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Abstract 

Prohibitins in eukaryotes consist of two subunits (PHB1 and PHB2) that together form a high 

molecular weight complex in the mitochondrial inner membrane. The evolutionary conser

vation and the ubiquitous expression in mammalian tissues of the prohibitin complex sug

gest an important function among eukaryotes. The PHB complex has been shown to play a 

role in the stabilization of newly synthesized subunits of mitochondrial respiratory enzymes 

in the yeast Saccharomyces cerevisiae. We have used Caenorhabditis elegans as model system 

to study the role of the PHB complex during development of a multicellular organism. We 

demonstrate that prohibitins in C. elegans form a high molecular weight complex in the mito

chondrial inner membrane similar to that of yeast and humans. By using RNA-mediated gene 

inactivation, we show that PHB proteins are essential during embryonic development and 

are required for somatic and germline differentiation in the larval gonad. We further dem

onstrate that a deficiency in PHB proteins results in altered mitochondrial biogenesis in body 

wall muscle cells. This paper reports a strong loss of function phenotype for prohibitin gene 

inactivation in a multi-cellular organism and shows for the first time that prohibitins serve an 

essential role in mitochondrial function during organismal development. 

Introduction 

Prohibitins (Phblp and Phb2p), referred to here as PHB proteins, are evolutionarily strongly 

conserved proteins that are located in mitochondria in yeast, plants, and mammals [1-6]. In 

mammalian and yeast cells, it has been demonstrated that PHB proteins associate with each 

other to form a high molecular weight complex (the PHB complex) in the mitochondrial inner 

membrane [5, 6]. Although diverse cellular functions have been attributed to both PHB pro

teins, (see [7] for review) such as a role in cell cycle regulation [8-11] and in cell surface signal

ing [12, 13], these functions are difficult to reconcile with the exclusive localization of mam

malian PHB proteins to mitochondria [1, 3]. To date, studies on the yeast PHB complex have 

provided convincing evidence for a direct role in mitochondrial function. The PHB complex 

has been found to co-purify with the m-AA A (matrix-ATPase associated with a variety of cel

lular activities) protease and a role as a negative regulator of the protease has been proposed 

[5]. Yeast PHB proteins are capable of stabilizing newly synthesized mitochondrial-encoded 

proteins through direct interaction, suggesting a role in mitochondrial respiratory complex 

assembly [5, 6]. We have suggested a role for PHB proteins in the biogenesis of mitochondria 

as a holdase/unfoldase-type of protein specifically required in situations of metabolic stress 

[6]. Based on structural data from chemical cross-linking and mass spectrometry, we predict 

a barrel-like structure for the yeast PHB complex in the cavity of which mitochondrial prod

ucts might be held [14]. 

At the phenotypic level, disruption of PHB genes in yeast results in a shortening of the rep-

licative lifespan due to premature ageing [3]. This shortening of lifespan contrasts with the 

lack of an observable growth phenotype under laboratory conditions. However, deletion of 

PHB genes is lethal in combination with mutations of the mitochondrial inheritance machin

ery [4], of the AAA-mitochondrial proteases [5] or of the mitochondrial phosphatidyleth-
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anolamine biosynthetic machinery [15]. The lack of a clear growth phenotype in yeast PHB 

mutants might reflect a redundancy in assembly factors. Alternatively, PHB mutations may 

have a stronger phenotype in organisms or tissues with a greater dependence on mitochon

drial energy generation. In support of this latter hypothesis, deletion of a PHB homologue in 

Drosophila melanogaster results in lethality during larval development [16], suggesting that 

PHB proteins are essential during one or more steps in the differentiation of multicellular or

ganisms. 

In this study, we have used Caenorhabditis elegans as a model organism to study the role 

of PHB proteins during organismal development. First, we demonstrate by Blue Native 

Electrophoresis (BNE) that PHB proteins in the nematode form a high molecular weight 

complex in the mitochondrial membrane similar to that observed in yeast and humans [6]. 

Second, by using RNA-mediated gene inactivation (RNAi), we monitor the effects of deplet

ing PHB proteins at different developmental stages. Depletion of PHB proteins during embry-

ogenesis results in developmental arrest. When PHB levels are depleted during postembry-

onic development, several somatic andgermline effects are observed. Germline defects range 

from sterility to severely reduced brood sizes with a high incidence of embryonic lethality of 

the progeny. Somatic defects include a reduced body size and a morphologically abnormal so

matic gonad. A direct link to mitochondrial dysfunction is demonstrated by the severely al

tered mitochondrial morphology observed in body wall muscle cells of phb(RNAi) animals. 

We find a slightly but significantly reduced oxygen consumption rate in phb(RNAi) treated 

worms compared to control worms. In addition, we show that PHB protein contents are el

evated in situations of altered mitochondrial metabolism, such as when imbalances in respi

ratory enzyme subunits occur, as it has been reported in other systems [6, 17, 18]. In strong 

contrast to the yeast situation, we report a severe loss of function phenotype for depletion of 

the mitochondrial PHB complex during organismal development. Our results show that C. 

elegans serves as a useful model organism for the study of mitochondrial metabolism, mito

chondrial biogenesis, and in better understanding mitochondrial diseases. 

