) Control incubation of an aliquot of complex 
in crosslink buffer for the same duration as a crosslinking 
experiment. After incubation the complex was run again 
on a native first dimension and subsequently on a dena-

C T R L turing (SDS) second dimension. Protein was visualized by 
anti-PHBl antibody. Approximately 90% of the loaded 
amount of protein is still in intact complexes running at 
1MD. (B) Crosslinking with sBID. An aliquot of electroelut
ed complex was incubated with 1 mM sBID as described in 
Materials and Methods. Western analysis after BNE2D re
vealed bands running at 1MD in the first dimension (size 

sB ID of the PHB complex) that dissociated into 70 kD bands in 
the second dimension (size of PHB dimers). 

(data not shown). Figure 2 shows the aligned sequences of the homologous PHB polypep

tides. Also indicated are the positions of the many lysine-residues, scattered along the peptide 

chains, providing numerous crosslink opportunities. 

After crosslinking the complex was digested with trypsin in solution, or in gel pieces cut out 

after second dimension denaturing electrophoresis. Peptide mixtures were mass-mapped by 

MALDI-TOF and ESI-QTOF mass spectrometry. Subsequently MS data were scanned for di-

P H B l r_. ^ _ MSNSAiaLIDVITiaVALPIGIIASGIOYSMYD 
PHB2 MNRSPGEFORYAlaAFQiaQLsBvQOTGGRGQVPSPRGAFAGLGGLLLLGGGALFINNALFN 

PHB1 vraGGSRGVIFDRINGvlaQQWGEGTHFLVPWLQiaAIIYDVRTgPi3SIATNTGTraDLQMVS 
PHB2 VDGGHRAIVYSRIHGVSSRIFNEGTHFIFPWLDTPIIYDVR A I 8 P R N V A S L T G T " D L Q M V N 

I T B P B S I A T N T G T g D I 
.ABPRNVASLTGTBDI 

PHBI LTLRVLHRPEVLQLPAIYQNLGLDYDERVLPSIGNEVLSSIVAQFDAAELITQREIISQ™ 
PHB2 ITCRVLSRPDWQLPTIYRTLGQDYDERVLPSIVNEVL HAWAQFNASQLITQREISVSRL 

PHBI IRraELSTRANEFGllaLEDVSITHMTFGPEFTlaAVEQraQIAQQDAERAIaFLVEraAEQERQA 
PHB2 IRENLVRRAslaFNILLDDVSITYMTFSPEFTNAVEAlaQIAQQDAQRAAFWDlaARQElaQG 

PHBI SVIRAEGEAESAEFIS^LAraVGDGLLLIRRLEAslaDIAOTLANSSNVVYLPSQHSGGGN 
PHB2 MWRAQGEAraSAELIGEAllaaSRD-YVELiaRLDTARDIAraiLASSPNRVILDNEALLLNT 

PHBI SESSGSPNSLIJLNIGR 
PHB2 WDARIDGRGi: 

J L L I 

M 

Figure 2. Aligned sequences of PHBI and PHB2. The region expected to be membrane spanning in PHB2 
and membrane associated in PHBI is underlined. Lysine residues (possible targets of the crosslinkers 
used in this study) are boxed. It can be seen that lysines are well distributed along the chains. 
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gest fragments that were modified with the used chemical cross linker. These analyses were 

supported by a custom-made software tool called FindLink (see Materials and Methods). The 

crosslinks found in this study are summarized in Table 1. To validate our identification meth

od we performed low-energy CID MSMS of some proposed crosslinked peptides and con

firmed the identification. This is illustrated in Figure 3 for the fragmentation of the DTSP 

crosslinked peptide in which PHB1 K204 links to PHB2 K233. For DTSP-linked peptides re

duction and alkylation of the disulfide bridge in the crosslinker and retrieval of the alkylated 

products [10] also yielded additional confirmations. 

Table 1. Crosslinks identified by mass spectrometry 

Experiment" 

1,3,6 

1,3,6 

1,2,3,4,6,7,8 

1,3,4,6,7,8 

1,2,3,4,5,6,7,8 

9,10,11 

1,2,3,4,5,6,7,8 

1,2,3,4,6,7,8 

1,3,4,6 

M H % x p b 

1117.55 

1485.71 

1646.83 

1777.93 

1874.99 

1888.06 

2398.20 

2442.26 

3212.70 

Error 

(ppm) 

32 

9 

32 

1 

4 

6 

4 

10 

25 

Fragment 1' 

PHB1: 73-76 
TKPK 

PHB2: 11-21 
YAKAFQKQLSK 

PHB1: 152-159 
IRKELSTR 

PHB1: 147-154 
EIISQKIR 

PHB1: 147-160 

EIISQKIRKELSTR 

PHB1: 147-160 
EIISQKIRKELSTR 

PHB1: 200-209 
FLVEKAEQER 

PHB1: 73-85 
TKPKSIATNTGTK 

PHB1:189-204 

QIAQQDAERAKFLVEK 

Fragment 2 ' 

PHB2: 102-105 
AKPR 

PHB2:102-105 
AKPR 

PHB2:175-179 
EKVSR 

PHB2: 227-235 
AAFVVDKAR 

PHB2: 264-270 
DYVELKR 

PHB2: 262-270 
SRDYVELKR 

crosslink" 

PHB1K74 

PHB2K103 

PHB2K13 
PHB2K17 

PHB1K154 
PHB2K103 

PHB1K151 
PHB2K176 

PHB1K151 
PHB1K154 

PHB1K151 
PHB1K154 

PHB1K204 

PHB2K233 

PHB1K76 
PHB2K269 

PHB1K199 

PHB2K269 

a 1, DTSP crosslink in blue native gel; 2, DTSP crosslink in solution; 3, DTSP MALDI-TOF + FindLink; 4, 
DTSP ESI-QTOF-MS + FindLink; 5, DTSP ESI-QTOF-MSMS; 6, reductive alkylation of DTSP + MALDI-TOF; 
7, reductive alkylation of DTSP + ESI-QTOF-MS; 8, reductive alkylation of DTSP + ESI-QTOF-MSMS; 9, BID 
crosslink in solution; 10, BID crosslink + MALDI-TOF + FindLink; 11, BID crosslink + ESI-QTOF-MSMS 
b Measured m/z (z=1) for MALDI-TOF or charge deconvoluted ESI-QTOF-MS 
1 Protein chain, peptide fragment, residue numbers, and peptide sequence. Lysine residues involved in 
the crosslink are underlined. 
d Positions of the crosslinked lysines. 
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Figure 3. ESI-QTOF-MSMS analysis of a DTSP crosslinked peptide. P1K204 is linked to P2K233. The singly 
charged peptide was seen in MALDI-TOF at m/z 2398.2 (deviation from calculated mass = 14 ppm). In ESI 
a triply charged ion was seen at m/z 800.1 and fragmented by low energy CID as described in Materials 
and Methods. (A) Structure of the crosslinked peptide, the lysine residues are linked by their £-amino 
groups through DTSP. Observed fragment ions are indicated (Roepstorff & Fohlman nomenclature). (B) 
ESI-QTOF-MSMS spectrum: fragment ions corresponding to the ions marked in (A) are annotated. 

As expected, in addition to the crosslinks, we found a large number of surface-labeled pep

tides (where lysine has reacted with one end of the crosslinker and the other reactive moiety 

has been hydrolyzed). 

Foremost it is noteworthy that all but two (PHB1 K151-K154 and PHB2 K13 -K17, which are 

four residue spanning crosslinks, amounting to one a-helical turn) crosslinks observed are 

between residues in a PHB1 and a PHB2 chain. We have neither observed any crosslinks from 

one PHB1 molecule to another PHB1, nor from a PHB2 molecule to another PHB2. This leads 

directly to the hypothesis that the complex consists of heterodimeric PHB1-PHB2 building 

blocks. 

From the observation of the crosslink pairs PHB1K74-PHB2K103, PHB1K151-PHB2K176 and 

PHB1K204-PHB2K233, which align in primary and secondary structure, we hypothesize 

both chains to run intertwined for long stretches. This fits the results in that it would give ex-
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tensive possibilities for interchain crosslinking, and render the chances of residues within the 

same chain to be within crosslinking distance less likely. 

As can be seen in Figure 4 crosslinks are found predominantly in the C-terminal helical re

gion. In the central (3-sheets only PHB1K74 links to PHB2K103. This latter PHB2K103 is also 

close to PHB1K154, as does PHB1K76 with PHB2K269. 

Figure 4. Predicted secondary structure of the PHB proteins. Solid blocks indicate a-helices, filled ar
rows indicate B-sheets. Alignment is the same as in Figure 2. Crosslinks found in this study (see also Table 
1) are indicated. Most crosslinks connect residues in PHB1 to residues in PHB2. 

Integrating predicted secondary structure and observed crosslinks 

The lack of suitable model templates with high homology to prohibitins and other members 

of the so-called Band 7 protein family prompted us to use prediction methods as starting 

point. To check for possible transmembrane regions, we used the TMHMM algorithm [11]. 

The suggested evidence for a possible transmembrane helix for PHB2 (positions 37-59) seems 

adequate (data not shown). The homologous helical site in PHB1 may not quite fulfill the re

quirements for t ransmembrane spanning helices. Yet, the similarity to PHB2 is so high that in 

our model it is considered membrane-associated. As we did not find crosslinks that contrib

ute structural data in the region N-terminal to the putative membrane stretches, we cannot 

experimentally derive a structure in this region. 

To predict possible fold formation, we used the algorithms Jpred : [12, 13] and PSSM [14] at de

fault settings. From the output a model for both chains was built, in which we assigned simi

lar secondary structure to aligned portions of both molecules. This structure is depicted in 

Figure 4. It is clear that the proteins belong to the mixed a/(3-fold family, a very broad group 

of proteins with many possible fold formations. 

The PSSM fold recognition algorithm subsequently suggested homology of the C-terminal 

domain of prohibitin to the PSSM superfamily with founder ID clfioa, consisting of the four-

helix bundle proteins syntaxin 1A and T-Snare protein SSOl. For PHB2 this structure ranked 

first, scoring a PSSM E-value of 0.513, for PHB1 this structure ranked third, scoring an E-

value of 1.81. Although these values are not convincing in itself (confidence interval approx

imately 50%), many of the crosslinks found in this study were superimposable on this tem

plate, while other possible solutions were ruled out because we could not fit in the observed 

crosslinks in the corresponding 3D models. This further increases the confidence intervals, 

although it cannot be yet expressed in numbers. To our knowledge this is the first report on a 

hitherto unknown protein structure where computed structural predictions were substanti

ated via crosslinks as distance restraints. Still, all precautions that are to be taken with struc-

88 



tural modeling are valid, and the model presented should be 

viewed as a best approach given current limitations. Therefore, 

the model is not refined to high resolution, but only a fold desig

nation of the predicted secondary structure is presented. 

The output of the structural prediction algorithms was import

ed into 3D viewers. The suggested regions of homology, com

prising two a helices and a connecting P strand were selected 

and positioning was constrained by the span of the crosslinks 

found. We used a length of 8 A (± 1 A) for the length of DTSP, as 

computed by Green [15]. It is plausible that the four-helix bun

dle present in Snares is represented by a two-helix contribution 

from both PHB1 and PHB2. Taken together, a model depicted in 

Fig. 5 is constructed. In this model a (3 sheet region (containing 

the crosslink between PHB1K74 and PHB2K103) is close to the 

membrane and the four-helix bundle protrudes further into the 

mitochondrial intermembrane space. 

Discussion 

In this study we have proposed a partial structure for the pro-

hibitin complex. The requirement for both PHB1 and PHB2 to 

be present stoichiometrically to form a complex [7] already in

dicates a strong codependence of both subunits. The striking 

finding that hardly any contacts within the same polypeptide 

chain are observed, nor any crosslink between two PHB1 chains 

or between two PHB2 chains leads to the concept of a PHB 'unit 

cell'. Although the lack of observation of crosslinks between two 

chains of the same type does not entirely rule out the possibil- Fi9"»-e 5. The model of a 
, , , , .... . , , unit-cell building block. An 

ity of contacts between them, the prevalence of links between e l o n g a t e d t n r e e s e g m e n t a s . 

chains of PHB1 and PHB2 suggest that these are in closest prox- sembly consisting of a mem-

imity. In this model the complex is built from heterodimers, brane anchor, a central p-

which run parallel and intertwined for a long distance across sheet and a protruding four 
a-helix bundle (similar to the 

the pnmarv structure. , . .. , .. , c 
r ' four helix-bundles of Snare 

i i_ i- c mm- , proteins) is postulated. 

Prediction methods propose a transmembrane helix for PHB2 

(residues 37-59) [11]. By analogy, in our model the hydrophobic 

helix in the N terminus of PHB1 (residues 14-30) is expected to be membrane associated. Both 

chains are on the same side of the membrane [3], as is exemplified by our finding of an ex

tensive number of crosslinks between the two chains. A model in which an assembly of PHB1 

is found on one side, and an assembly of PHB2 on the other side of the mitochondrial inner 

membrane is ruled out as has already been suggested [3]. A model best fitting our experimen

tal results is presented in Figure 5. We propose this assembly to project into the mitochondrial 

intermembrane space based on previous observations [5]. It should be kept in mind, that this 

structure is built based on computed predictions. 
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Combining the proposed function of the PHB 

complex as a holdase/unfoldase for the assembly 

of respiratory chain protein complexes [3] with 

the elongated unit cell building block and the 

expected size of the PHB complex, we arrive at 

a tentative model of the super structure, as given 

in Figure 6. The molecular mass of the complex 

(1 MD), suggests an intact complex to be built 

from approximately 14 (range 12-16) of these unit 

cells. Although this will be a fixed number, the 

exact count does not affect the palisade shaped 

model. Large multimeric assemblies consisting 

of a number of identical structural units usually 

arrange in a circular fashion, which in this case 

lines the cavity to hold newly synthesized mito

chondrial polypeptide chains. 

Materials and methods 

Strains and media 

Matrix 

Figure 6. A representation of the superstruc
ture of the complex. The membrane associ
ated elongated building blocks assemble in 
a ring shaped structure, probably acting as 
a holdase/unfoldase for newly synthesized 
mitochondrial proteins. (A) Dimeric build
ing block (top view). (B) Proposed circular ar
rangement of the building blocks (top view). 
(C) A section of four building blocks and the 
mitochondrial inner membrane (side view). 

For overexpression of the PHB complex the 
Saccharomyces cerevisiae strain W303/1A 
(AphblAphb2) transformed with the multicopy shut
tle vector YEplacl95 containing both, PHB1 and 
PHB2 genes was used [7]. Yeast was grown on WO 

minimal media (0.67% Yeast Nitrogen Base, 2% galactose) complemented with amino acids and 
lacking uracil for selection of the plasmid. 

Preparation of mitochondrial fractions 

Yeast cells were grown as described above. Highly purified mitochondria were obtained following 
the protocol described by Click et al [16), with slight modifications. 

