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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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PHB ATPase 

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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The function of the PHB complex 
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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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The function of the PHB complex 

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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