Results 

C. elegans contains a conserved PHB complex in the mitochondrial inner 
membrane 

The C. elegans sequence database contains two predicted genes, Y37E3.9 and T24H7.1, having 

extensive sequence identity with the yeast PHB1 and PHB2 genes [26]. Amino acid sequence 

comparisons with the human and yeast PHB proteins identify Y37E3.9 and T24H7.1 as being 

orthologs of PHB1 and PHB2, respectively (see experimental procedures tor details). A se

quence alignment of human and C. elegans PHB proteins is shown in Figure 1A. We propose 

to name Y37E3.9, phb-1 and T24H7.1, p/ib-2 in order to follow the previously proposed con

vention [7]. For the corresponding proteins, we will use the nomenclature PHB-1 and PHB-

2. When necessary, gene and protein names can be preceded by letters specifying the species 

(e.g.; cephb-1 and cePHB-1 tor the C. elegans gene and protein, respectively). 
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Figure 1. PHB orthologs in C. elegans. 

(A) The human and C. elegans PHB protein 

sequences were aligned with ClustalW. 

Amino acid identities shared between 

the PHB-1 and PHB-2 proteins are labeled 

with bold black letters; dark-gray and 

light-gray boxes highlight identical ami

no acids between PHB-2 and PHB-1 pro

teins, respectively. (B) Predicted genomic 

structure of the C. elegans phb-1 and phb-

2 genes. The regions used for RNAi are 

depicted as black bars. 

cephb-1 

ITAA 

i RNAi 

cephb-2 

ITAA 

i RNAi 

It has been previously shown that together the PHB proteins form a high molecular weight 

complex with an estimated size of 1 MDa in the mitochondrial inner membrane of yeast and 

humans [6]. To determine the size of the C. elegans PHB complex, mitochondrial membrane 

extracts were resolved by two-dimensional gel electrophoresis [22]. In the first dimension, 

membrane protein complexes are separated by Blue Native Electrophoresis according to their 

size. In the second dimension, denaturing SDS-PAGE separates protein complexes into their 

subunits (Fig. 2A). Western blots of this gel were immuno-stained with the polyclonal anti

body raised against the C-terminus (last 25 amino acids) of the murine PHB1 protein (APP-

2)[3]. As seen in Figure 2B, the PHB1 antibody cross reacts with bands of 30 and 32 kDa after 

separation in the second dimension, the lower immuno-ractive band (30 KDa) being of higher 

intensity. The predicted sizes for cePHB-1 (275 aa) and cePHB-2 (286 aa) are 30 and 31.8 kDa, 
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BNE 

CePHBcomplex ATPase (Fi) 

B 

Figure 2. The PHB complex in C. elegans. 

C. elegans mitochondrial membrane extracts were re
solved by BNE/2D-PAGE. (A) The second dimension gel 
was silver-stained to visualize proteins. The mitochon
drial respiratory complexes (I, III, IV, and V) are identi
f ied. (B) The second dimension gel was subjected to 
Western Blot analysis using antisera directed against 
the murine PHB-1 and against the yeast Psubunitof the 
F, -ATPase. The PHB complex (PHB-1 and PHB-2), the 
ATP-synthase (complex V), and the F, domain of ATP-
synthase are indicated. 

are also imported to mitochondria without cleavage 

that the predicted transmembrane region of cePHB 

corporated in the complex. 

respectively. Because the pre-immune 

serum does not recognize these bands 

(data not shown) and the migration of 

the protein complex in the first dimen

sion is similar to the migration of the 

yeast and human PHB complexes [6], 

we believe the 30 and 32 kDa immuno-

reactive bands correspond to cePHB-1 

and cePHB-2 (additional evidence is 

presented below, see discussion). This 

demonstrates that in C. elegans the 

PHB proteins form a large mitochon

drial complex similar to PHB complex

es of other systems [6]. 

The TMHMM algorithm [27] sug

gests a transmembrane helix for ce

PHB-2 (positions 12 to 34), whereas 

no transmembrane region is predict

ed for cePHB-1. This is in agreement 

with topology predictions for the yeast 

PHB proteins [14]. The yeast PHB pro

teins are imported into mitochondria 

without the cleavage of an N-termi-

nal leader peptide [6]. Given that the 

observed protein sizes on SDS-PAGE 

correlate well with the predicted mo

lecular weight of the mature proteins 

and given the sequence homology with 

yeast (data not shown), it is tempting to 

believe that the C. elegans PHB proteins 

of a large N-terminal leader peptide, and 

-2 is present in the mature protein as in-

PHB proteins are essential during embryonic development 

RNA-mediated interference (RNAi) is the phenomenon in which introduction of double-

stranded RNA (dsRNA) results in potent and specific inactivation of the corresponding gene 

through the degradation of endogenous mRNA [28, 29]. RNAi mediated by the ingestion of 

bacteria producing sense and antisense RNAs has proven to be a powerful tool in the analysis 

of gene function in C. elegans [30, 31]. 

We performed RNAi by feeding worms E. coli engineered to express sense and antisense 

RNAs corresponding to the predicted exon-rich genomic sequences of both cephb-1 and ce-
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A 

phb-l(RNAi) phb-2(RNAi) phb-1+2(RNAi) 

B 

Wild type 

phb-2(RNAi 

Figure 3. phb(RNAi) em
bryonic phenotype. 

(A) L4-staged hermaph
rodites were placed 
onto plates seeded 
with bacteria produc
ing p/ib-dsRNA or bac
teria containing empty 
vectors. Each bar repre
sents the mean number 
of progeny per treated 
animal. The gray por
tions of the bars repre
sent hatched eggs; the 
black portions, dead 
embryos. The error 
bars correspond to the 
standard errors of the 
mean. (B) Differential 
interference contrast 
(DIC) images of wild 
type and cephb-2 (RNAi) 
embryos followed on 
time. Bars: 5 um. 

t=Oh t=5h t=8h 

phb-2 (Fig.IB). L4-staged hermaphrodites were placed onto plates seeded with bacteria pro

ducing phb-dsRNA or bacteria containing empty vectors. The hermaphrodites were trans

ferred to fresh seeded plates every 24 h and the progeny remaining on the plate were scored 

24 h later. RNAi for phb-1, phb-2, or phb-1+2 resulted in approximately 60 to 70 % embryonic 

arrest (Fig. 3A). Brood sizes of phb(RNAi) animals were slightly reduced compared to con

trols. Embryonic lethality was scored under salt-induced and non-induced conditions. No 

embryonic arrest was observed with vector controls (Fig. 3A) or in the absence of salt (data 

not shown). 