Blue native electrophoresis and electroelution 

Blue native gel electrophoresis was performed according to Schagger and von Jagow [17]. 

Electroelution was performed basically as described by Schagger [18]. In some instances the elec
troelution buffer was supplemented with 0.01% lauryl maltoside and 2.5% glycerol. 

Secondary structure prediction 

For predicting transmembrane helices we used the TMHMM 2.0 algorithm [11] available at http:// 

www.cbs.dtu.dk/services/TMHMM-2.0/. Secondary structure was predicted using the Jpred2 [12, 
13] algorithm available at http://jura.ebi.ac.uk:8888/ and 3D-PSSM V2.6.0 [14] available at http:// 
www.bmm.icnet.uk/~3dpssm/. All programs were used at default settings. 
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Chemical crosslinking 

Dithiobis (succinimidylpropionate) (DTSP) was purchased from Sigma. SulfoBID, a water-soluble 
analog of BID [19], was synthesized as previously described for BID, with the replacement of iV-hy-
droxysuccinimide by sulfo-N-hydroxysuccinimide (Pierce, Rockford, IL). The sulfonate groups in
troduced by this procedure render the crosslinker water-soluble. 

Crosslinking of electroeluted complex was done at a protein concentration of 0.5 mg/mL in 20 mM 

sodium phosphate pH 7.8, 1.25% glycerol. Crosslinkers were added to a final concentration of 2 
mM. The solution was kept at room temperature for 25 minutes. 

Crosslinking in Blue native gel pieces was performed as follows. Pieces of gel were cut out and 
washed 5 times for 1 hour with crosslinking buffer (50 mM tri-ethanolamine pH 8.0) at 4"C. Then 
an aliquot with a volume equal to the gel pieces of 4 mM DTSP in crosslinking buffer was added 
and incubated at room temperature for 30 min. 

Tryptic digestion and sample preparation for mass spectrometry 

Digestion of proteins and crosslinked products contained in polyacrylamide gel pieces was per
formed according to [20] with sequencing grade trypsin (Roche). Peptides were collected in 20 
mM NH HCO_, and desalted and concentrated on ZipTip C18 (Millipore), and eluted in 10 uL 60% 
acetonitrile/ 1% HCOOH. 

Mass spectrometry 

For MALDI analyses 0.5 pi. of peptides were mixed with 0.5 pi a-cyano hydroxycinnaminic acid 

(10 mg/mL in ethanohacetonitrile 1:1), spotted on target plates and allowed to dry. 

Reflectron MALDI-TOF mass spectra were recorded on a TofSpec 2EC mass spectrometer 
(Micromass) equipped with a 2 GHz digitizer. Electrospray MS and low-energy collision-induced 
dissociation (MSMS) analyses were performed on a Q-Tof (Micromass) mass spectrometer with a 
Z-Spray orthogonal ESI source. Fragmentation of peptides was performed using argon as a colli
sion gas at a quadrupole pressure gauge reading of 4 * 10 5 mbar. 

For direct infusions, peptides were introduced using gold-coated nano electrospray capillaries 

(New Objective). 

After mass calibration ( better then 40 ppm), the MALDI and electrospray MS spectra were charge 

deconvoluted using the MaxENT 3 algorithm (MaxENT Solutions); what resulted is the mass list 

of principle isotope ions with single charge. 

Analysis of mass spectrometric data 

For each experiment, the above-obtained MS data were scanned for digest fragments which were 
modified with the used chemical crosslinker. A custom-made software tool called FindLink sup
ported these analyses. The FindLink program generates a mass/fragment database, based on the 
input of the residue sequence of the proteins in the complex, the selectivity of the digest cleav
ages, and the amino acid residue chemical selectivity of the chemical crosslink reagent molecule. 
Database entries include all fragment candidates for surface label modifications, for intramolecu
lar crosslinking within a fragment, and all fragment combinations for crosslinking within and be
tween proteins in the complex. Each database entry is automatically matched within a definable 
mass tolerance with the experimentally obtained mass lists. The matches for surface labelling, in
tramolecular crosslinking within a single digest fragment, and intermolecular crosslinking be
tween digest fragments within and between proteins in the complex are systematically document
ed as output of the analyses. 
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Abstract 

Prohibitins in eukaryotes consist of two subunits (PHB1 and PHB2) that together form a high 

molecular weight complex in the mitochondrial inner membrane. The evolutionary conser

vation and the ubiquitous expression in mammalian tissues of the prohibitin complex sug

gest an important function among eukaryotes. The PHB complex has been shown to play a 

role in the stabilization of newly synthesized subunits of mitochondrial respiratory enzymes 

in the yeast Saccharomyces cerevisiae. We have used Caenorhabditis elegans as model system 

to study the role of the PHB complex during development of a multicellular organism. We 

demonstrate that prohibitins in C. elegans form a high molecular weight complex in the mito

chondrial inner membrane similar to that of yeast and humans. By using RNA-mediated gene 

inactivation, we show that PHB proteins are essential during embryonic development and 

are required for somatic and germline differentiation in the larval gonad. We further dem

onstrate that a deficiency in PHB proteins results in altered mitochondrial biogenesis in body 

wall muscle cells. This paper reports a strong loss of function phenotype for prohibitin gene 

inactivation in a multi-cellular organism and shows for the first time that prohibitins serve an 

essential role in mitochondrial function during organismal development. 

Introduction 

Prohibitins (Phblp and Phb2p), referred to here as PHB proteins, are evolutionarily strongly 

conserved proteins that are located in mitochondria in yeast, plants, and mammals [1-6]. In 

mammalian and yeast cells, it has been demonstrated that PHB proteins associate with each 

other to form a high molecular weight complex (the PHB complex) in the mitochondrial inner 

membrane [5, 6]. Although diverse cellular functions have been attributed to both PHB pro

teins, (see [7] for review) such as a role in cell cycle regulation [8-11] and in cell surface signal

ing [12, 13], these functions are difficult to reconcile with the exclusive localization of mam

malian PHB proteins to mitochondria [1, 3]. To date, studies on the yeast PHB complex have 

provided convincing evidence for a direct role in mitochondrial function. The PHB complex 

has been found to co-purify with the m-AA A (matrix-ATPase associated with a variety of cel

lular activities) protease and a role as a negative regulator of the protease has been proposed 

[5]. Yeast PHB proteins are capable of stabilizing newly synthesized mitochondrial-encoded 

proteins through direct interaction, suggesting a role in mitochondrial respiratory complex 

assembly [5, 6]. We have suggested a role for PHB proteins in the biogenesis of mitochondria 

as a holdase/unfoldase-type of protein specifically required in situations of metabolic stress 

[6]. Based on structural data from chemical cross-linking and mass spectrometry, we predict 

a barrel-like structure for the yeast PHB complex in the cavity of which mitochondrial prod

ucts might be held [14]. 

At the phenotypic level, disruption of PHB genes in yeast results in a shortening of the rep-

licative lifespan due to premature ageing [3]. This shortening of lifespan contrasts with the 

lack of an observable growth phenotype under laboratory conditions. However, deletion of 

PHB genes is lethal in combination with mutations of the mitochondrial inheritance machin

ery [4], of the AAA-mitochondrial proteases [5] or of the mitochondrial phosphatidyleth-
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anolamine biosynthetic machinery [15]. The lack of a clear growth phenotype in yeast PHB 

mutants might reflect a redundancy in assembly factors. Alternatively, PHB mutations may 

have a stronger phenotype in organisms or tissues with a greater dependence on mitochon

drial energy generation. In support of this latter hypothesis, deletion of a PHB homologue in 

Drosophila melanogaster results in lethality during larval development [16], suggesting that 

PHB proteins are essential during one or more steps in the differentiation of multicellular or

ganisms. 

In this study, we have used Caenorhabditis elegans as a model organism to study the role 

of PHB proteins during organismal development. First, we demonstrate by Blue Native 

Electrophoresis (BNE) that PHB proteins in the nematode form a high molecular weight 

complex in the mitochondrial membrane similar to that observed in yeast and humans [6]. 

Second, by using RNA-mediated gene inactivation (RNAi), we monitor the effects of deplet

ing PHB proteins at different developmental stages. Depletion of PHB proteins during embry-

ogenesis results in developmental arrest. When PHB levels are depleted during postembry-

onic development, several somatic andgermline effects are observed. Germline defects range 

from sterility to severely reduced brood sizes with a high incidence of embryonic lethality of 

the progeny. Somatic defects include a reduced body size and a morphologically abnormal so

matic gonad. A direct link to mitochondrial dysfunction is demonstrated by the severely al

tered mitochondrial morphology observed in body wall muscle cells of phb(RNAi) animals. 

We find a slightly but significantly reduced oxygen consumption rate in phb(RNAi) treated 

worms compared to control worms. In addition, we show that PHB protein contents are el

evated in situations of altered mitochondrial metabolism, such as when imbalances in respi

ratory enzyme subunits occur, as it has been reported in other systems [6, 17, 18]. In strong 

contrast to the yeast situation, we report a severe loss of function phenotype for depletion of 

the mitochondrial PHB complex during organismal development. Our results show that C. 

elegans serves as a useful model organism for the study of mitochondrial metabolism, mito

chondrial biogenesis, and in better understanding mitochondrial diseases. 

Results 

C. elegans contains a conserved PHB complex in the mitochondrial inner 
membrane 

The C. elegans sequence database contains two predicted genes, Y37E3.9 and T24H7.1, having 

extensive sequence identity with the yeast PHB1 and PHB2 genes [26]. Amino acid sequence 

comparisons with the human and yeast PHB proteins identify Y37E3.9 and T24H7.1 as being 

orthologs of PHB1 and PHB2, respectively (see experimental procedures tor details). A se

quence alignment of human and C. elegans PHB proteins is shown in Figure 1A. We propose 

to name Y37E3.9, phb-1 and T24H7.1, p/ib-2 in order to follow the previously proposed con

vention [7]. For the corresponding proteins, we will use the nomenclature PHB-1 and PHB-

2. When necessary, gene and protein names can be preceded by letters specifying the species 

(e.g.; cephb-1 and cePHB-1 tor the C. elegans gene and protein, respectively). 
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Figure 1. PHB orthologs in C. elegans. 

(A) The human and C. elegans PHB protein 

sequences were aligned with ClustalW. 

Amino acid identities shared between 

the PHB-1 and PHB-2 proteins are labeled 

with bold black letters; dark-gray and 

light-gray boxes highlight identical ami

no acids between PHB-2 and PHB-1 pro

teins, respectively. (B) Predicted genomic 

structure of the C. elegans phb-1 and phb-

2 genes. The regions used for RNAi are 

depicted as black bars. 

cephb-1 

ITAA 

i RNAi 

cephb-2 

ITAA 

i RNAi 

It has been previously shown that together the PHB proteins form a high molecular weight 

complex with an estimated size of 1 MDa in the mitochondrial inner membrane of yeast and 

humans [6]. To determine the size of the C. elegans PHB complex, mitochondrial membrane 

extracts were resolved by two-dimensional gel electrophoresis [22]. In the first dimension, 

membrane protein complexes are separated by Blue Native Electrophoresis according to their 

size. In the second dimension, denaturing SDS-PAGE separates protein complexes into their 

subunits (Fig. 2A). Western blots of this gel were immuno-stained with the polyclonal anti

body raised against the C-terminus (last 25 amino acids) of the murine PHB1 protein (APP-

2)[3]. As seen in Figure 2B, the PHB1 antibody cross reacts with bands of 30 and 32 kDa after 

separation in the second dimension, the lower immuno-ractive band (30 KDa) being of higher 

intensity. The predicted sizes for cePHB-1 (275 aa) and cePHB-2 (286 aa) are 30 and 31.8 kDa, 
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BNE 

CePHBcomplex ATPase (Fi) 

B 

Figure 2. The PHB complex in C. elegans. 

C. elegans mitochondrial membrane extracts were re
solved by BNE/2D-PAGE. (A) The second dimension gel 
was silver-stained to visualize proteins. The mitochon
drial respiratory complexes (I, III, IV, and V) are identi
f ied. (B) The second dimension gel was subjected to 
Western Blot analysis using antisera directed against 
the murine PHB-1 and against the yeast Psubunitof the 
F, -ATPase. The PHB complex (PHB-1 and PHB-2), the 
ATP-synthase (complex V), and the F, domain of ATP-
synthase are indicated. 

are also imported to mitochondria without cleavage 

that the predicted transmembrane region of cePHB 

corporated in the complex. 

respectively. Because the pre-immune 

serum does not recognize these bands 

(data not shown) and the migration of 

the protein complex in the first dimen

sion is similar to the migration of the 

yeast and human PHB complexes [6], 

we believe the 30 and 32 kDa immuno-

reactive bands correspond to cePHB-1 

and cePHB-2 (additional evidence is 

presented below, see discussion). This 

demonstrates that in C. elegans the 

PHB proteins form a large mitochon

drial complex similar to PHB complex

es of other systems [6]. 

The TMHMM algorithm [27] sug

gests a transmembrane helix for ce

PHB-2 (positions 12 to 34), whereas 

no transmembrane region is predict

ed for cePHB-1. This is in agreement 

with topology predictions for the yeast 

PHB proteins [14]. The yeast PHB pro

teins are imported into mitochondria 

without the cleavage of an N-termi-

nal leader peptide [6]. Given that the 

observed protein sizes on SDS-PAGE 

correlate well with the predicted mo

lecular weight of the mature proteins 

and given the sequence homology with 

yeast (data not shown), it is tempting to 

believe that the C. elegans PHB proteins 

of a large N-terminal leader peptide, and 

-2 is present in the mature protein as in-

PHB proteins are essential during embryonic development 

RNA-mediated interference (RNAi) is the phenomenon in which introduction of double-

stranded RNA (dsRNA) results in potent and specific inactivation of the corresponding gene 

through the degradation of endogenous mRNA [28, 29]. RNAi mediated by the ingestion of 

bacteria producing sense and antisense RNAs has proven to be a powerful tool in the analysis 

of gene function in C. elegans [30, 31]. 

We performed RNAi by feeding worms E. coli engineered to express sense and antisense 

RNAs corresponding to the predicted exon-rich genomic sequences of both cephb-1 and ce-
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phb-l(RNAi) phb-2(RNAi) phb-1+2(RNAi) 

B 

Wild type 

phb-2(RNAi 

Figure 3. phb(RNAi) em
bryonic phenotype. 

