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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-

66 



Prohibit in/BAP37 
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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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Aphb1/Aphb2 
Aphb1/Aphb2 mcP1+P2 

I I I 1 
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]. 
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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. 

PHB_YEAST TKFflfilATlJfcjaiLOMaSLTLRVLHRPEVLOLPAIYONLGLDYDliRVLPSllKEVLaS I 
PHB_HUMAN S R P R N V P V I | G ^ [ L Q K ^ N I T L R I L F R P V A S Q L P R I F T S I G E D Y D S R V L P S I T T E I L S | S H 

L2CC_DROME SQPRNVPElBG^BLQKflNITLRILYRPIPDQLPKIYTILGQDYDgRVLPSIAP 
PHB2_YEAST AKPRNVASI JGWBLO;JfeJITCRVLSRPDVVOLPTIYRTLGODYDBRVLPSIVNEVLBfcJ8 
BAP37_HUMA ARPRKTS<JB^<^LO:-fflNISLRVLSRPNAOELPSMYORLGLDYrflRVLPSIVKEVlJSsMi 
AAC49691 . 1 TKPHTgSSTSf^BffiLO?-^]l,TLRV?LSRPEVSRLPYIFOTLGLEYDaKVLPSlBNEVLlS.zJI 
CH6 0_ECOLi -.-:. :.<5H3G.-Jp:aBgGvsiC".REi EL §:;.-..• 

PHB_YEAST VAQFD--BAELlgQREIISlKiRKBLSTRANEFilBLEDVSITHjTFGPEF 
PHB_HUMAN VARFD- ~ H | E L I | Q R E L V S R Q V S D D L T E R A A T F H I L D D V S L T H L T F 3 K E F T 
L2CC_DROME E M V S B R V S Q B L T V R A K Q F J | F I L D D I S L T H I , T F G B E F T 

PHB2_YEAST VAQFJJ--gSQLlBQREKVSRLDRENLVRRASKFNILLDDVSITYBTFSPEFTf 
BAP37_HUMA V A B F | - - B S Q L I H Q R A Q V S L L 1 R R B L T E R A K D F S | I L D D V A I T E L S F S B E Y T . 

AAC49691.1 VAQFfj--BDQLlflERPHVSALVRESLITRAKDFNlVLDDVAITHLSY3VEFS. 
CH60 ECOLI ASlA|DABb)( i5rATVLAlAH:Tffl ^ H A V A A G M N P B D L K H 

QKQI 
:QV 

pMKQV 
:QI 

lEQKQV 

PHB_YEAST SQQDAERAKFLVEKAEQERgASV§RBEGEAESAEFBs:<SL."J5E-D2LLLIRRLEASl^I 
PHB_HUMAN BQCBAEPJ^FVVEKAEQQKKAAl|HEGgSKAAEgHBNSBATAj|-DgLflEl,RKLEAAEBl 
L2CC_DROME gQQ§AEKARF\n/EKAEQQKLASI^EEGg-AERACVGQVIARPE-TV>n'JSLRLIDR?RYR 
PHB2_YEAST BQQDAQRAAF^WDKARQEKgGMVVRBQGEAKSAEglC^IKflS- -RDYVELRRLDTARjl 

BAP37_HUMA B Q ^ A Q ! ^ Q F L V E K A S Q E Q R Q K I V Q 8 E G ^ E A A B ^ < ® L S ^ - - F ^ # < L R K I ! ^ ^ 
AAC49691 . 1 B Q ^ A E R 5 K F ^ ^ K A p Q E R R A A ^ 1 i R B E G E S E A A Q ^ :": 

CK6 0 ECOLI Bh7FgLKALSVPCSDSBAIA!E',-GTiEBb4Sl8!ETVdMWati^DB^KjaaW*>>VEDGTGL5W.E 

PHB_YEAST AQTLANSS-NVVfflPSQHSGGGNSESSGSPNSLLLNIGR-
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BAP37_HUMA SKTIATSg-KB:BP'A D N L V L N LQD ESFTRGSDSLIKGKK 
AAC49691.1 ASTLARSP-NVAJHJPGGQSMLFALNR 
CH60 ECOLI BEMSGKBFEBGBBSPYF 

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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