The development of affected embryos was followed by light microscopy. A developmen

tal delay was observed in RNAi-treated embryos when compared to controls (Fig. 3B). 

Developmental arrest ranged from the gastrula to the 1.5 fold stages (data not shown). This 

variability may reflect differences in the efficiency of RNAi in each embryo. 

101 



The role ofprohibitins in C. elegans development 

250 i 

- . 200 

Control phb-l(RNAi) phb-2(RNAi) phb-1+2(RNAi) 

B 

Figure 4. phb(RNAi) postembryonic phenotype. 

(A) L1 larvae were placed onto plates seeded with bacteria producing phb-dsRNA or bacteria containing 
empty vectors. Each bar represents the mean number of progeny per treated animal. The gray portions 
of the bars represent hatched eggs; the black portions, dead embryos. The error bars correspond to the 
standard errors of the mean. (B) Examples of gonad developmental defects of phb(RNAi) worms. Black 
arrowheads point to oocytes, white arrowheads identify the syncytial arm of the gonad. The reflex in the 
gonad arm is marked with a 't ' (only one gonad arm is shown), (a) wild-type, (b, c) phb-l(RNAi), (d, e, f) 
phb-2(RNAi) (g, h, i) phb-1+phb-2(RNAi). (c), (f), and (i) are from animals grown at 25°C. Abbreviations are 
as follows: Vu, Vulva; Sp, Sperm; Eg, Eggs. 
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PHB proteins are required for germline function 

RNAi allows the postembryonic depletion of gene transcripts essential for embryonic devel

opment. When Ll-staged larvae were fed phb-1 and/or phb-2 dsRNA, they showed a delay in 

development. Control worms reached adulthood 48 hours after starting feeding and laid most 

of their offspring between 48 and 72 h while phb(RNAi) treated worms initiated egg laying 

after 72 h and only reached their peak of fertility between 72 and 96 h. Between 30 to 40 % of 

phb-2(RNAi) treated animals develop into sterile adults. Fertile adults had severely reduced 

brood sizes with a high incidence of mortality in the progeny (Fig. 4A). The postembryonic 

phenotypes were comparable for phb-1 (RNAi), phb-2(RNAi), or phb-l+phb-2(RNAi) animals. 

RNAi-treated hermaphrodites were examined under the microscope and somatic defects in

cluding a reduced body size and abnormal gonad morphology were observed. Most promi

nent are the reduced number of germ nuclei and their abnormal morphologies (Fig. 4B, c, f) 

and defective oogenesis (Fig. 4B, b, c, d, f, h, i) and spermatogenesis that likely are responsible 

for the animals ' sterility or severely reduced fertility. Accumulation of unfertilized oocytes 

in the uterus can also be seen (Fig. 4B, e). Abnormal embryos were also observed (data not 

shown). 

Specificity and effectiveness of the RNAi treatment 

We analyzed the specificity and effectiveness of the RNAi treatment by RT-PCR and im-

muno-staining. Embryos were collected from gravid hermaphrodites after feeding on phb-

2 dsRNA for 48 h and RNA was extracted. The RT-PCR results show that phb-2 mRNA is 

greatly depleted in the RNAi treated embryos, whereas mRNAs for phb-1 or for F35G12.2, 

a control gene encoding the mitochondrial NAD+-isocitrate dehydrogenase were present at 

levels comparable to untreated embryos (Fig. 5A). To test the specificity and efficiency of the 

phb-l-RNAi treatment during larval growth, Ll-staged animals were fed phb-1 dsRNA and al

lowed to develop into young adults. The adults were collected and their RNA extracted. The 

RT-PCR results show that phb-1 mRNA is severely depleted whereas mRNAs for phb-2 and 

for F35G12.2 are present at wild type levels (Fig. 5B). To analyze the effects of RNAi on PHB 

protein levels, mitochondria were isolated from young adults fed either RNA i-expressing bac

teria or control bacteria from the LI stage. Mitochondrial membrane proteins from control 

RNAi worms, from phb-l(RNAi), and from phb-2(RNAi) worms were resolved by BNE-2D 

gel electrophoresis. Western blot analysis shows a clear reduction in the amounts of the two 

PHB proteins in both RNAi treatments (Fig. 5C) while ATP synthase levels were essentially 

unchanged. These results are in agreement with observations in yeast, where the disruption 

of either phb gene leads to the loss of both proteins, although the mRNA for the intact gene 

can still be detected [4]. As in yeast [4, 6], the C. elegans PHB-1 and PHB-2 subunits are inter

dependent for assembly and protein stability. These results indicate that RNAi for both phb-1 

and phb-2 genes is specific and effective. 

Although the cephb-1 and cephb-2 genes share 64% nucleotide sequence identity, their 

mRNAs are not subject to RNAi cross-interference, further emphasizing the specificity and 

effectiveness of the RNAi treatment. 
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Control(RNAi) phb-l(RNAi) 
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ATPase (F, 
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phb-UFNAi) 
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Figure 5. Specificity and effectiveness of the RNAi treatment. 