(A) L4-staged hermaph
rodites were placed 
onto plates seeded 
with bacteria produc
ing p/ib-dsRNA or bac
teria containing empty 
vectors. Each bar repre
sents the mean number 
of progeny per treated 
animal. The gray por
tions of the bars repre
sent hatched eggs; the 
black portions, dead 
embryos. The error 
bars correspond to the 
standard errors of the 
mean. (B) Differential 
interference contrast 
(DIC) images of wild 
type and cephb-2 (RNAi) 
embryos followed on 
time. Bars: 5 um. 

t=Oh t=5h t=8h 

phb-2 (Fig.IB). L4-staged hermaphrodites were placed onto plates seeded with bacteria pro

ducing phb-dsRNA or bacteria containing empty vectors. The hermaphrodites were trans

ferred to fresh seeded plates every 24 h and the progeny remaining on the plate were scored 

24 h later. RNAi for phb-1, phb-2, or phb-1+2 resulted in approximately 60 to 70 % embryonic 

arrest (Fig. 3A). Brood sizes of phb(RNAi) animals were slightly reduced compared to con

trols. Embryonic lethality was scored under salt-induced and non-induced conditions. No 

embryonic arrest was observed with vector controls (Fig. 3A) or in the absence of salt (data 

not shown). 

The development of affected embryos was followed by light microscopy. A developmen

tal delay was observed in RNAi-treated embryos when compared to controls (Fig. 3B). 

Developmental arrest ranged from the gastrula to the 1.5 fold stages (data not shown). This 

variability may reflect differences in the efficiency of RNAi in each embryo. 
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250 i 
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Control phb-l(RNAi) phb-2(RNAi) phb-1+2(RNAi) 

B 

Figure 4. phb(RNAi) postembryonic phenotype. 

(A) L1 larvae were placed onto plates seeded with bacteria producing phb-dsRNA or bacteria containing 
empty vectors. Each bar represents the mean number of progeny per treated animal. The gray portions 
of the bars represent hatched eggs; the black portions, dead embryos. The error bars correspond to the 
standard errors of the mean. (B) Examples of gonad developmental defects of phb(RNAi) worms. Black 
arrowheads point to oocytes, white arrowheads identify the syncytial arm of the gonad. The reflex in the 
gonad arm is marked with a 't ' (only one gonad arm is shown), (a) wild-type, (b, c) phb-l(RNAi), (d, e, f) 
phb-2(RNAi) (g, h, i) phb-1+phb-2(RNAi). (c), (f), and (i) are from animals grown at 25°C. Abbreviations are 
as follows: Vu, Vulva; Sp, Sperm; Eg, Eggs. 
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PHB proteins are required for germline function 

RNAi allows the postembryonic depletion of gene transcripts essential for embryonic devel

opment. When Ll-staged larvae were fed phb-1 and/or phb-2 dsRNA, they showed a delay in 

development. Control worms reached adulthood 48 hours after starting feeding and laid most 

of their offspring between 48 and 72 h while phb(RNAi) treated worms initiated egg laying 

after 72 h and only reached their peak of fertility between 72 and 96 h. Between 30 to 40 % of 

phb-2(RNAi) treated animals develop into sterile adults. Fertile adults had severely reduced 

brood sizes with a high incidence of mortality in the progeny (Fig. 4A). The postembryonic 

phenotypes were comparable for phb-1 (RNAi), phb-2(RNAi), or phb-l+phb-2(RNAi) animals. 

RNAi-treated hermaphrodites were examined under the microscope and somatic defects in

cluding a reduced body size and abnormal gonad morphology were observed. Most promi

nent are the reduced number of germ nuclei and their abnormal morphologies (Fig. 4B, c, f) 

and defective oogenesis (Fig. 4B, b, c, d, f, h, i) and spermatogenesis that likely are responsible 

for the animals ' sterility or severely reduced fertility. Accumulation of unfertilized oocytes 

in the uterus can also be seen (Fig. 4B, e). Abnormal embryos were also observed (data not 

shown). 

Specificity and effectiveness of the RNAi treatment 

We analyzed the specificity and effectiveness of the RNAi treatment by RT-PCR and im-

muno-staining. Embryos were collected from gravid hermaphrodites after feeding on phb-

2 dsRNA for 48 h and RNA was extracted. The RT-PCR results show that phb-2 mRNA is 

greatly depleted in the RNAi treated embryos, whereas mRNAs for phb-1 or for F35G12.2, 

a control gene encoding the mitochondrial NAD+-isocitrate dehydrogenase were present at 

levels comparable to untreated embryos (Fig. 5A). To test the specificity and efficiency of the 

phb-l-RNAi treatment during larval growth, Ll-staged animals were fed phb-1 dsRNA and al

lowed to develop into young adults. The adults were collected and their RNA extracted. The 

RT-PCR results show that phb-1 mRNA is severely depleted whereas mRNAs for phb-2 and 

for F35G12.2 are present at wild type levels (Fig. 5B). To analyze the effects of RNAi on PHB 

protein levels, mitochondria were isolated from young adults fed either RNA i-expressing bac

teria or control bacteria from the LI stage. Mitochondrial membrane proteins from control 

RNAi worms, from phb-l(RNAi), and from phb-2(RNAi) worms were resolved by BNE-2D 

gel electrophoresis. Western blot analysis shows a clear reduction in the amounts of the two 

PHB proteins in both RNAi treatments (Fig. 5C) while ATP synthase levels were essentially 

unchanged. These results are in agreement with observations in yeast, where the disruption 

of either phb gene leads to the loss of both proteins, although the mRNA for the intact gene 

can still be detected [4]. As in yeast [4, 6], the C. elegans PHB-1 and PHB-2 subunits are inter

dependent for assembly and protein stability. These results indicate that RNAi for both phb-1 

and phb-2 genes is specific and effective. 

Although the cephb-1 and cephb-2 genes share 64% nucleotide sequence identity, their 

mRNAs are not subject to RNAi cross-interference, further emphasizing the specificity and 

effectiveness of the RNAi treatment. 
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Figure 5. Specificity and effectiveness of the RNAi treatment. 

(A, B) RT-PCR analysis of phb-RNAi treated worms. Levels of mRNA for cephb-1, cephb-2, and a NAD+-iso-
citrate dehydrogenase gene were measured. A negative of an ethidium bromide-stained agarose gel is 
shown. (A) Total RNA was isolated from control and cephb-2(RNAi) embryos of animals treated at the L4 
stage. (B) Total RNA was isolated from cephb-l(RNAi) and control worms treated from the LI larval stage. 
(C) Western blot analysis showing PHB protein levels of cephb-1 (RNAi) treated animals, cephb-2(RNAi) 
treated animals, and control animals. Young adult hermaphrodites were used for analysis. Mitochondrial 
membrane extracts were resolved by BNE/2D-PAGE. Proteins were transferred to nitrocellulose and 
membranes were incubated with the polyclonal anti-PHBI antibody and anti-ATPase subunit F,-p as a 
control for protein loaded on gel. 

Physiological rhythms and temperature-sensitivity of phb(RNAi) mutants 

We investigated whether pharyngeal pumping rates or the defecation cycle is affected in 

phb(RNAi) treated worms. Pharyngeal pumping of RNAi treated animals was more irregular 

and significantly reduced (p<0.05) at 15, 20, and 25 C when compared to the control (Table 

1 and data not shown). Similarly, the defecation cycles of phb(RNAi) animals at 20 °C were 

slightly but significantly (p<0.05) prolonged when compared to wild type worms (Table 1). 

TABLE I 

Phb(RNAi) aniuals have impaired pumping and defecation. 

Pharyngeal pumping" Defecation11 

Control 
Phb-l(RNAi) 
Phb-2(RNAi) 

contractions /min 
253.2 ±6.2 (/7= 10) 
212.5 ±4.8 («= 10) 
207.0 ±5.2 (/j = 10) 

s /cycle 
56.6±4.6(/?=10) 
62.9 ± 3.8 [n = 10) 
71.3 ± 4.6 (n= 10) 

Values are means + S.D. 
* Each animal was scored twice. 
' Animals were scored for four consecutive defecation cycles. 
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The observed postembryonic phenotypes, developmental delay, reduced body size, decreased 

fertility, and slowed pharyngeal pumping and defection, are consistent with phb(RNAi) ani

mals being metabolically compromised. To further address this possibility, we assessed the 

effects of growth at higher temperatures, which may aggravate any metabolic defects due to 

increased metabolic rates [32]. The fraction of sterile animals significantly increases with 

temperature, from 10 % at 15°C, to 46 % at 20°C, to 70 % at 25°C for phb-2(RNAi) and from 6 % 

at 15°C, to 8 % at 20°C, to 32 % at 25°C for phb-l(RNAi). Moreover, at 25 'C, fertile phb(RNAi) 

hermaphrodites showed a significantly reduced brood size when compared to RNAi animals 

grown at 20°C (data not shown). 

Altered mitochondrial respiration and morphology in phb(RNAi) mutants 

To analyze the effect of depletion of PHB proteins on mitochondrial function, we measured 

oxygen consumption rates of phb(RNAi) animals (see materials and methods for details). As 

shown in Figure 6, the oxygen consumption rates are slightly but significantly reduced when 

compared to control worms (p=0.048 and p=0.027 for phb-l(RNAi) and phb-2(RNAi) worms, 

respectively), but RNAi-treated worms did not differ in their respiration rate (p=0.787). 

Figure 6. Oxygen consumption rates in 

phb(RNAi) worms. 

Wild type N2 worms were fed either bacteria 
not expressing any dsRNA (Control(RNAi)) or 

L
bacteria expressing dsRNA against the phb-1 
or the phb-2 genes. Oxygen consumption rates 
were measured in young adults and normal
ized to protein contents. phb(RNAi) worms 
show a slightly but significantly reduced oxy
gen consumption rate when compared to wild 
type worms. The bars are means and the error 

phb-2(RNAi) bars are the standard deviations from ten inde
pendent measurements. 

Mitochondrial morphology changes are often associated with compromised electron trans

port and ATP synthesis [33]. The C. elegans strainglo-l(zu391) lacks autofluorescence and bi-

refringent gut granules, making it ideal for the analysis of GFP expression (Greg J. Hermann 

and James R. Priess, unpublished). We used aglo-l(zu391) strain expressing a mitochondrial!)' 

targeted GFP fusion protein expressed from the muscle-specific myo-3 promoter [25]. Body 

wall muscle mitochondria in control worms appear tubular, elongated and well-structured, 

running parallel to the body axis and often parallel to the myofibrils (Fig. 7A) [25]. In con

trast, in phb(RNAi) treated animals, muscle mitochondria appear fragmented and disorgan

ized (Fig. 7B, C). 

phb(RNAi) animals show increased sensitivity to oxidative stress 

The PHB complex has been suggested to play a role in the assembly of oxidative phosphor

ylation (OXPHOS) complexes [6]. Deficiencies in the mitochondrial respiratory chain can 

lead to the increased production reactive oxygen species (ROS) and increased sensitivity to 

Ü 
Control(RNAi) phb-1 (RNAi) 
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Figure 7. PHB-deficient worms have abnormal 
mitochondrial morphology. 

Mitochondrial morphology in body wall 
muscle cells was visualized in transgen
ic glo-1(zu39l) animals using mito::GFP ex
pressed from the myo-3 promoter [25]. (A) 
Control(RNAi) animals have tubular mitochon
dria running parallel with the body axis and 
the myofibrils of muscle cells. (B) phb-l(RNAi) 
and (C) phb-2(RNAi) worms have disrupted, 
punctuated and disorganized mitochondria. 
White arrowhead identify nuclei (n). Scale 
bar=5 jjm. 

Control(RNAi) phb-l(RNAi) phb-2(RNAi) 

oxidative stress. We grew control and phb-2(RNAi) treated worms in the presence of increas

ing concentrations of paraquat, which triggers the production of superoxide radicals, phb-

2(RNAi) animals are markedly more sensitive to paraquat than control worms (Fig. 8). This 

suggests that a deficiency in PHB proteins may result in an increase in the rate of free radical 

production making the animals less able to deal with an externally applied oxidative stress, in 

Figure 8. phb(RNAi) worms have 
increased sensitivity to oxidative 
stress. 

The survival of control(RNAi) and 
phb-2(RNAi) animals exposed 
to different concentrations of 
paraquat was measured. Values 
represent the proportion of ani
mals completing development 
from LI to adulthood and are 
means of 5 independent experi
ments. The error bars representthe 
standard deviation of the means. 

Induction of PHB proteins upon mitochondrial stress 

PHB protein expression increases when there is an imbalance in the synthesis of mitochon

drial respiratory chain enzyme subunits, in yeast [6, 17] and in human cells [18]. 

To test this in C. elegans, synchronized LI larvae were treated with 40 fag/ml doxycycline, 

a specific inhibitor of mitochondrial translation [34], allowed to develop to the late L3/L4 

stage where they arrest, and their PHB protein levels were analyzed by immuno-detection. 

Doxycycline slows worm development and at concentrations equal to or above 60 ug/ml caus-

a decreased ability to detoxify free radicals, or in both. 

Control (RNAi) phb-2(RNAi) 
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Figure 9. Induction of PHB in doxycycline 
treated worms. 

LI stage N2 hermaphrodites were grown in the 
presence of 40[ig/ml doxycycline, harvested, 
and processed for Western blot analysis us
ing antisera against murine PHB-1 and actin. 
(A) Western blot after 72 h exposure to doxy
cycline. (B) The chemiluminescent signals were 
quantified using ImageQuant'. The bars repre
sent average values from two independent ex
periments, each using a range of protein load
ing levels normalized to actin signal levels. 
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es developmental arrest at the L3 stage [35]. 

in PHB protein levels varied between 30 and 

controls (Fig. 9). 

Control Doxycycline 

In four independent experiments, the increase 

40 % after 72 h of treatment when compared to 

Discussion 

We have previously reported that the yeast PHB complex stabilizes newly synthesized mito

chondrial translation products by transiently interacting with them and have suggested a role 

in the assembly of mitochondrial respiratory chain (MRC) complexes [6]. Prohibitin disrup

tion in yeast results in a reduction in its replicative lifespan plausibly due to a slight, but cu

mulative decline in cellular metabolic capacity [3]. In contrast, disruption of the Drosophila 

homologue of prohibitin is lethal during passage from larva to pupa [16], suggesting a strong 

dependence of these differentiating cells on prohibitin function. 

To further investigate this, we set out to study the effect of lack of prohibitins during the de

velopment of Caenorhabditis elegans. C. elegans contains two predicted genes that we have 

named phb-1 and phb-2. RT-PCR analysis of phb-l+2(RNAi) treated worms shows that both 

genes are expressed (Fig. 5A and B). We also demonstrate by Blue Native Electrophoresis that 

the gene products form a complex in the mitochondrial inner membrane as in other organ

isms studied. Moreover, the fact that the PHB complex is depleted in either phb-l(RNAi) or 

phb-2(RNAi) animals, as seen by BNE analysis (Fig. 5C), demonstrates that in C. elegans PHB-

1 and PHB-2 are interdependent at the level of protein complex formation, as we and others 

have previously reported in yeast [4, 6] and humans [18]. 