(A, B) RT-PCR analysis of phb-RNAi treated worms. Levels of mRNA for cephb-1, cephb-2, and a NAD+-iso-
citrate dehydrogenase gene were measured. A negative of an ethidium bromide-stained agarose gel is 
shown. (A) Total RNA was isolated from control and cephb-2(RNAi) embryos of animals treated at the L4 
stage. (B) Total RNA was isolated from cephb-l(RNAi) and control worms treated from the LI larval stage. 
(C) Western blot analysis showing PHB protein levels of cephb-1 (RNAi) treated animals, cephb-2(RNAi) 
treated animals, and control animals. Young adult hermaphrodites were used for analysis. Mitochondrial 
membrane extracts were resolved by BNE/2D-PAGE. Proteins were transferred to nitrocellulose and 
membranes were incubated with the polyclonal anti-PHBI antibody and anti-ATPase subunit F,-p as a 
control for protein loaded on gel. 

Physiological rhythms and temperature-sensitivity of phb(RNAi) mutants 

We investigated whether pharyngeal pumping rates or the defecation cycle is affected in 

phb(RNAi) treated worms. Pharyngeal pumping of RNAi treated animals was more irregular 

and significantly reduced (p<0.05) at 15, 20, and 25 C when compared to the control (Table 

1 and data not shown). Similarly, the defecation cycles of phb(RNAi) animals at 20 °C were 

slightly but significantly (p<0.05) prolonged when compared to wild type worms (Table 1). 

TABLE I 

Phb(RNAi) aniuals have impaired pumping and defecation. 

Pharyngeal pumping" Defecation11 

Control 
Phb-l(RNAi) 
Phb-2(RNAi) 

contractions /min 
253.2 ±6.2 (/7= 10) 
212.5 ±4.8 («= 10) 
207.0 ±5.2 (/j = 10) 

s /cycle 
56.6±4.6(/?=10) 
62.9 ± 3.8 [n = 10) 
71.3 ± 4.6 (n= 10) 

Values are means + S.D. 
* Each animal was scored twice. 
' Animals were scored for four consecutive defecation cycles. 
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The observed postembryonic phenotypes, developmental delay, reduced body size, decreased 

fertility, and slowed pharyngeal pumping and defection, are consistent with phb(RNAi) ani

mals being metabolically compromised. To further address this possibility, we assessed the 

effects of growth at higher temperatures, which may aggravate any metabolic defects due to 

increased metabolic rates [32]. The fraction of sterile animals significantly increases with 

temperature, from 10 % at 15°C, to 46 % at 20°C, to 70 % at 25°C for phb-2(RNAi) and from 6 % 

at 15°C, to 8 % at 20°C, to 32 % at 25°C for phb-l(RNAi). Moreover, at 25 'C, fertile phb(RNAi) 

hermaphrodites showed a significantly reduced brood size when compared to RNAi animals 

grown at 20°C (data not shown). 

Altered mitochondrial respiration and morphology in phb(RNAi) mutants 

To analyze the effect of depletion of PHB proteins on mitochondrial function, we measured 

oxygen consumption rates of phb(RNAi) animals (see materials and methods for details). As 

shown in Figure 6, the oxygen consumption rates are slightly but significantly reduced when 

compared to control worms (p=0.048 and p=0.027 for phb-l(RNAi) and phb-2(RNAi) worms, 

respectively), but RNAi-treated worms did not differ in their respiration rate (p=0.787). 

Figure 6. Oxygen consumption rates in 

phb(RNAi) worms. 

Wild type N2 worms were fed either bacteria 
not expressing any dsRNA (Control(RNAi)) or 

L
bacteria expressing dsRNA against the phb-1 
or the phb-2 genes. Oxygen consumption rates 
were measured in young adults and normal
ized to protein contents. phb(RNAi) worms 
show a slightly but significantly reduced oxy
gen consumption rate when compared to wild 
type worms. The bars are means and the error 

phb-2(RNAi) bars are the standard deviations from ten inde
pendent measurements. 

Mitochondrial morphology changes are often associated with compromised electron trans

port and ATP synthesis [33]. The C. elegans strainglo-l(zu391) lacks autofluorescence and bi-

refringent gut granules, making it ideal for the analysis of GFP expression (Greg J. Hermann 

and James R. Priess, unpublished). We used aglo-l(zu391) strain expressing a mitochondrial!)' 

targeted GFP fusion protein expressed from the muscle-specific myo-3 promoter [25]. Body 

wall muscle mitochondria in control worms appear tubular, elongated and well-structured, 

running parallel to the body axis and often parallel to the myofibrils (Fig. 7A) [25]. In con

trast, in phb(RNAi) treated animals, muscle mitochondria appear fragmented and disorgan

ized (Fig. 7B, C). 

phb(RNAi) animals show increased sensitivity to oxidative stress 

The PHB complex has been suggested to play a role in the assembly of oxidative phosphor

ylation (OXPHOS) complexes [6]. Deficiencies in the mitochondrial respiratory chain can 

lead to the increased production reactive oxygen species (ROS) and increased sensitivity to 

Ü 
Control(RNAi) phb-1 (RNAi) 
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Figure 7. PHB-deficient worms have abnormal 
mitochondrial morphology. 

Mitochondrial morphology in body wall 
muscle cells was visualized in transgen
ic glo-1(zu39l) animals using mito::GFP ex
pressed from the myo-3 promoter [25]. (A) 
Control(RNAi) animals have tubular mitochon
dria running parallel with the body axis and 
the myofibrils of muscle cells. (B) phb-l(RNAi) 
and (C) phb-2(RNAi) worms have disrupted, 
punctuated and disorganized mitochondria. 
White arrowhead identify nuclei (n). Scale 
bar=5 jjm. 

Control(RNAi) phb-l(RNAi) phb-2(RNAi) 

oxidative stress. We grew control and phb-2(RNAi) treated worms in the presence of increas

ing concentrations of paraquat, which triggers the production of superoxide radicals, phb-

2(RNAi) animals are markedly more sensitive to paraquat than control worms (Fig. 8). This 

suggests that a deficiency in PHB proteins may result in an increase in the rate of free radical 

production making the animals less able to deal with an externally applied oxidative stress, in 

Figure 8. phb(RNAi) worms have 
increased sensitivity to oxidative 
stress. 

The survival of control(RNAi) and 
phb-2(RNAi) animals exposed 
to different concentrations of 
paraquat was measured. Values 
represent the proportion of ani
mals completing development 
from LI to adulthood and are 
means of 5 independent experi
ments. The error bars representthe 
standard deviation of the means. 

Induction of PHB proteins upon mitochondrial stress 

PHB protein expression increases when there is an imbalance in the synthesis of mitochon

drial respiratory chain enzyme subunits, in yeast [6, 17] and in human cells [18]. 

To test this in C. elegans, synchronized LI larvae were treated with 40 fag/ml doxycycline, 

a specific inhibitor of mitochondrial translation [34], allowed to develop to the late L3/L4 

stage where they arrest, and their PHB protein levels were analyzed by immuno-detection. 

Doxycycline slows worm development and at concentrations equal to or above 60 ug/ml caus-

a decreased ability to detoxify free radicals, or in both. 

Control (RNAi) phb-2(RNAi) 
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Figure 9. Induction of PHB in doxycycline 
treated worms. 

LI stage N2 hermaphrodites were grown in the 
presence of 40[ig/ml doxycycline, harvested, 
and processed for Western blot analysis us
ing antisera against murine PHB-1 and actin. 
(A) Western blot after 72 h exposure to doxy
cycline. (B) The chemiluminescent signals were 
quantified using ImageQuant'. The bars repre
sent average values from two independent ex
periments, each using a range of protein load
ing levels normalized to actin signal levels. 
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es developmental arrest at the L3 stage [35]. 

in PHB protein levels varied between 30 and 

controls (Fig. 9). 

Control Doxycycline 

In four independent experiments, the increase 

40 % after 72 h of treatment when compared to 

Discussion 

We have previously reported that the yeast PHB complex stabilizes newly synthesized mito

chondrial translation products by transiently interacting with them and have suggested a role 

in the assembly of mitochondrial respiratory chain (MRC) complexes [6]. Prohibitin disrup

tion in yeast results in a reduction in its replicative lifespan plausibly due to a slight, but cu

mulative decline in cellular metabolic capacity [3]. In contrast, disruption of the Drosophila 

homologue of prohibitin is lethal during passage from larva to pupa [16], suggesting a strong 

dependence of these differentiating cells on prohibitin function. 

To further investigate this, we set out to study the effect of lack of prohibitins during the de

velopment of Caenorhabditis elegans. C. elegans contains two predicted genes that we have 

named phb-1 and phb-2. RT-PCR analysis of phb-l+2(RNAi) treated worms shows that both 

genes are expressed (Fig. 5A and B). We also demonstrate by Blue Native Electrophoresis that 

the gene products form a complex in the mitochondrial inner membrane as in other organ

isms studied. Moreover, the fact that the PHB complex is depleted in either phb-l(RNAi) or 

phb-2(RNAi) animals, as seen by BNE analysis (Fig. 5C), demonstrates that in C. elegans PHB-

1 and PHB-2 are interdependent at the level of protein complex formation, as we and others 

have previously reported in yeast [4, 6] and humans [18]. 

The PHB-1 polyclonal antiserum (APP-2) used in this study was raised against the carboxy-

terminal 25 amino acids of the murine protein [3]. The APP-2 antibody recognizes two bands 

of approximately 30 and 32 kDa in C. elegans, corresponding to the predicted protein sizes of 

the mature proteins. The antibody recognizes with higher affinity the 30 kDa band (PHB-1). 
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We believe that those bands correspond to the cePHB-1 and cePHB-2 proteins for the follow

ing reasons: 1) The immunoreactive bands are present in mitochondrial membrane extracts 

and co-migrate as a high molecular weight complex in the first dimension of BNE analysis 

(Fig. 2B) as observed in other systems, 2) The APP-2 pre-immune sera recognize neither of 

the two bands (data not shown), 3) Both bands are up-regulated after doxycycline treatment 

(data not shown), a treatment which has also been shown to increase levels of PHB proteins 

in mammals [18] and is similar to situations described in yeast [6]. And finally and most 

convincingly, specific down regulation of the immunoreactive bands occur after specifically 

down-regulatingphb-1 or phb-2 gene expression (Fig. 5C). 

The phb-2(RNAi) effect was slightly stronger than that of the phb-l(RNAi) (see Figs. 3A, 4A, 

Table I, and the percentages of sterile animals observed at different temperatures). This is 

probably due to the fact that RNAi efficiency can vary depending on the length of the dsRNA; 

notice that the genomic DNA fragment cloned for phb-2 covers a larger exonic region. Also to 

be noticed is the fact that postembryonic RNAi is usually less effective than embryonic RNAi 

since the interference effect is diluted out as the worm grows in size. Consistent with this, a 

higher amount of phb-1 mRNA is detected in RT-PCR analysis of phb-1 (RNAi) mutants after 

postembryonic treatment (Fig. 5A) when compared to the amount of'phb-2 mRNA detected in 

RT-PCR analysis of phb-2(RNAi) mutant embryos (Fig. 5B). Both of these phenomena might 

contribute to the different effectiveness observed between A and B of Fig. 5. 