The PHB-1 polyclonal antiserum (APP-2) used in this study was raised against the carboxy-

terminal 25 amino acids of the murine protein [3]. The APP-2 antibody recognizes two bands 

of approximately 30 and 32 kDa in C. elegans, corresponding to the predicted protein sizes of 

the mature proteins. The antibody recognizes with higher affinity the 30 kDa band (PHB-1). 
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We believe that those bands correspond to the cePHB-1 and cePHB-2 proteins for the follow

ing reasons: 1) The immunoreactive bands are present in mitochondrial membrane extracts 

and co-migrate as a high molecular weight complex in the first dimension of BNE analysis 

(Fig. 2B) as observed in other systems, 2) The APP-2 pre-immune sera recognize neither of 

the two bands (data not shown), 3) Both bands are up-regulated after doxycycline treatment 

(data not shown), a treatment which has also been shown to increase levels of PHB proteins 

in mammals [18] and is similar to situations described in yeast [6]. And finally and most 

convincingly, specific down regulation of the immunoreactive bands occur after specifically 

down-regulatingphb-1 or phb-2 gene expression (Fig. 5C). 

The phb-2(RNAi) effect was slightly stronger than that of the phb-l(RNAi) (see Figs. 3A, 4A, 

Table I, and the percentages of sterile animals observed at different temperatures). This is 

probably due to the fact that RNAi efficiency can vary depending on the length of the dsRNA; 

notice that the genomic DNA fragment cloned for phb-2 covers a larger exonic region. Also to 

be noticed is the fact that postembryonic RNAi is usually less effective than embryonic RNAi 

since the interference effect is diluted out as the worm grows in size. Consistent with this, a 

higher amount of phb-1 mRNA is detected in RT-PCR analysis of phb-1 (RNAi) mutants after 

postembryonic treatment (Fig. 5A) when compared to the amount of'phb-2 mRNA detected in 

RT-PCR analysis of phb-2(RNAi) mutant embryos (Fig. 5B). Both of these phenomena might 

contribute to the different effectiveness observed between A and B of Fig. 5. 

The RNA interference experiments indicate that the mitochondrial PHB complex is essential 

for embryonic development and required for germline differentiation in the nematode. The 

most severe phenotype we observed in phb(RNAi) treated worms during postembryonic de

velopment is sterility. Since RNAi can often mimic a null phenotype, it is tempting to specu

late that a total lack of PHB proteins during postembryonic development will also lead to ste

rility. Functional genomic analysis by systematic RNAi shows that genes involved in basal 

metabolic processes account for approximately 50% of genes producing embryonic arrest or 

sterility phenotypes [30]. Therefore, our observations indicate that PHB proteins serve an es

sential role in cellular energy metabolism during organismal development. 

The phenotypes observed in C. elegans strongly indicate that prohibitins are specifically re

quired during cellular proliferation. Embryonic and germline cells are relatively undifferen

tiated and highly proliferative. Because the germline is the only proliferating tissue during 

adulthood, it may require higher metabolic activity and thus be more susceptible to the loss 

of function of PHB proteins than other somatic tissues. This is in agreement with previous 

observations in mammalian cells. It is known that prohibitins are more expressed in prolif

erating than in non-proliferating cells of the same type, and mammalian tumour cells have 

increased levels of PHB proteins [18]. In testis, PHB proteins are expressed during times of 

proliferation/differentiation but are lost entirely from the mature sperm [18, 36,37]. Therefore, 

proliferating undifferentiated cells might be particularly susceptible to the lack ofprohibitins. 

Consistent with it, upregulation of PHB proteins occurs during cell cycle entry [18]. 

We find a strong effect on mitochondrial morphology when prohibitin expression is reduced. 

Mitochondria change shape during cell division, during differentiation, and in response to 
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diverse cellular cues. Body wall muscle cells, although differentiated, increase considerably 

in volume during larval development, thus the number of mitochondria also increases per 

cell. This finding shows that PHB proteins play an important role in mitochondrial biogen

esis. Recent reports have shown that worms with defective electron transport or ATP synthe

sis also have altered mitochondrial morphologies [33], linking mitochondrial function to the 

regulation of mitochondrial biogenesis. The observations that yeast prohibitin mutants are 

synthetically lethal with mitochondrial morphology mutants [4] and with the phosphatidyl-

ethanolamine biosynthetic machinery [15] strongly suggest that the prohibitin complex has 

an important role in establishing or maintaining the integrity of mitochondrial membranes. 

Here, we demonstrate that the lack of prohibitins affects mitochondrial distribution and mor

phology in body wall muscle cells. This situation might become particularly deleterious dur

ing cellular proliferation/differentiation, since cells need to achieve the required amount and 

distribution of mitochondria in order to fulfill their energy requirements. Consistent with 

this, PHB proteins are essential during embryogenesis and germline differentiation. The al

tered mitochondrial morphology/distribution, together with the observed reduction in oxy

gen consumption rate of phb(RNAi) mutants, provide a direct link between PHB deficiency 

and mitochondrial dysfunction. Although the differences in oxygen consumption rates are 

small, they are reproducible and statistically significant. Moreover, RNAi does not result in a 

total removal of the proteins. Therefore, differences can be expected to be larger in the total 

absence of the PHB complex. In addition, it may well be that the effect is more apparent in tis

sues that rely more on mitochondrial energy generation, and measuring oxygen consumption 

in the whole worm might mask a stronger effect on those tissues. 

The absence of a holdase/unfoldase protein that ensures correct assembly of MRC enzymes 

will result in improperly folded mitochondrial subunits that cannot be correctly assembled 

into functional respiratory enzymes. Hydrophobic proteins may accumulate in the membrane 

and cause proton leakage and damage to the membrane. ROS production may also increase, 

leading to MRC dysfunction. All this together will ultimately compromise cellular metabolic 

efficiency. The results we obtained are consistent with phb(RNAi) animals being metabolical-

ly compromised; they develop more slowly and have reduced body size, fecundity and physi

ological rhythms. Moreover, we detect a reduced oxygen consumption rate in phb(RNAi) ani

mals and a strong defect in mitochondrial morphology. At this stage, we do not know whether 

simply a decline in cellular metabolic capacity can account for the altered mitocondrial mor

phology observed in phb(RNAi) mutants or alternatively, PHB proteins play a more direct 

role in mitochondrial membrane stability and further investigation in this field is required. 

Furthermore, in support of the hypothesis that lack of PHB complex might indirectly increase 

ROS damage (by increased ROS production and/or increased ROS sensitivity) we found that 

phb(RNAi) animals are markedly more sensitive to exogenously added free radicals than wild 

type worms. 

PHB proteins are specifically required in situations of mitochondrial stress. PHB mRNA 

levels are induced in yeast cells at the diauxic shift, when cells switch from non-oxidative 

to oxidative growth [38]. Similarly, expression levels of PHB proteins increase in yeast mu

tants where imbalances between nuclear and mitochondrially encoded subunits occur [6, 17]. 

Inhibition of mitochondrial protein synthesis also leads to imbalances between mitochondri-
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al- and nuclear-encoded gene products [39]. Indeed, the presence of mitochondrial transla

tion inhibitors results in an increase in PHB protein levels in cultured human cells [18] and 

in C. elegans (this work). The temperature-sensitivity of the phenotype could also indicate a 

higher requirement for PHB proteins, since metabolic demands increase with temperature 

[32]. Alternatively, temperature might directly or indirectly affect the stability or turnover of 

mitochondrial respiratory complexes or the PHB complex. 

Data from genome-wide analysis of gene expression in C. elegans [40] indicate that phb-2 

(T24H7.1) is expressed at all developmental stages, with increased expression in the prolifer

ating embryo as compared to the 4-cell stage embryo. Another peak of expression is observed 

at the L2/L3 larval stage, when gonad proliferation starts. This expression pattern fits with 

the phenotypes observed in phb(RNAi) animals. Additionally, in aged adult hermaphrodites 

no significant expression of phb-2 is detected, being in agreement with the decreased levels of 

prohibitins observed during senescence [18]. 

Mitochondria, and a functional MRC are essential to fulfill the energy requirements during 

nematode growth and development [35]. An energy-related developmental checkpoint at the 

L3 to L4 transition has been proposed in situations of seriously impaired MRC function [41]. 

The C. elegans RNAi phenotypes for prohibitins resemble those of known MRC genes ([35], 

see also RNAi phenotypes for mev-land isp-1 at http://www.wormbase.org/). Therefore, it will 

be interesting to determine whether phb null mutants can be maternally rescued and develop 

to the L3 stage as seen with the null MRC mutants [35], and how hypomorphicp/tb mutations 

will affect nematode growth and development. Fully understanding the scope and severity 

of effects on mitochondrial function arising from the lack of prohibitins will help to further 

elucidate the molecular mechanism of action of the PHB complex and its precise role in mi

tochondrial biogenesis. 

For the first time, our investigations have addressed the effects of the loss of the PHB complex 

at different developmental stages of a complex multicellular organism. We demonstrate by 

RNAi that the mitochondrial PHB complex is essential for embryonic development, strongly 

suggesting that a PHB null mutation will be lethal. We also demonstrate that PHB proteins 

are necessary for normal mitochondrial morphology and respiration. We predict that muta

tions in either of the human phb genes may be responsible for some mitochondrial diseases 

that have yet to be described at a molecular level. 

Materials and Methods 

Strains and conditions 

Worms were cultured at room temperature (-22 °C) unless otherwise noted [19]. C. elegans strains 

used: N2 Bristol wild-type strain andglo-l(zu 391). 

Sequence comparisons and alignments 

Percent of identities and similarities between human, C. elegans, and S. cerevisiae PHB proteins 
were obtained from the Incyte Genomics database. Human PHB1 protein shares 66/83% and 50/ 
68% identity/similarity with the predicted C. elegans genes Y37E3.9 and T24H7.1, respectively. 

no 

http://www.wormbase.org/


Y37E3.9 shares 53/79% and 50/71% identity/similarity with the yeast PHB1 and PHB2 proteins, re

spectively; while T24H7.1 shares 53/75% and 48/71% identity/similarity with the yeast PHB2 and 
PHB1 proteins, respectively. 

Amino acid sequences were obtained from SWISS-PROT and TrEMBL. Accession numbers: 
PHB_HUMAN, Swiss-Prot # P35232; PHB2_HUMAN, TrEMBL #Q99623; Y37E3.9, TrEMBL # 
Q9BKU4 and T24H7.1, Swiss-Prot # P50093. GeneBank" Accession Numbers: PHB_HUMAN, 
NP_002625.1; PHB2_HUMAN, NP_009204; Y37E3.9, AAK27865.1; T24H7.1, AAA68353.1. 
Multiple sequence alignments were performed using ClustalW. 

RNA interference 

For phb-2(RNAi) a 1.9-kb PCR product, amplified using N2 genomic DNA as a tem
plate with primers Phb2-F, 5'-CGCATGGTATTTCCTGAGTAGG-3' and Phb2-R, 5'-
CTCTCTTCAAAATGCCAACCC-3', was digested with BstBI and Sail and the 1.06-kb fragment 
cloned into Xhol/Clal digested pBluescript II SK and pBC-KS (PDI BioScience, Aurora, Ontario, 
Canada) to place the gene fragment under the control of the T7 promoter in both the forward 
and reverse orientations. The constructs were co-transformed into the E. coli strain BL21-SI (Life 
Technologies), which contains an integrated T7 RNA polymerase gene under control of the salt-
inducible proU promoter. Bacteria were grown overnight at 37°C in LBON medium (1 % bactot-
ryptone, 0.5 % yeast extract) containing appropriate antibiotics. Expression of constructs was in
duced with 0.2 M NaCl. For phb-l(RNAi), a 0.8-kb fragment was amplified using N2 genomic 
DNA as template with primers Phbl-F, 5'-CAATGTTGATGGAGGTCAACG-3' and Phbl-R, 5'-
GGTGACATTCTTGTTCTTGGC-3'. A 0.627-kb SacI/EcoRV fragment was cloned into likewise 
digested pBluescript II SK and pBC-KS. Empty vectors were used as controls. 

N2 L4 hermaphrodites were fed bacteria expressing sense and antisense RNAs or bacteria contain
ing empty vectors on plates containing 0.2 M salt. Animals were transferred onto freshly seeded 
plates every 24 h. Offspring were analyzed 24 h after transfer. For monitoring postembryonic de
velopment, gravid adults were bleached and the embryos allowed to hatch overnight on unseeded 
plates. Starved LI larvae were transferred to plates containing 0.2 M salt and seeded with bacteria 
expressing PHB-RNAs or containing empty vectors. 

RT-PCR 

Total RNA from embryos was prepared as follows: Approximately 60 gravid hermaphrodites were 
picked when RNAi showed the highest effectiveness (after 72 h feeding) from salt-induced vector 
control plates or from salt-induced RNAi plates and dissolved in a 1:10 solution of bleach in 1 M 
NaOH. Embryos were collected and washed twice in 1 ml of phosphate-buffered saline (PBS), pel
leted, and resuspended in 200 pi lysis buffer (0.5% SDS, 5% (3-mercaptoethanol, 10 mM EDTA, 10 
mM Tris-HCl, pH 7.5, 0.5 mg/ml proteinase K). Samples were incubated at 55 °C for 1 h and proc
essed further using TRIzol Reagent (Gibco-BRL) following the manufacturer's instructions. RNA 
pellets were dissolved in 100 pi diethylpyrocarbonate-treated H20. For each RT-PCR reaction, 2 pi 
of RNA was used. 

RT-PCR was performed using the Superscript" One-Step" RT-PCR System (Gibco-BRL) fol
lowing the manufacturer's instructions. To test the efficiency of the RNAi treatment by RT-

PCR, reactions were prepared from control and phb-2(RNAi)-treated embryos, phb-l (Y37E3.9) 

and phb-2 (T24H7.1) RNA levels were normalized using the isocitrate dehydrogenase gene 
(F35G12.2). After 30 cycles of amplification, products were analyzed by agarose gel electrophore
sis. Primers used for RT-PCR analysis were designed using the predicted cDNA sequences: Idh-

F, S'-AGCAACGTCCTCGGTCATAC-S'; Idh-R, 5'-GATGAACGCAGTTGGATTGG-3'; Phbl-F, 
5'-CAATGTTGATGGAGGTCAACG-3'; Phbl-R, 5'-GGTGACATTCTTGTTCTTGGC-3'; Phb2-
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F, 5'- GGACACCGAGCTATCATGTTC-3'; Phb2-R, 5'- CAACATCAATCCTCCTGTTGG-3'. For 
phb-l(RNAi), RT-PCR was performed on RNA isolated from the same number of young adults fed 
dsRNA from the LI stage. 

Electrophoresis and Western Blot 

For Blue Native Electrophoresis (BNE)/2D-PAGE, mitochondrial membrane tractions were pre
pared as described [20] with minor modifications. Briefly, young adult worms were collected by 
centrifligation at 1,500 x g for 10 min, washed with M9 buffer three times, and once with MSM-E 
buffer [21]. The pellet was resuspended in 10 % w/v MSM-H buffer containing a proteinase-inhibi-
tor cocktail (Boehringer Mannheim) and cells disrupted with a Teflon homogenizer. The lysate 
was centrifuged at 1,500 x g for 10 min at 4°C. The supernatant was centrifuged at 23,500 x g for 
30 min and the pellet containing submitochondrial particles was resuspended in BNE extraction 
buffer containing 1.5 % lauryl maltoside. 2D-PAGE was performed as described [22] using 14 % 
SDS polyacrylamide gels. 