The RNA interference experiments indicate that the mitochondrial PHB complex is essential 

for embryonic development and required for germline differentiation in the nematode. The 

most severe phenotype we observed in phb(RNAi) treated worms during postembryonic de

velopment is sterility. Since RNAi can often mimic a null phenotype, it is tempting to specu

late that a total lack of PHB proteins during postembryonic development will also lead to ste

rility. Functional genomic analysis by systematic RNAi shows that genes involved in basal 

metabolic processes account for approximately 50% of genes producing embryonic arrest or 

sterility phenotypes [30]. Therefore, our observations indicate that PHB proteins serve an es

sential role in cellular energy metabolism during organismal development. 

The phenotypes observed in C. elegans strongly indicate that prohibitins are specifically re

quired during cellular proliferation. Embryonic and germline cells are relatively undifferen

tiated and highly proliferative. Because the germline is the only proliferating tissue during 

adulthood, it may require higher metabolic activity and thus be more susceptible to the loss 

of function of PHB proteins than other somatic tissues. This is in agreement with previous 

observations in mammalian cells. It is known that prohibitins are more expressed in prolif

erating than in non-proliferating cells of the same type, and mammalian tumour cells have 

increased levels of PHB proteins [18]. In testis, PHB proteins are expressed during times of 

proliferation/differentiation but are lost entirely from the mature sperm [18, 36,37]. Therefore, 

proliferating undifferentiated cells might be particularly susceptible to the lack ofprohibitins. 

Consistent with it, upregulation of PHB proteins occurs during cell cycle entry [18]. 

We find a strong effect on mitochondrial morphology when prohibitin expression is reduced. 

Mitochondria change shape during cell division, during differentiation, and in response to 
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diverse cellular cues. Body wall muscle cells, although differentiated, increase considerably 

in volume during larval development, thus the number of mitochondria also increases per 

cell. This finding shows that PHB proteins play an important role in mitochondrial biogen

esis. Recent reports have shown that worms with defective electron transport or ATP synthe

sis also have altered mitochondrial morphologies [33], linking mitochondrial function to the 

regulation of mitochondrial biogenesis. The observations that yeast prohibitin mutants are 

synthetically lethal with mitochondrial morphology mutants [4] and with the phosphatidyl-

ethanolamine biosynthetic machinery [15] strongly suggest that the prohibitin complex has 

an important role in establishing or maintaining the integrity of mitochondrial membranes. 

Here, we demonstrate that the lack of prohibitins affects mitochondrial distribution and mor

phology in body wall muscle cells. This situation might become particularly deleterious dur

ing cellular proliferation/differentiation, since cells need to achieve the required amount and 

distribution of mitochondria in order to fulfill their energy requirements. Consistent with 

this, PHB proteins are essential during embryogenesis and germline differentiation. The al

tered mitochondrial morphology/distribution, together with the observed reduction in oxy

gen consumption rate of phb(RNAi) mutants, provide a direct link between PHB deficiency 

and mitochondrial dysfunction. Although the differences in oxygen consumption rates are 

small, they are reproducible and statistically significant. Moreover, RNAi does not result in a 

total removal of the proteins. Therefore, differences can be expected to be larger in the total 

absence of the PHB complex. In addition, it may well be that the effect is more apparent in tis

sues that rely more on mitochondrial energy generation, and measuring oxygen consumption 

in the whole worm might mask a stronger effect on those tissues. 

The absence of a holdase/unfoldase protein that ensures correct assembly of MRC enzymes 

will result in improperly folded mitochondrial subunits that cannot be correctly assembled 

into functional respiratory enzymes. Hydrophobic proteins may accumulate in the membrane 

and cause proton leakage and damage to the membrane. ROS production may also increase, 

leading to MRC dysfunction. All this together will ultimately compromise cellular metabolic 

efficiency. The results we obtained are consistent with phb(RNAi) animals being metabolical-

ly compromised; they develop more slowly and have reduced body size, fecundity and physi

ological rhythms. Moreover, we detect a reduced oxygen consumption rate in phb(RNAi) ani

mals and a strong defect in mitochondrial morphology. At this stage, we do not know whether 

simply a decline in cellular metabolic capacity can account for the altered mitocondrial mor

phology observed in phb(RNAi) mutants or alternatively, PHB proteins play a more direct 

role in mitochondrial membrane stability and further investigation in this field is required. 

Furthermore, in support of the hypothesis that lack of PHB complex might indirectly increase 

ROS damage (by increased ROS production and/or increased ROS sensitivity) we found that 

phb(RNAi) animals are markedly more sensitive to exogenously added free radicals than wild 

type worms. 

PHB proteins are specifically required in situations of mitochondrial stress. PHB mRNA 

levels are induced in yeast cells at the diauxic shift, when cells switch from non-oxidative 

to oxidative growth [38]. Similarly, expression levels of PHB proteins increase in yeast mu

tants where imbalances between nuclear and mitochondrially encoded subunits occur [6, 17]. 

Inhibition of mitochondrial protein synthesis also leads to imbalances between mitochondri-
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al- and nuclear-encoded gene products [39]. Indeed, the presence of mitochondrial transla

tion inhibitors results in an increase in PHB protein levels in cultured human cells [18] and 

in C. elegans (this work). The temperature-sensitivity of the phenotype could also indicate a 

higher requirement for PHB proteins, since metabolic demands increase with temperature 

[32]. Alternatively, temperature might directly or indirectly affect the stability or turnover of 

mitochondrial respiratory complexes or the PHB complex. 

Data from genome-wide analysis of gene expression in C. elegans [40] indicate that phb-2 

(T24H7.1) is expressed at all developmental stages, with increased expression in the prolifer

ating embryo as compared to the 4-cell stage embryo. Another peak of expression is observed 

at the L2/L3 larval stage, when gonad proliferation starts. This expression pattern fits with 

the phenotypes observed in phb(RNAi) animals. Additionally, in aged adult hermaphrodites 

no significant expression of phb-2 is detected, being in agreement with the decreased levels of 

prohibitins observed during senescence [18]. 

Mitochondria, and a functional MRC are essential to fulfill the energy requirements during 

nematode growth and development [35]. An energy-related developmental checkpoint at the 

L3 to L4 transition has been proposed in situations of seriously impaired MRC function [41]. 

The C. elegans RNAi phenotypes for prohibitins resemble those of known MRC genes ([35], 

see also RNAi phenotypes for mev-land isp-1 at http://www.wormbase.org/). Therefore, it will 

be interesting to determine whether phb null mutants can be maternally rescued and develop 

to the L3 stage as seen with the null MRC mutants [35], and how hypomorphicp/tb mutations 

will affect nematode growth and development. Fully understanding the scope and severity 

of effects on mitochondrial function arising from the lack of prohibitins will help to further 

elucidate the molecular mechanism of action of the PHB complex and its precise role in mi

tochondrial biogenesis. 

For the first time, our investigations have addressed the effects of the loss of the PHB complex 

at different developmental stages of a complex multicellular organism. We demonstrate by 

RNAi that the mitochondrial PHB complex is essential for embryonic development, strongly 

suggesting that a PHB null mutation will be lethal. We also demonstrate that PHB proteins 

are necessary for normal mitochondrial morphology and respiration. We predict that muta

tions in either of the human phb genes may be responsible for some mitochondrial diseases 

that have yet to be described at a molecular level. 

Materials and Methods 

Strains and conditions 

Worms were cultured at room temperature (-22 °C) unless otherwise noted [19]. C. elegans strains 

used: N2 Bristol wild-type strain andglo-l(zu 391). 

Sequence comparisons and alignments 

Percent of identities and similarities between human, C. elegans, and S. cerevisiae PHB proteins 
were obtained from the Incyte Genomics database. Human PHB1 protein shares 66/83% and 50/ 
68% identity/similarity with the predicted C. elegans genes Y37E3.9 and T24H7.1, respectively. 

no 

http://www.wormbase.org/


Y37E3.9 shares 53/79% and 50/71% identity/similarity with the yeast PHB1 and PHB2 proteins, re

spectively; while T24H7.1 shares 53/75% and 48/71% identity/similarity with the yeast PHB2 and 
PHB1 proteins, respectively. 

Amino acid sequences were obtained from SWISS-PROT and TrEMBL. Accession numbers: 
PHB_HUMAN, Swiss-Prot # P35232; PHB2_HUMAN, TrEMBL #Q99623; Y37E3.9, TrEMBL # 
Q9BKU4 and T24H7.1, Swiss-Prot # P50093. GeneBank" Accession Numbers: PHB_HUMAN, 
NP_002625.1; PHB2_HUMAN, NP_009204; Y37E3.9, AAK27865.1; T24H7.1, AAA68353.1. 
Multiple sequence alignments were performed using ClustalW. 

RNA interference 

For phb-2(RNAi) a 1.9-kb PCR product, amplified using N2 genomic DNA as a tem
plate with primers Phb2-F, 5'-CGCATGGTATTTCCTGAGTAGG-3' and Phb2-R, 5'-
CTCTCTTCAAAATGCCAACCC-3', was digested with BstBI and Sail and the 1.06-kb fragment 
cloned into Xhol/Clal digested pBluescript II SK and pBC-KS (PDI BioScience, Aurora, Ontario, 
Canada) to place the gene fragment under the control of the T7 promoter in both the forward 
and reverse orientations. The constructs were co-transformed into the E. coli strain BL21-SI (Life 
Technologies), which contains an integrated T7 RNA polymerase gene under control of the salt-
inducible proU promoter. Bacteria were grown overnight at 37°C in LBON medium (1 % bactot-
ryptone, 0.5 % yeast extract) containing appropriate antibiotics. Expression of constructs was in
duced with 0.2 M NaCl. For phb-l(RNAi), a 0.8-kb fragment was amplified using N2 genomic 
DNA as template with primers Phbl-F, 5'-CAATGTTGATGGAGGTCAACG-3' and Phbl-R, 5'-
GGTGACATTCTTGTTCTTGGC-3'. A 0.627-kb SacI/EcoRV fragment was cloned into likewise 
digested pBluescript II SK and pBC-KS. Empty vectors were used as controls. 

N2 L4 hermaphrodites were fed bacteria expressing sense and antisense RNAs or bacteria contain
ing empty vectors on plates containing 0.2 M salt. Animals were transferred onto freshly seeded 
plates every 24 h. Offspring were analyzed 24 h after transfer. For monitoring postembryonic de
velopment, gravid adults were bleached and the embryos allowed to hatch overnight on unseeded 
plates. Starved LI larvae were transferred to plates containing 0.2 M salt and seeded with bacteria 
expressing PHB-RNAs or containing empty vectors. 