For one-dimensional SDS-PAGH, worm pellets were resuspended in 5 volumes of SDS-sample buff
er, boiled for 5 min, and the proteins resolved on 10 % gels [231. Following electrophoresis, proteins 
were blotted to nitrocellulose and imniunoreactive material was visualized by chemiluminescent 
detection (ECLIM; Amersham) according to the manufacturer's instructions. 

Pharyngeal pumping and defecation measurements 

Synchronized animals were placedn on NGM plates containing 0.2 M salt seeded with BL21-

SI bacteria producing phb-1 or phb-2 RN'As or containing empty vectors, and raised at 15, 20, 

or 25 °C. Animals were scored for pharyngeal pumping and defecation in their first day ol 

fertility. To score fertility, 70 L4-staged animals were transferred individually to fresh plates. 

Statistical analysis was performed using analysis of variance tests. 

Oxygen consumption rate 

Oxygen consumption rates were measured as previously described [24] using a Clark-type elec
trode (Rank Bros. LTD, Bottisham, Cambridge, England) with some minor modifications. Young 
adult worms fed either RNA-expressing bacteria or control bacteria were washed and collected in 
S-basal buffer. Approximately 100 pi slurry pellet of worms were delivered into the chamber in 
3 ml S-basal medium. The chamber was kept at 25 "C and measurements were done for 5-15 min, 
depending on the oxygen consumption rate. The slope of the straight portion of the plot was used 
to derive the oxygen consumption rate. Worms were recovered after respiration measurements and 
collected for protein quantification. Rates were normalized to protein content. We performed ten 
independent measurements per strain. Statistic analysis was performed with an analysis of vari
ance test followed by a Least Square Deviation post-hoc test. 

Mitochondrial morphology 

Mitochondrial morphology was monitored in glo-l(zu391) mutant worms, which have little or no 

gut granule autofluorescence (Greg J. Hermann at Lewis and Clark College, Portland, OR, and 
James R. Priess at HHMI and FHCRC, Seattle, WA, unpublished) expressing the Pmvo-3::mito: 
:GFP construct [25] and the transformation marker pRF4 ml-6(suI006). Morphology was moni

tored by Laser Scanning Confocal Microscopy. 
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Doxycycline treatment 

Synchronized LI hermaphrodites were transferred to plates containing 40 ng/ml doxycycline. 

Worms were collected after 72 h for Western blot analysis. 

Antibodies 

A polyclonal antibody raised against the 25 C-terminal amino acids of the murine PHB1 protein 

has been previously described [3]. 

Polyclonal antibody against the yeast (3 subunit of Fl-ATPase was a gift from Prof. Jan Berden. 

Anti-actin antibody was obtained from ICN (clone C4) and used at a dilution of 1:10.000. 

Microscopy 

Animals were mounted on 2% agarose pads and observed under a Zeiss Axioskop-2 research 
microscope with a SPOT-2 digital camera (Carl Zeiss Canada Ltd., Calgary, Canada) or a Zeiss 
Axiocam camera. GFP images were acquired with a Zeiss LSM 510 confocal microscope. 
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1. Outline 

This general discussion starts with a brief overview of the advantages that the model organ

isms used in this thesis offer for the study of mitochondrial biogenesis and function and in 

particular for the study of human mitochondrial disorders (Section 2). Subsequently, I will 

discuss the results presented in this thesis, together with results from other researchers, in 

view of the proposed role for the PHB complex as an additional component of the quality con

trol system (Section 3). In Section 3.1 I will discuss phenotypes and expression levels reported 

for PHB proteins and in Section 3.2 genetic interactions between PHB genes and other mi

tochondrial genes described in yeast will be examined. In Section 4,1 will briefly discuss the 

structural data presented in chapter 4, which might pave the way to a new working hypothesis 

and help to unravel the role of the PHB complex. In Section 5,1 put forward an alternative hy

pothesis for the function of the PHB complex and recapitulate the data discussed in this the

sis considering their contribution to each of the hypotheses presented. I will end this general 

discussion with concluding remarks and future prospects. 

2. Model organisms 

Despite advances in other systems, the facultative anaerobic yeast Saccharomyces cerevisiae 

is without doubt an irreplaceable model system for our understanding of mitochondrial bio

genesis. One of the reasons is that yeast does not require respiration to survive, since it can 

rely on fermentation for ATP production. Therefore, only a few mitochondrial proteins are 

essential for cell viability. Since the publication in 1996 of the complete yeast genome se

quence, the number of genes known to encode for mitochondrial proteins has increased from 

just fewer than 200 to the current 568 (as of August 2003; Yeast Proteome Database (YPD) 

[1]). The relative simplicity of generating knockouts by homologous recombination, the ex

istence of both haploid and diploid yeast cells and the possibility to separate all four haploid 

cells from a meiotic event, makes S. cervisiae a very useful organism for genetic manipula

tions. Yeast is unique in the sense that a comprehensive collection of yeast deletion mutants 

for ORFs longer than 100 codons is available [2] and has been successfully applied to iden

tify mitochondrial proteins [3]. The relative simplicity of yeast and its well annotated ge

nome allows for the application of new advanced technologies at a whole-genome level [3-7]. 

Moreover, newly discovered genes can easily be studied by classical genetics and biochemis

try approaches. Because 30% to 40% of human disease-associated genes share significant se

quence identity with yeast genes [8], yeast has proven to be a suitable simple organism to in

vestigate the molecular basis of many human mitochondrial diseases ([9, 10] and references 

there in). However, mitochondria are much more complex in humans than in yeast, and the 

complexity of understanding nucleo-mitochondrial relationships and genotype-phenotype 

correlations in human disorders certainly increases when considering interdependent cells 

in different tissues and organs. Understanding this complexity hinges on the development of 

animal mitochondrial research. 

The mouse, Mus musculus and the fruitfly, Drosophila melanogaster, are the oldest metazo-

an model systems used for genetic studies of conserved developmental and cellular process-
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es, as well as for the identification and validation of human disease-associated genes. Gene 

knockouts and gene mutations have been successfully created in both systems. However, ge

netic manipulation in these organisms is time-consuming, and this hinders the analysis of 

many genes at a time. The nematode worm Caenorhabditis elegans offers several experimen

tal advantages in this respect. With the adult hermaphrodite being 1mm long and -80 urn di

ameter, these animals can be grown as microorganisms on agar medium Petri dishes, where 

they are maintained on a diet of Escherichia coli. Their life cycle is short (3.5 days at 20°C) 

and each hermaphrodite produces -300 larvae by self-fertilisation. It was the first metazoan 

to have had its genome completely sequenced [11] and it turned out that - 6 5 % of the human 

disease genes have a counterpart in the worm [12]. Despite its apparent simplicity, there is a 

high degree of differentiation; these worms have muscle cells, neurons, gut, and an excretory 

system. The complete pattern of cell divisions that leads to its 959 somatic cells has been de

termined and cells can be recognised and identified due to the transparency of the animals' 

body. Similarly, a wiring diagram of all 302 neurons has been elucidated. Moreover, C. elegans 

is amenable to molecular, genetic and biochemical analyses. Although targeted mutagenesis 

in C. elegans is still in its infancy, the recent development of RNA interference (RNAi) as a 

method for the study of gene function has tremendously increased the number of genes whose 

dysfunction has been associated with a given phenotype. Feeding on bacteria engineered to 

produce dsRNA is usually enough to produce a full or partial loss of function phenotype in 

the worm [13], and a library of bacteria producing dsRNA for most C. elegans genes is now 

available for genome-wide approaches [14]. This technique allows for temporal inactivation 

of thousands of genes at a time, since worms can be easily grown in microtitre plates of up to 

384 wells. Combination of high-throughput RNAi with DNA microarrays and yeast two-hy

brid analysis is proving to be a valuable global approach to understand gene expression and 

function [15, 16]. Still, RNAi has its disadvantages: usually the removal of the protein studied 

is partial, it does not work for all genes and the effectiveness can vary between genes, neuro

nal cells being less sensitive than other tissues. C. elegans is currently being used as a mod

el system for the study of muscular dystrophy [17], of some neurological diseases [18] and 

peroxisome biogenesis disorders [19]. However, in contrast to other model systems such as 

Drosophila and mouse, the C. elegans potential value as genetic model for investigating mito

chondrial biogenesis and human mitochondrial disorders is still unexplored. 

In this thesis I have used Saccharomyces cerevisiae and Caenorhabditis elegans to study the 

role of the PHB complex in mitochondrial biogenesis. Many basic cellular activities are con

served from yeast to humans [9]. However, although PHB genes are highly conserved, their 

deletion in S. cerevisiae does not result in a clear observable phenotype, while they appear to 

be essential for invertebrate development ([20] and Chapter 5). A possible explanation for this 

is that redundant genes present in yeast make up for the lack of prohibitins. Alternatively, loss 

of function of prohibitins might have a stronger effect in the cellular metabolism of higher 

eukaryotes. Anyhow, this underscores the fact that model organisms complement each other, 

and all of them contribute to unravel the complexities of genotype-phenotype relations. 
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3. The PHB complex: A holdase/chaperone with a regulatory role 
in membrane protein quality control? 

The mitochondrial respiratory chain (MRC) is the major source of ATP for eukaryotic cells 

under aerobic conditions. However, reactive oxygen species (ROS) are inevitable byproducts 

of oxidative metabolism. The respiratory chain is considered to be the main producer of cel

lular ROS and defects in oxidative phosphorylation (OXPHOS) result in increased ROS pro

duction. ROS can easily damage DNA, proteins and lipids, leading to MRC dysfunction [21]. 

Therefore, extremely complex and well-coordinated processes are required to precisely regu

late the biogenesis of the OXPHOS system in response to the variable physiological circum

stances of the cell. OXPHOS complexes need to be stoichiometrically assembled, with subunits 

originating from both the nuclear and the mitochondrial genome. Besides regulation at the 

gene expression level, an accurate control of the assembly process is needed. Mitochondrial-

encoded proteins are highly hydrophobic core subunits of respiratory chain enzymes. On one 

hand, their localisation at the inner membrane makes them highly susceptible to ROS dam

age. On the other hand, unassembled hydrophobic proteins have a high potential of damaging 

the membrane. A damaged membrane can lead not only to increased ROS production, due to 

OXPHOS defects, but also to proton leakage and escape of ROS. Such a situation can dramati

cally compromise the metabolic capacity of the cell and possibly lead to apoptosis. In yeast, 

mitochondrial-encoded proteins are co-translationally inserted in the membrane with the 

help of the insertion machinery, Oxalp and Mbalp, among others [22,23]. However, until res

piratory enzyme subunits attain their functional conformation and suitable partners become 

available for further assembly, these polypeptides represent a danger to the membrane. 

The mitochondrial membrane-bound AAA proteases are responsible for the removal of po

tentially harmful unassembled polypeptides from the inner membrane [24]. Among these are 

polypeptides that are aberrant due to translational defects, damaged after synthesis or sim

ply in excess. The sequence similarity between Phblp and Phb2p proteins and the Escherichia 

coli complex HflC and HflK (± 20 % identity and 30 % similarity) was instrumental for the 

investigation into the role of the PHB complex in mitochondrial enzyme processing [25]. In 

bacteria, the AAA protease FtsH associates with the HflKC complex, which appears to modu

late the activity of the protease [26]. Similarly, the PHB complex has been shown to associate 

with the mitochondrial m-AAA protease (Afg3/Rcal complex) [25]. In the absence of the PHB 

complex, degradation of mitochondrial translation products by the m-AAA protease is accel

erated, which was explained in terms of the action of the PHB complex as a negative regulator 

of the protease [25]. The synthetic lethality observed upon disruption of the PHBl and PHB2 

genes in yeast cells lacking subunits of the m-AAA protease, was taken as a genetic evidence 

for a functional interaction between the PHB complex and the m-AAA protease. 

The results presented in chapter 3 prompted us to propose that the mitochondrial PHB com

plex functions as a membrane holdase/unfoldase for mitochondrial-encoded proteins. In 

chapters 2 and 3 we provide reasons to believe that the PHB complex has functions above and 

beyond the regulation of the m-AAA protease activity. First, the PHB complex is increased 

in two different yeast mutants (m5s5iA and shylk) that are defective in the synthesis of the 

Coxlp subunit and show decreased COX assembly [27, 28]. Such situations require the deg-
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radation of unassembled subunits and therefore it seems contradictory to increase an inhibi

tor of the protease. Increasing a holdase/chaperone is consistent with a need to sequester ex

cess unassembled subunits that can damage the integrity of the membrane. Second, the severe 

growth defect observed in the double deletion mutants, PHB1 or PHB2 in combination with 

an m-AAA protease mutant, is better explained by a holdase/chaperone function, since de

letion of an inhibitor should have no effect in the absence of the protease. The association of 

the PHB complex with the m-AAA protease could only be detected when very mild detergents 

were used and the complexes appeared to be autonomous since the disruption of either of the 

complexes did not destabilise the other [25]. Therefore, the physical association of the PHB 

complex with the m-AAA protease suggests rather a spatial organisation for the assembly of 

mitochondrial respiratory complexes than a regulatory role for the PHB complex. The PHB 

complex could interfere with membrane protein degradation by directly binding to substrate 

proteins. Similarly, the distantly related HflK and HflC are able to bind proteins that are sub

strates for the protease [26]. Nevertheless, understanding of the action of the PHB complex is 

still poor and experimental evidence for a regulatory function or for a cooperative action of 

the PHB complex linked to membrane protein degradation by AAA proteases is still lacking. 

Between polypeptide insertion into the membrane and final assembly of complete respiratory 

chain complexes, the PHB complex could act at different levels. Newly synthesised polypep

tides pass through different non-functional conformational stages until they attain the ap

propriate conformation in the membrane to interact with their partners. The PHB complex 

could act during protein folding, and deliver polypeptides that cannot be correctly folded to 

the AAA proteases for degradation, thus avoiding polypeptide damage and/or aggregation in 

the membrane. Another possibility is that the PHB complex could protect polypeptides that 

have already attained their proper membrane topology and await suitable partners for the as

sembly of functional complexes. In that case, the PHB complex will ensure that small pools of 

unassembled core respiratory enzymes subunits are readily available for assembly, when re

quired, without harming the membrane. 