RT-PCR 

Total RNA from embryos was prepared as follows: Approximately 60 gravid hermaphrodites were 
picked when RNAi showed the highest effectiveness (after 72 h feeding) from salt-induced vector 
control plates or from salt-induced RNAi plates and dissolved in a 1:10 solution of bleach in 1 M 
NaOH. Embryos were collected and washed twice in 1 ml of phosphate-buffered saline (PBS), pel
leted, and resuspended in 200 pi lysis buffer (0.5% SDS, 5% (3-mercaptoethanol, 10 mM EDTA, 10 
mM Tris-HCl, pH 7.5, 0.5 mg/ml proteinase K). Samples were incubated at 55 °C for 1 h and proc
essed further using TRIzol Reagent (Gibco-BRL) following the manufacturer's instructions. RNA 
pellets were dissolved in 100 pi diethylpyrocarbonate-treated H20. For each RT-PCR reaction, 2 pi 
of RNA was used. 

RT-PCR was performed using the Superscript" One-Step" RT-PCR System (Gibco-BRL) fol
lowing the manufacturer's instructions. To test the efficiency of the RNAi treatment by RT-

PCR, reactions were prepared from control and phb-2(RNAi)-treated embryos, phb-l (Y37E3.9) 

and phb-2 (T24H7.1) RNA levels were normalized using the isocitrate dehydrogenase gene 
(F35G12.2). After 30 cycles of amplification, products were analyzed by agarose gel electrophore
sis. Primers used for RT-PCR analysis were designed using the predicted cDNA sequences: Idh-

F, S'-AGCAACGTCCTCGGTCATAC-S'; Idh-R, 5'-GATGAACGCAGTTGGATTGG-3'; Phbl-F, 
5'-CAATGTTGATGGAGGTCAACG-3'; Phbl-R, 5'-GGTGACATTCTTGTTCTTGGC-3'; Phb2-
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F, 5'- GGACACCGAGCTATCATGTTC-3'; Phb2-R, 5'- CAACATCAATCCTCCTGTTGG-3'. For 
phb-l(RNAi), RT-PCR was performed on RNA isolated from the same number of young adults fed 
dsRNA from the LI stage. 

Electrophoresis and Western Blot 

For Blue Native Electrophoresis (BNE)/2D-PAGE, mitochondrial membrane tractions were pre
pared as described [20] with minor modifications. Briefly, young adult worms were collected by 
centrifligation at 1,500 x g for 10 min, washed with M9 buffer three times, and once with MSM-E 
buffer [21]. The pellet was resuspended in 10 % w/v MSM-H buffer containing a proteinase-inhibi-
tor cocktail (Boehringer Mannheim) and cells disrupted with a Teflon homogenizer. The lysate 
was centrifuged at 1,500 x g for 10 min at 4°C. The supernatant was centrifuged at 23,500 x g for 
30 min and the pellet containing submitochondrial particles was resuspended in BNE extraction 
buffer containing 1.5 % lauryl maltoside. 2D-PAGE was performed as described [22] using 14 % 
SDS polyacrylamide gels. 

For one-dimensional SDS-PAGH, worm pellets were resuspended in 5 volumes of SDS-sample buff
er, boiled for 5 min, and the proteins resolved on 10 % gels [231. Following electrophoresis, proteins 
were blotted to nitrocellulose and imniunoreactive material was visualized by chemiluminescent 
detection (ECLIM; Amersham) according to the manufacturer's instructions. 

Pharyngeal pumping and defecation measurements 

Synchronized animals were placedn on NGM plates containing 0.2 M salt seeded with BL21-

SI bacteria producing phb-1 or phb-2 RN'As or containing empty vectors, and raised at 15, 20, 

or 25 °C. Animals were scored for pharyngeal pumping and defecation in their first day ol 

fertility. To score fertility, 70 L4-staged animals were transferred individually to fresh plates. 

Statistical analysis was performed using analysis of variance tests. 

Oxygen consumption rate 

Oxygen consumption rates were measured as previously described [24] using a Clark-type elec
trode (Rank Bros. LTD, Bottisham, Cambridge, England) with some minor modifications. Young 
adult worms fed either RNA-expressing bacteria or control bacteria were washed and collected in 
S-basal buffer. Approximately 100 pi slurry pellet of worms were delivered into the chamber in 
3 ml S-basal medium. The chamber was kept at 25 "C and measurements were done for 5-15 min, 
depending on the oxygen consumption rate. The slope of the straight portion of the plot was used 
to derive the oxygen consumption rate. Worms were recovered after respiration measurements and 
collected for protein quantification. Rates were normalized to protein content. We performed ten 
independent measurements per strain. Statistic analysis was performed with an analysis of vari
ance test followed by a Least Square Deviation post-hoc test. 

Mitochondrial morphology 

Mitochondrial morphology was monitored in glo-l(zu391) mutant worms, which have little or no 

gut granule autofluorescence (Greg J. Hermann at Lewis and Clark College, Portland, OR, and 
James R. Priess at HHMI and FHCRC, Seattle, WA, unpublished) expressing the Pmvo-3::mito: 
:GFP construct [25] and the transformation marker pRF4 ml-6(suI006). Morphology was moni

tored by Laser Scanning Confocal Microscopy. 
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Doxycycline treatment 

Synchronized LI hermaphrodites were transferred to plates containing 40 ng/ml doxycycline. 

Worms were collected after 72 h for Western blot analysis. 

Antibodies 

A polyclonal antibody raised against the 25 C-terminal amino acids of the murine PHB1 protein 

has been previously described [3]. 

Polyclonal antibody against the yeast (3 subunit of Fl-ATPase was a gift from Prof. Jan Berden. 

Anti-actin antibody was obtained from ICN (clone C4) and used at a dilution of 1:10.000. 

Microscopy 

Animals were mounted on 2% agarose pads and observed under a Zeiss Axioskop-2 research 
microscope with a SPOT-2 digital camera (Carl Zeiss Canada Ltd., Calgary, Canada) or a Zeiss 
Axiocam camera. GFP images were acquired with a Zeiss LSM 510 confocal microscope. 
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