3.1 PHB phenotypes and expression levels 

Disruption of either one or both subunits of the PHB complex in S. cerevisiae results in a de

creased replicative lifespan but does not result in any other observable growth phenotype 

under laboratory conditions [29, 30]. This shortening of the yeast replicative lifespan is ac

companied by a defect in membrane potential, a lengthening of the cell division time and 

characteristic morphological changes of ageing cells [29]. This suggests that phb-nn\\ yeast 

cells undergo premature aging, plausibly due to a slight, but cumulative decline in cellular 

metabolic capacity [29]. Recent work by Piper and Bringloe [31] shows that prohibitins do not 

influence the chronological lifespan of non-dividing cells (Go-arrested), and that phb-nu\[ 

cells in stationary phase (G( |-arrested) tend to lose respiratory capacity, which is associated 

with deletions of the mitochondrial genome ([rho ]) [31]. In contrast, others have reported 

that phb-nu\\ mutations do not increase the frequency of generation of [rho] cells when com

pared to the parental strain [30, 32]. One possible explanation is that generation of [rho] can 

only be detected in old, non-dividing phb-nu\\ cells and not in young phb-nu\\ mother cells. 

A similar situation is encountered regarding the mitochondrial morphology ofp/;/?-null yeast 
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cells. Piper and co-workers [33] report that old phb-nu\\ mother cells show defective mito

chondrial segregation to the daughter cells and aberrant mitochondrial morphology. In con

trast, other previous studies did not detect mitochondrial morphology defects in phb-nu\\ 

cells [30, 32]. Thus, aberrant mitochondrial morphology could only be observed in specifical

ly sorted old mother cells that are at the end of their replicative lifespan [33]. 

The observed reduced replicative lifespan has been taken as an indication of increased oxida

tive stress and molecular damage in cells depleted of the PHB complex. If the PHB complex 

holds MRC subunits to assist with folding, incorrectly folded subunits might accumulate in 

its absence. Moreover, endogenous ROS can more easily damage subunits that are not pro

tected by the PHB complex. These incorrectly folded or damaged subunits might not assem

ble properly into functional complexes, which may lead to proton and electron leakage. ROS 

production might increase, damaging DNA, lipids and proteins. This cumulative increase in 

ROS production and the progressive reduction of metabolic efficiency seems the most plau

sible explanation for the reduced replicative lifespan observed in yeast [29, 30]. Yet, several 

attempts have failed to show increased sensitivity to endogenous ROS or to exogenously add

ed oxidative stress in phb-nu\\ yeast cells [29, 31]. Furthermore, the expression levels of pro-

hibitins in human fibroblasts do not respond to exogenously added hydrogen peroxide [34]. 

Nevertheless, we find that reduction of the level of PHB proteins sensitises C. elegans to exog

enously added oxidative stress (Chapter 5). A plausible explanation for this difference is that 

the PHB complex may prevent excess of ROS by acting as a chaperone/holdase, but it is not in

volved in ROS detoxification. phb-nu\\ yeast cells might respond to elevated levels of ROS by 

increasing the levels of enzymes involved in ROS detoxification to an extent sufficient to cope 

well with the increased level of ROS. However, oxidative damage to molecules will gradually 

accumulate, which maybe responsible for the increased rate of ageing and reduced replicative 

lifespan observed in yeast [29, 30]. This might also in part explain the lack of a strong pheno-

type in yeast cells when compared to multicellular organisms. In contrast, reduction of PHB 

protein levels in C. elegans results in an increased sensitivity to exogenously added oxidative 

stress. It is conceivable that the increase in anti-oxidant enzymes might be just enough to deal 

with increased levels of ROS and pass through development. However, animals might be still 

seriously affected by the increased ROS level. Therefore, exogenously added oxidative stress 

completely overwhelms the worms and its anti-oxidant defence system. Obviously, measure

ments of endogenous ROS and levels of anti-oxidant enzymes in yeast and worms are required 

to substantiate this hypothesis. Recently, PHB proteins have been suggested to be in the prox

imity of ROS generation sites, and its unique and conserved tryptophan residue to be target 

for oxidation in respiring mitochondria of normal human heart tissues [35]. This might indi

cate that the PHB complex holds and targets oxidatively damaged subunits for degradation. 

In Chapter 5 of this thesis I describe a strong loss-of-function phenotype for PHB gene inac-

tivation in a multicellular organism. I show that, in C. elegans, prohibitins are necessary for 

viability and serve an essential role during organismal development. This is in strong contrast 

with the lack of an observable phenotype in yeast. The phenotypes observed suggest that PHB 

proteins are specifically required in embryonic and germline cells, thus in tissues that under

go cellular proliferation. This is probably because PHB deficiency is likely to manifest itself at 

moments of peak demands on mitochondrial biogenesis/function and therefore result in the 
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lethality of the cells involved. Similarly, tissues that rely more heavily on mitochondrial func

tion are more likely to be susceptible to the lack of prohibitins. Consistent with this, a strong 

effect on mitochondrial morphology was observed upon reduction of prohibitin expression 

in body wall muscle cells (Chapter 5). During post-embryonic development, muscle cells do 

not proliferate but grow in size. To meet the energy requirements of these cells the number 

of mitochondria per cell should increase. When prohibitin protein levels are reduced in mus

cle cells, mitochondrial morphology and distribution are severely affected. This suggests that 

prohibitins play an important role in maintaining mitochondrial membrane integrity. This 

mitochondrial morphology defect could be due to a loss in membrane potential and/or to a 

deficiency in ATP production. 

Changes in the expression levels of prohibitins further support a role for the PHB complex 

as holdase/chaperone. A holdase/unfoldase function can account for the requirement of the 

PHB complex during metabolic changes, specifically those that result in an imbalance be

tween nuclear and mitochondrially encoded subunits. For instance, PHB expression increas

es in yeast cells during the diauxic shift, that is, when yeast cells switch from non-oxidative 

to oxidative metabolism [36]. Further, yeast mutant cells defective in the synthesis of the mi

tochondrially encoded Coxlp subunit (mss5IA and shylA [27, 28]) show increased expression 

levels of the PHB complex ([37] and Chapter 3). Finally, inhibition of mitochondrial transla

tion results in increased PHB expression in human cells and in C. elegans ([34] and Chapter 

5). Extensive studies on the expression patterns of both PHB proteins in mammalian tissues 

and during murine development also support a role for the prohibitin proteins in regulat

ing mitochondrial metabolism. PHB proteins are more expressed in cells that rely more on 

mitochondrial function, including neurons, muscle, heart, liver, renal tubules, adrenal cor

tex, brown adipocytes and pancreatic islet cells [34]. These tissues are often affected by mito

chondrial disorders and they are particularly susceptible to mitochondrial dysfunction [38]. 

PHB proteins are more expressed in proliferating than in non-proliferating cells of the same 

type [34], and both PHB proteins are consistently highly expressed in neoplastic tissues [34, 

39-44]. The high expression of prohibitins in tumour cells might be in part explained by the 

presence of conserved binding sites for the oncoprotein c-Myc in the promoters of both PHB 

genes [34]. c-Myc regulates cellular proliferation, implicative potential, growth, differentia

tion and is a potent activator of carcinogenesis [45]. The transcriptional activation of PHB by 

c-Myc might be necessary to coordinate mitochondrial proliferation to the proliferative sta

tus of the cells. Alternatively, as proposed in Chapter 2, the high expression of PHB proteins 

could act to reduce oxidative stress by acting as a chaperone, allowing the continued growth 

of the tumour cells. 

3.2 Genetic interactions 

Apart from decreased replicative lifespan, deletion of PHB1 or PHB2 genes in S. cerevisiae 

does not result in an observable growth phenotype, in either respiratory or fermentable car

bon sources [29, 30]. However, p/jfr-deletion in combination with deletions of several other 

mitochondrial proteins results in lethality or in a seriously impaired growth on fermenta

ble carbon sources. A synthetic lethal interaction has been observed when PHB1 or PHB2 

genes are disrupted in cells that lack subunits of the mitochondrial m-AAA protease (afg3& or 
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rcalA cells) [25]. In contrast, disruption of PHBl or of PHB2 genes did not affect the growth 

ofymelA cells lacking the /-AAA protease on either fermentable or nonfermentable carbon 

sources [25]. The mitochondrial m-AAA protease is necessary for respiratory growth in S. 

cerevisiae but not for fermentative growth, while the /'-AAA protease is not required for res

piratory growth at the permissive temperature [46]. In the absence of prohibitins, authors 

observed accelerated degradation of the mitochondrial-encoded proteins Cox3p and Atp6p 

by m-AAA proteases, which was not observed for substrates of the /-AAA protease (Cox2p). 

Therefore, this synthetic lethal interaction was taken as a genetic evidence for a specific func

tional interaction of the PHB complex with the m-AAA protease [25]. 

In S. cerevisiae, disruption of PHB genes in combination with any of the three mitochon

drial inheritance components of the mitochondrial outer membrane, MMMl, MDM10 and 

MDM12, also results in lethality [30]. All three proteins are required for inheritance of mi

tochondria to daughter cells and mmmlA, mdmlOA and mdml2A show a similar phenotype 

of temperature-sensitive growth and enlarged spherical mitochondria [47-49]. M m m l p , 

MdmlOp and Mdml2p are proposed to form a complex in the mitochondrial outer mem

brane and to mediate interaction with the yeast cytoskeleton [50]. mmmlA yeast cells show a 

dramatically disorganised mitochondrial inner membrane and M m m l p is connected to mi

tochondrial nucleoids [51]. Further, mmmlA yeast cells are completely devoid of mtDNA [52]. 

Berger and Yaffe [30] showed that Phblp and Phb2p are important for keeping mitochondrial 

morphology in cells that lack a functional mitochondrial genome ([rho ]). While PHBl PHB2 

[rho'] contained typical tubular mitochondria, single or double phb-nu\l [rho ] mutants had 

fragmented and disorganised mitochondria. The authors suggest that mtDNA or associated 

proteins may play a structural role that is revealed in the absence of prohibitins. 

Recently, a synthetic lethal interaction of the PHB complex with the mitochondrial 

Phosphatidylethanolamine (PtdEtn) biosynthetic machinery has been reported in S. cere

visiae [32]. Phosphatidylserine decarboxylase l(Psdlp), located in the mitochondrial inner 

membrane, is responsible for the production of PtdEtn, a phospholipid essential for aerobic 

growth of yeast cells. Cells disrupted for PSD1 have a high tendency to form respiration defi

cient cells (petites) on glucose [53]. A screen for mutants that are synthetic lethal with a tem

perature-sensitive allele ofPSDl uncovered both PHBl and PHB2 [32]. phblA/phb2A mutants 

have an increased level of PtdEtn. PtdEtn seems to compensate for the lack of prohibitins 

since in the absence of Psdlp the lack of PtdEtn results in lethality. Moreover PHB and PtdEtn 

share the function of stabilizing mitochondrial-encoded proteins. Mitochondrial-encoded 

proteins were more unstable in psdlA mutants than in phb!A/phb2A mutants and in the tri

ple mutant only the soluble ribosomal protein Varlp could be detected. In fact, triple mutants 

had lost most of their mtDNA already at the permissive temperature, despite wild-type levels 

of mitochondrial PtdEtn [32]. This, together with the genetic interaction of PHB genes with 

M M M l , prompted authors to suggest that the PHB complex may also be involved in mtDNA 

stability. High local concentration of PtdEtn may determine the attachment site of mtDNA 

nucleoids. Prohibitins may be involved in the assembly of this domain and elevated levels of 

PtdEtn may overcome the absence of prohibitins. Further, triple mutants also had a very low 

membrane potential at the permissive temperature and their mitochondria appear fragment

ed and collapsed after shifting to the nonpermissive temperature. In Chapter 5 of this thesis 
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we show that the phenotypes elicited by the absence of prohibitins in C. elegans are seriously 

aggravated at higher temperatures. This might indicate a higher requirement for PHB pro

teins due to increased metabolic demands. Alternatively, temperature might affect the stabil

ity or turnover of mitochondrial respiratory complexes or the PHB complex. Therefore the 

mitochondrial morphology defects found in the phblA/phb2A, psdl's might be an indirect ef

fect due to the increased temperature and not to the lack of PtdEtn. Similarly to what happens 

with phblA/phb2A, the psdlA mutant was synthetic slow with afg3A and rcalA, but not with 

ymelA. However, psdlA in combination with the mitochondrial morphology mutants mmml, 

mdmlO and mdml2 did not result in lethality [32]. 

All the genes that, when mutated, show synthetic lethality in combination withphb mutations 

are genes somehow involved in processes related to the biogenesis, morphology or stability of 

the mitochondrial inner membrane. However, all these synthetic lethal interactions are in

sufficient to unravel the role of the PHB complex. In situations where mitochondria do not 

function properly because the integrity of the inner membrane is compromised, yeast cells 

might be unable to control the dysfunction without prohibitins. In that case, the synthetic le

thal knockouts just substantiate the fact that the PHB complex is important for maintaining 

mitochondrial integrity, and do not necessarily provide any information about the function 

of the PHB complex. Could a holdase/chaperone function account for the severe growth de

fect observed in those mutants? In afg3A/rcalA mutants degradation is impaired and unwant

ed subunits might temporarily accumulate in the mitochondrial membrane [24]. Further, in 

addition to mitochondrial morphology defects, mmmlA and mdmlOA mutants exhibit loss of 

mtDNA [51, 52], which may also result in the accumulation of unassembled subunits in the 

membrane. Finally, the absence of PtdEtn in psdlA cells also results in impaired assembly due 

to membrane instability and loss of mtDNA [32]. In such situations the PHB complex might 

be specifically required to hold MRC subunits that cannot be assembled into functional com

plexes, and in the absence of the PHB complex these cells become extremely sick. 

Whether all these genetic interactions of prohibitins in yeast can be linked to membrane pro

tein degradation in a cooperative action with the m-AAA protease awaits experimental evi

dence. It is worth mentioning that preliminary results indicate that afg3A/rcalA yeast cells 

have a decreased fraction of PtdEtn containing C16:0 moieties as a side chain, although the 

ratio between the different groups of phospholipids is not altered [54]. Interestingly, FtsH 

from E. coli, which is closely related to the mitochondrial m-AAA protease, is involved in the 

proteolytic control of lipid metabolism [55]. One possibility is that the m-AAA protease could 

affect membrane composition via the proteolytic regulation of one or more specific regulato

ry proteins. However, regulatory substrates for the m-AAA protease have not yet been identi

fied. Moreover, the fact that PtdEtn mutants are synthetic lethal in combination with m-AAA 

protease mutants point to a cumulative defect in membrane stability. Membrane lipid compo

sition is affected in the absence of both the m-AAA protease and the PHB complex. Therefore, 

further investigation in this field might shed new light on the complex relations between lipid 

composition and the stability of membrane proteins. 
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4. Can we learn from structure predictions? 

Resolving the 3D-structure of proteins with unknown function can provide important clues 

to their role in vivo. Therefore, we attempted to obtain more detailed structural information 

on the PHB complex to elucidate its molecular mechanism of action. In Chapter 4, we derive 

a partial structure for the PHB complex. We generated amino acid distance information with 

the help of cross-links. Strikingly, only heterodimeric interactions were found, further sup

porting the strong co-dependence of both subunits. Secondary and tertiary structural predic

tions were made using several algorithms, and the spatial restraints of the cross-link data were 

used to validate possible protein folds. The 3D structure best fitting our experimental results 

was the four-helical bundle structure of the t-SNAREs syntaxin 1A and the yeast Ssolp. We 

should be extremely careful when modelling unknown structures with less than 30% homol

ogy to known solved structures, as is the case here. Moreover, validation of predicted struc

tures with distance-restraints from cross-linking lacks rigorous statistics. Nevertheless, and 

although it is known that proteins with the same fold can perform a variety of biochemical 

functions [56], it is still tempting to consider the fact that proteins with a similar fold might 

share some functional properties [57]. SNARE proteins are involved in membrane fusion and 

traffic, mediating vesicle docking [58-60]. Thus, if our structure prediction is correct, one 

could consider the possibility of the PHB complex having a role in membrane fusion. Some 

data might even support this idea. Two tryptophan residues are conserved and basic residues 

abound in the membrane proximal region of transmembrane SNAREs. Basic residues seem 

to facilitate interaction with negatively charged lipids [61] [62]. Similarly, a conserved tryp

tophan residue surrounded by basic residues can be found in the proximity of the transmem

brane region of prohibitins (Figure 1A) although further away from the transmembrane re

gion (25 to 33 amino acids) when compared to SNARE proteins. Moreover, prohibitins have 

been classified as members of the Band7.2b family of proteins. Members of this protein family 

share a conserved region that has been named the SPFH domain after its members Stomatins, 

Prohibitins, Flotillins and HlfKC [63]. A domain within the SPFH domain, next to the pre

dicted N-terminal transmembrane stretch present in this family, has been called the PHB do

main [64]. This PHB domain of flotillin is sufficient to target a green fluorescent protein to 

the plasma membrane and probably constitutes a novel lipid recognition motif [64] (Figure 

IB). Further, plasma membrane association is dependent on palmitoylation and requires a 

conserved cysteine residue within the domain [64]. A cysteine residue is present in prohib

itins although not at a conserved position as compared to stomatins and flotillins. Human 

PHB1 protein contains a Cys within the domain but 9 amino acids apart from the conserved 

position. In yeast and C. elegans a Cys is present in the PHB2 protein, 32 and 63 residues 

apart from the conserved Cys of stomatins and flotillins. The bacterial HflK and HflC do not 

contain any cysteine. In addition, Phblp was detected as a member of the Erplp-associated 

complex by proteomic detection of multi-subunit complexes [65]. Erplis involved in vesicle-

mediated transport and membrane fusion [66, 67]. Although the specificity and biological 

relevance of this interaction might be dubious due to the localisation of Phblp to mitochon

dria where it always forms a complex with Phb2p, it still might indicate a property of the pro

tein to bind to membrane vesicles. 

127 



General discussion 

A 

PHB2_HUMAN 

PHB2_yeast 

PHBl_yeast 

PHB1 HUMAN 

PHB2_HUMAN 

PHB2_yeast 

PHBl_yeast 

PHB1 HUMAN 

B 

PHB2_HUMAN 

PHB2_yeast 

PHBl_yeast 

PHB1_HUMAN 

STOM_HUMAN 

FLT1 HUMAN 

PHB2_HUMAN 

PHB2_yeast 

PHBl_yeast 

PHB1_HUMAN 

STOM_HUMAN 

FLT1_HUMAN 

Figure 1. A. ClustalW alignment of the N-terminal region of yeast and human PHB proteins. Dark grey 
shading indicates basic residues present in the vicinity of the conserved tryptophan residue of prohib-
itins (bold). B.The so-called PHB domain [65] present in members of the SPFH family of proteins. ClustalW 
alignment of the N-terminal region of yeast and human PHB proteins with human Stomatin and Flotillin-
1. Amino acids identical or chemically conserved between PHB and either Stomatin or Flotillin-1 are 
highlighted by black or dark grey shading, respectively. Groups of chemically conserved amino acids 
are: (V,I,L,M); (F,W,Y); <E,D); (Q,N); (S,T); (R,K); (A,G,); H; P; C. Less conserved amino acids are highlighted by 
light grey shading. Groups of less chemically conserved amino acides are: (V,I,L,M,F,W,Y); (E,D,Q,N); (Q,K); 
(S,A,T); (F,Y,W,H). The conserved cysteine of Stomatins and Flotillins and the cysteine residue of human 
PHB1 are shown in bold letters. Putative transmembrane regions (predicted by TMHMM orTMPred al
gorithms) are underlined. Database accession numbers and the positions of the sequences shown are: 
Human PHB2 TrEMBL Q99623, residues 17-96; human PHB1 SwissProt P35232, residues 4-82; 5. cerevisiae 
Phblp SwissProt P40961, residues 6-84; S. cerevisiae Phb2p SwissProt P50085, residues 34-113; human 
Stomatin SiwssProt P27105, residues 31-109; human Flotillin-1 SwissProt 075955, residues 1-56. 

5. Hypothesis for the function of the PHB complex 

Two main hypotheses have been presented in this general discussion. These are a role for the 

PHB complex in the biogenesis of OXPHOS as an additional component of the quality control 
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apparatus and a role in mitochondrial membrane biology (membrane integrity or membrane 

fusion). In a tentative way of recapitulating the data presented so far they are summarised in 

Table I in view of their contribution to each hypothesis. 

OXPHOS biogenesis/assembly 

- Instability of mitochondrial-encoded subu-
nits in phb-nu\\ yeast cells [25, 32]. 

- Stability of mitochondria-encoded subu-
nits upon overexpression of the PHB com
plex (Chapter 3). 

- Association of Cox2p and Cox3p with the 
PHB complex (Chapter 3). 

- Sequence similarity with Hsp60 (Chapter 

3). 

- Association with the m-AAA protease. 
Genetic interaction [25]. 

- Expression levels of PHB proteins in situa
tions of imbalances between nuclear- and 

mitochondrial-encoded subunits [34,38] 
(Chapters 3 and 5). 

- Reduced oxygen consumption rate in 
phb(RNAi) worms (Chapter 5). 

Membrane biology/stability/fusion 

- 3-D structural similarity to SNARE proteins 
(Chapter 4). 

- SPFH membrane-binding domain. (PHB 
domain) [65]. 

- Altered phospholipid membrane composi
tion in the absence of the PHB complex and 

the m-AAA protease [32, 55]. 

- Mitochondrial morphology defect in C. ele-

gans body wall muscle cells upon phb(RNAi) 
(Chapter 5)* 

- Genetic interaction with mitochondrial 

inheritance components (MMM1, MDM10, 
MDM12)[30]*#. 

- Genetic interaction with the Phosphatydil-
ethanolamine biosynthetic machinery 
[32]*#. 

- Mitochondrial segregation and morpholo

gy defect in old phb-nu\\ yeast cells [33]*#. 

-Mitochondrial morphology defect in phb-
null [rho ] yeast cells [30]*#. 

Table I: Phenotypes and features associated with the PHB complex. (*) These observations could also be 
explained by cumulative defects in the biogenesis of OXPHOS components. (#) In these cases yeast cells 
are known to be either [rho0] or [rho ]. The altered mitochondrial morphology could be due to increased 
defects of the OXPHOS system. Alternatively the PHB complex could have a role in the attachment of mi
tochondrial nucleoids to the inner membrane. 

From the experimental data so far, the observed mitochondrial morphology defect in old 

phb-nu\\ [33] and [rho ] phb-nu.ll yeast cells [30], as well as the genetic interactions described 

in the previous section point to a role for prohibitins in mitochondrial membrane stability. 

However, the mitochondrial morphology defect observed in C. elegans body wall muscle cells 

upon reduction of PHB expression provides the strongest indication for a possible role of the 

PHB proteins in mitochondrial membrane fusion (Chapter 5). 

How to explain the OXPHOS biogenesis/assembly hypothesis when considering a membrane 

biology function for the PHB complex or how to explain a membrane morphology defect 

when considering a chaperone/holdase function for the PHB complex? If the PHB complex 
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is involved in membrane fusion, or in keeping the inner membrane in close proximity to the 

outer membrane, the lack of PHB could result in a defect on OXPHOS biogenesis and/or dis

tribution. On the other hand, defects in OXPHOS biogenesis might be the immediate effect 

of the lack of PHB proteins and OXPHOS defects could lead to membrane morphology de

fects. These defects in mitochondrial morphology might be readily observable in highly oxi

dative organisms or tissues (Chapter 5) but not in yeast, where morphology defects only ap

pear in old cells [33]. It is difficult to discern whether observed membrane defects are caused 

by mistakes in OXPHOS biogenesis or whether defects in OXPHOS biogenesis are caused by 

membrane alterations. It has been reported that defects in OXPHOS result in mitochondrial 

morphology defects. For instance, there is a link between cristae morphology and dimerisa-

tion of the mitochondrial ATP synthase [68), and C. elegans electron transport chain mutants 

show defects on mitochondrial morphology in body wall muscle cells [69] and in intestinal 

cells [70]. However, there is so far no direct experimental evidence that lack of prohibitins re

sults in OXPHOS defects. 

Ikonen and colleagues showed that prohibitins localise predominantly to the periphery of 

mitochondria upon immunogold labelling of human mitochondria [71], with a minor frac

tion of protein detected at the cristae. The localisation of most prohibitin to the inner bound

ary membrane, the part of the inner membrane that faces the outer membrane, might indi

cate a role in cristae formation or even in mediating connections between the inner and the 

outer mitochondrial membranes. It is known that cristae are dynamic structures and that the 

Membrane biology/ fusion Oxphos biogenesis 

/ OM 

IMS ^ 
IM 

PHB complex 
TOM 

Figure 2. Schematic representation of possible roles of the PHB complex in the mitochondrial inner 
membrane. Top left: A role in mitochondrial membrane fusion. The PHB complex is shown interacting 
with mitochondrial outer membrane proteins as part of a complex that might facilitate mitochondrial fu
sion. Alternatively, the PHB complex could help to keep the mitochondrial outer and inner membrane in 
close proximity without a direct interaction with outer membrane proteins. Top right: A role for the PHB 
complex in the biogenesis of OXPHOS complexes. The mitochondrial translocases TOM and TIM are de
picted. Middle down: The localisation of the PHB complex in mitochondrial cristae could reflect a role in 
establishing communication sites within the two membranes of a crista, perhaps to facilitate the turno
ver of respiratory chain subunits. 
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number of cristae and their structure vary between cell types and depending on the physi

ological conditions of the cell. Considering that a fraction of PHB complex localises to mito

chondrial cristae and the putative ability of the PHB domain to associate with membranes, an

other possibility is that the PHB complex could play role in maintaining both cristae in close 

proximity when required. Although extremely speculative at this stage, it might be worth 

keeping these alternative hypotheses in mind when further investigating the role of the PHB 

complex. The predominant localisation of the PHB complex in the inner boundary membrane 

is also in agreement with its proposed role as holdase in the process of OXPHOS complex as

sembly. Assembly of the respiratory chain and ATP synthase requires both proteins imported 

from the cytosol and mitochondrially synthesised subunits. While cristal membranes seem 

to be the principal site of oxidative phosphorylation [72], OXPHOS complexes are more likely 

to be assembled in the inner boundary membrane where mitochondrial- and nuclear-encod

ed subunits encounter each other (See Figure 2). Nevertheless, the prohibitin localisation re

ported by Ikonen and colleagues could be an artifact of the system used. They overexpressed 

prohibitin (PHB1) without simultaneously expressing BAP37(PHB 2), which is required for 

the stabilility of PHB1. Expression of prohibitin was allowed for a short period of time (6 h), 

which might not enable turnover to occur. Therefore, the detected signal could correspond to 

unassambled prohibitin and not to the functional PHB complex. 

6. Concluding remarks and future prospects 

As mentioned in Chapter 2 of this thesis, many different cellular functions have been attrib

uted to both prohibitin proteins since Phblp was originally discovered as a potential tumour 

suppressor protein. More recent reports still suggest that prohibitin acts in the nucleus, where 

it represses E2F-mediated transcription [73, 74]. However, we believe that there is enough ev

idence that both prohibitin proteins function within mitochondria, and reports confirming 

this are rapidly accumulating [32, 75-78]. 

The results presented in Chapter 3 and other results from studies using S. cerevisiae as a model 

system have provided evidence for a role of the PHB complex in the assembly of the OXPHOS 

system and in membrane quality control [25]. However, the precise role of the PHB complex 

in the assembly process and how it relates to the m-AAA protease are still unresolved ques

tions. Genetic interactions found in yeast point to a role for the PHB complex in mitochondri

al inheritance [30], membrane stability or even in mitochondrial nucleoid attachment to the 

inner membrane [32]. Further investigations are required to ascertain whether the role of the 

PHB complex in these different cellular processes is linked in some way to membrane protein 

degradation by the quality control system. 

Chapter 5 represents an important contribution to our understanding of the importance of 

the PHB complex in the development of higher organisms. We have for the first time ad

dressed the effects of the loss of the PHB complex at different developmental stages of the 

multicellular organism C. elegans. In strong contrast to observations made in yeast, the results 

presented strongly suggest that a PHB null mutation will result in lethality in higher eukaryo-

tes. From this we can predict that mutations in the human PHB genes are likely to result in a 
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mitochondrial disorder. In addition, our studies demonstrate that C. elegans serves as a useful 

model organism for the study of proteins involved in mitochondrial biogenesis and function. 

Despite this progress, the understanding of the exact role of the PHB complex in mitochon

drial biogenesis is still poor. On the structural level, still very little is known. The structural 

model presented in Chapter 4 is based on computed predictions and it is not refined to high 

resolution. Therefore, the structural similarity to t-SNARE proteins should be regarded very 

cautiously and further studies are certainly required to substantiate this finding. Moreover, 

the palisade-shape macromolecular assembly model proposed is based on the observed mo

lecular mass of the complex (= 1 MDa), the elongated structure of the unit-cell building block, 

the single helix membrane association, and the proposed function of the PHB complex as 

holdase/unfoldase capable of binding mitochondrial-encoded subunits. Experimental evi

dence for a barrel-like structure for the PHB complex where mitochondrial proteins can be 

held is still lacking. Furthermore, the unambiguous assignment of a holdase/chaperone func

tion to the PHB complex certainly requires more information on the active site of the complex 

and on the mechanisms of binding and release of peptides. 

In Chapter 2 we discuss the possible involvement of the PHB complex in cellular ageing and 

in degenerative disorders. Recently, altered expression of PHB1 has been correlated with a loss 

of mitochondrial function in the liver of knockout mice deficient in S-adenosylmethionine 

synthesis and in obese patients who are at risk for nonalcoholic steatohepatitis [77]. This em

phasises the importance of the PHB complex in keeping mitochondrial homeostasis, and the 

convenience of including prohibitins in microarrays designed to investigate mitochondrial 

dysfunctions. 

There is obviously much to be understood about this highly evolutionarily conserved complex 

in the mitochondrial inner membrane. New ideas have been put forward, including a putative 

role in mitochondrial genome stability, in mitochondrial membrane morphology or even in 

mitochondrial membrane fusion. Assessing whether the PHB complex plays a direct role in 

these processes or whether these effects are related to its function as a holdase/chaperone or to 

protein degradation by the m-AAA protease calls for experimental testing. The lack of an ob

servable phenotype in S. cerevisiae upon disruption of PHB proteins complicates the study of 

the function of these proteins in that organism. In this sense, C. elegans might serve as a better 

model system to investigate the role of prohibitins. Further, resolving the three- dimensional 

structure of the PHB complex will certainly help to define its role at the molecular level, and 

more efforts in this direction are clearly necessary. 
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Summary 
Mitochondria are essential organelles of most eukaryotic cells. Their most prominent func

tion is to supply the cell with energy generated by oxidative phosphorylation (OXPHOS). 

Oxidation/reduction reactions along the electron transport chain (complexes I, II, III and 

IV) generate a proton gradient that is used by ATP synthase (complex V) to phosphorylate 

ADP producing ATP. Impaired OXPHOS can severely affect cellular function and OXPHOS 

defects are responsible for a wide range of human degenerative diseases. Building up the 

OXPHOS system requires the coordinate expression of the nuclear and the mitochondrial 

genome. OXPHOS enzymes are embedded in the inner membrane of mitochondria and in

complete or incorrectly assembled enzymes have a high potential of disturbing the integrity 

of the membrane. Therefore the correct assembly of the OXPHOS system poses a challenge 

to the cell. 

This thesis focuses on the mitochondrial PHB complex and its role in respiratory complex as

sembly. 

In Chapter 1 of this thesis I have reviewed several aspects of the regulation of mitochondrial 

biogenesis, from mitochondrial gene expression to the final assembly of OXPHOS complexes. 

I have particularly focused on the process of assembly and the role of the quality control ap

paratus in view of the putative role of the PHB complex in the biogenesis and assembly of res

piratory chain complexes in cooperation with the quality control system. 

I have further presented studies covering several aspects of the mitochondrial PHB complex. 

In Chapter 2, a review is presented, which critically discusses the many different cellular roles 

proposed for the prohibitin proteins that were confusing and difficult to reconcile with the 

localisation of PHB proteins to mitochondria. The review focuses on the proposed function 

for the PHB complex in mitochondrial respiratory complex assembly by acting as a holdase/ 

chaperone, and assesses its possible role in ageing and degenerative diseases. The review is 

based on data presented in Chapter 3 where we show that in Saccharomyces cerevisiae the PHB 

complex stabilises newly mitochondrial translation products by (transiently) interacting with 

them. We further show a short but statistically significant sequence similarity with members 

of the hsp60 family of proteins. Based on these results, we propose that the PHB complex is a 

novel type of membrane-bound chaperone/holdase specifically required when there are im

balances between nuclear- and mitochondrial-encoded subunits of the respiratory chain. 

In Chapter 4, we used mass spectrometric techniques in combination with chemical cross-

linking to gain insight on the structure of the yeast PHB complex. Information on amino acid 

distances gave us spatial restraints, which in combination with structure prediction algo

rithms, were used to derive a structural model for the PHB complex. 

PHB genes are strongly conserved among eukaryotes suggesting that they probably serve an 

important role in cell function. However, deletion of PHB genes in S. cerevisiae does not result 

in a clear observable growth phenotype, in either respiratory or fermentable carbon sources. 

Therefore, in Chapter 5 we investigated the role of PHB proteins in the development of a mul-
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ticellular organism, the soil nematode Caenorhabditis elegans. We demonstrated that the PHB 

complex is essential during embryogenesis and gonad differentiation. We further showed that 

PHB proteins are required for mitochondrial morphology and distribution in body wall mus

cle cells. This chapter represents an important contribution to our understanding of the im

portance of the PHB complex during the development of multicellular organisms. 

Finally, In Chapter 6 I have discussed the data presented in this thesis together with results 

from other researchers regarding the proposed role for the PHB complex as an additional 

component of the quality control system. Further, based on the structural model presented in 

Chapter 4,1 have put forward alternative hypotheses for the functioning of the PHB complex 

in membrane biology. 
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Samenvatting 
Mitochondriën zijn organellen in een eukaryote cel die zeer belangrijk zijn voor de ener

gievoorziening van de cel. De zogenaamde oxidatieve fosforylering (OXFOS) vindt hier 

namelijk plaats. In dit proces worden electronen met behulp van oxidatie/reductie reacties 

via vier redox complexen (complex I, II, III, en IV), ook wel ademhalingsketen-complexen 

genoemd, doorgegeven aan moleculair zuurstof, de uiteindelijke electronen acceptor. Met be

hulp van de energie die hierbij vrij komt, wordt een protongradiënt gegenereerd. Deze proton

gradiënt wordt gebruikt door een vijfde complex, het ATP synthase (complex V), om ADP te 

fosforyleren tot ATP. Een verstoring van het OXFOS systeem kan de cellulaire functie ernstig 

aantasten en kan leiden tot een grote verscheidenheid aan degeneratieve ziekten. Incorrecte 

assemblage van de OXFOS enzymen in de mitochondriale binnenmembraan, kunnen de in

tegriteit van de membraan verstoren. Hierdoor kan de protongradiënt worden aangetast of 

kunnen er radicalen vrijkomen die door hun reactiviteit toxisch zijn voor de cel. 

Dit proefschrift heeft als onderwerp het mitochondriale PHB complex en zijn rol in de assem

blage van de ademhalingsketen. 

In hoofdstuk 1 van dit proefschrift behandel ik verschillende aspecten van de regulatie van 

mitochondriale biogenese; beginnend bij mitochondriale genexpressie tot de uiteindelijke as

semblage van OXFOS complexen. Ik heb me specifiek gericht op het proces van assemblage, 

de functie van de mitochondriale kwaliteitscontrole en de mogelijke rol van het PHB complex 

in de biogenese en assemblage van ademhalingsketen complexen in samenwerking met dit 

kwaliteitscontrole systeem. 

In hoofdstuk 2 wordt een overzichtsartikel gepresenteerd die de verschillende cellulaire func

ties, die aan PHB eiwitten toegedicht werden, kritisch bediscussieerd. Sommige van deze 

functies zijn verwarrend en moeilijk te rijmen met de lokalisatie van PHB eiwitten in mi

tochondriën. Dit hoofdstuk concentreert zich op de voorgestelde functie van het PHB com

plex: een holdase/chaperonne voor de assemblage van de mitochondriale ademhalingsketen. 

Tevens wordt een mogelijke rol van PHB in het verouderingsproces en in degeneratieve ziek

ten beschreven. Dit overzichtsartikel is voor een groot gedeelte gebaseerd op experimentele 

data die gepresenteerd worden in hoofdstuk 3. Hierin laten we zien dat het PHB complex in 

bakkersgist, Saccharomyces cerevisieae, nieuw gesynthetiseerde translatie-producten stabili

seert door ze tijdelijk te binden. We tonen aan dat een korte maar statistisch significante geli

jkenis tussen PHB eiwitten en leden van de HSP60 eiwit familie bestaat. Gebaseerd op deze 

resultaten stellen we voor dat het PHB complex een nieuw type van membraangebonden 

chaperonne/ holdase is, die speciaal nodig is wanneer er geen goede balans is tussen de ex

pressie van de kern-gelokaliseerde en mitochondriaal-gelokaliseerde genen die coderen voor 

de subeenheden van de ademhalingsketen. 

In hoofdstuk 4 hebben we onderzocht hoe de driedimensionale structuur van het PHB com

plex eruit ziet. Met behulp van massa-spectrometrische technieken in combinatie met che

mische cross-linking studies hebben we informatie verkregen over de afstanden tussen 
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bepaalde aminozuren in de eiwitketens. Deze afstanden geven ruimtelijke beperkingen aan 

de structuur en met behulp van voorspellende computer algoritmen hebben we een model ge

maakt van de structuur van het PHB complex. In dit model vormen Phblp en Phb2p, de ei

wit-componenten van het PHB complex, een structurele bouweenheid. Het complex bestaat 

volgens ons model uit veertien van deze bouweenheden die als een palissade gerangschikt zijn 

in de binnenmembraan. 

Het feit dat PHB genen sterk geconserveerd zijn in eukaryoten, suggereert dat ze een belangri

jke rol spelen in de functie van een cel. Desalniettemin heeft het uitschakelen van PHB genen 

in bakkersgist geen opmerkelijke groeiverschillen als ze in het laboratorium op vergistbare of 

niet vergistbare voedingsbodems gekweekt worden. Om een antwoord te geven op deze para

dox hebben we in hoofdstuk 5 de rol van PHB onderzocht in de ontwikkeling van een meer

cellig organisme, de nematode Caenorhabditis elegans. Wc laten zien dat het PHB complex in 

dit organisme essentieel is voor de embryogenese en voor de differentiatie van de gonaden. 

We demonstreren verder dat PHB eiwitten nodig zijn voor een goede mitochondriale mor

fologie en verdeling in spiercellen van de lichaamswand. Dit hoofdstuk vertegenwoordigt een 

belangrijke bijdrage in het begrijpen van het belang van het PHB complex gedurende de on

twikkeling van een meercellig organisme. 

Tot slot, in hoofdstuk 6, bediscussieer ik de data die gepresenteerd worden in dit proefschrift 

samen met de resultaten van andere onderzoekers betreffende de rol van het PHB complex 

als een additionele component van het mitochondriale kwaliteitscontrole-systeem. Op grond 

van het structuur-model zoals gepresenteerd in hoofdstuk 4 en data van andere onderzoeks

groepen, stel ik een alternatieve hypothese voor. Deze hypothese houdt in dat het PHB com

plex een functie heeft in de mitochondriale membraan-biologie. De voors en tegens van beide 

hypothesen worden naast elkaar gezet. 
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Resumen 
Las mitocondrias son organulos esenciales para la mayoria de las células eucarióticas. La fun-

ción principal de la mitocondria es la de suministrar energia metabólica a la célula mediante 

el proceso de fosforilación oxidativa. La base bioquimica de este proceso es el transporte de 

electrones desde los coenzimas de oxido-reducción hasta el oxigeno molecular en un sistema 

vectorial acoplado a la generación de un gradiente electroquimico de protones a ambos lados 

de la membrana interna de la mitocondria. El transporte de electrones lo realizan los comple-

jos multiproteicos de la membrana interna que conocemos como la cadena transportadora de 

electrones (Complejos I a IV). El gradiente electroquimico de protones asi generado es utiliza-

do por la H' -ATP sintasa (complejo V), un motor molecular giratorio que también esta locali-

zado en la membrana interna, para promover la fosforilación del ADP y producir el ATP, que 

es la moneda energética de la célula. Defectos en el proceso de fosforilación oxidativa afectan 

considerablemente la función celular y son responsables de un gran numero de enfermedades 

degenerativas. La biogenesis del sistema de fosforilación oxidativa requiere de la expresión co-

ordinada de los dos genomas, el nuclear y el mitocondrial, que codifican sus componentes. El 

ensamblaje incorrecto o incompleto de dichos componentes en la membrana interna de la mi

tocondria puede comprometer la integridad de la membrana y en consecuencia la viabilidad 

celular. Por este motivo, esta tesis estudia el complejo mitocondrial de las prohibitinas (PHB) 

y su función en el ensamblaje de los complejos respiratorios. 

En el capitulo 1 de esta tesis reviso varios aspectos de la regulación de la biogenesis mitocon

drial, desde la expresión génica hasta el ensamblaje final de los complejos de la fosforilación 

oxidativa. Hago especial énfasis en el proceso de ensamblaje asi como en la función del sis

tema de 'control de calidad' (AAA-proteasas), dada la posible implicación del complejo PHB 

en la biogenesis y en el ensamblaje de la cadena respiratoria en cooperación con dicho sistema 

de 'control de calidad'. 

En el capitulo 2 presento una revision donde se discuten las diferentes funciones celulares 

propuestas para el complejo de las prohibitinas, ya que resultan confusas y dificiles de rec-

onciliar con su localización en la mitocondria. La revision, ademas, esta enfocada a la fun

ción propuesta para el complejo PHB en el ensamblaje de la cadena respiratoria y su posible 

implicación en el envejecimiento y en enfermedades degenerativas. El capitulo 2 esta basado 

en datos presentados en el capitulo 3, donde mostramos que en Saccharomyces cerevisiae el 

complejo PHB estabiliza los productos de traducción mitocondrial recién sintetizados medi

ante interacción temporal con ellos. Encontramos similitud de secuencia entre las proteinas 

PHB y miembros de la familia de las 'chaperonas' moleculares HspóO (Heat shock protein 60). 

Basandonos en estos resultados proponemos para el complejo PHB una función de 'chapero-

na', unido a la membrana interna, con capacidad para proteger las subunidades de la cadena 

respiratoria y especialmente requerido en situaciones de desequilibrio entre la sintesis de sub

unidades codificadas en el nücleo y subunidades codificadas en la mitocondria. 

En el capitulo 4 hemos utilizado técnicas de espectrometria de masas en combinación con téc-

nicas de entrecruzamiento covalente con agentes quimicos para obtener información sobre la 
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estructura del complejo PHB de la levadura. La información sobre distancias entre aminoa-

cidos nos proporciona detalles sobre posibles restricciones espaciales de la macromolécula, 

las cuales son utilizadas, en combinación con algoritmos de predicción de estructura, para 

obtener un modelo estructural del complejo PHB. 

Los genes del complejo PHB estan muyconservados entre distintos organismos eucariotas, lo 

que sugiere que sus productos deben tener una función importante en la célula. Sin embar

go, la eliminación de los genes PHB en la levadura S. cerevisiae no resulta en un fenotipo de 

crecimiento observable, ya sea en fuentes de carbono respiratorias o fermentativas. Por esta 

razón, en el capitulo 5 investigamos la función del complejo PHB en el desarrollo de un organ-

ismo multicelular, el nematodo Caenorhabditis elegans. Demostramos que el complejo PHB 

es esencial durante el proceso de embriogénesis y durante la diferenciación de las gónadas. 

Ademas, demostramos que las proteinas PHB son requeridas para la correcta morfologia y 

distribución de las mitocondrias en las células musculares del nematodo. Este capitulo supone 

una contribución importante a nuestro conocimiento sobre la relevancia del complejo PHB 

durante el desarrollo de organismos multicelulares. 

Finalmente, en el capitulo 6 discuto los datos presentados en esta tesis, asi como los resultados 

de otros investigadores, considerando la función propuesta para el complejo PHB como un 

componente adicional del sistema de 'control de calidad' para el correcto ensamblaje del siste-

ma de fosforilación oxidativa. Ademas, basandome en el modelo estructural presentado en el 

capitulo 4 y en datos de otros investigadores, propongo una hipótesis alternativa del funcion-

amiento del complejo PHB en la biologia de la membrana interna de la mitocondria. 
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