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Prohibitins (PHBs) 1 and 2 are small conserved proteins implicated in a number of functions in the mito-
chondrion, as well as in the nucleus of eukaryotic cells. The current understanding of PHB functions
comes from studies of model organisms such as yeast, worm and mouse, but considerable debate remains
with regard to the primary functions of these ubiquitous proteins. We exploit the tractable reverse genet-
ics of Trypanosoma brucei, the causative agent of African sleeping sickness, in order to specifically analyse
the function of PHB in this highly divergent eukaryote. Using inducible RNA interference (RNAi) we show
that PHB1 is essential in T. brucei, where it is confined to the cell’s single mitochondrion forming a high
molecular weight complex. PHB1 and PHB2 appear to be indispensible for mitochondrial translation.
Their ablation leads to a decrease in mitochondrial membrane potential, however no effect on the level
of reactive oxygen species was observed. Flagellates lacking either PHB1 or both PHB1 and PHB2 exhibit
significant morphological changes of their organelle, most notably its inflation. Even long after the loss of
the PHB proteins, mtDNA was unaltered and mitochondrial cristae remained present, albeit displaced to
the periphery of the mitochondrion, which is in contrast to other eukaryotes.

� 2009 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Prohibitins (PHBs) comprise evolutionary conserved proteins
ubiquitously present in eukaryotes, where they were proposed to
function in multiple capacities. They consist primarily of PHB1
and a closely related PHB2, sometimes called prohibitone. As sug-
gested by the name, PHBs were originally associated with regula-
tion of cell-cycle proliferation (McClung et al., 1989), although
this function was later challenged (Manjeshwar et al., 2003). Since
the time of their original description, PHBs have been localised to
several cellular compartments such as the mitochondrion, nucleus
and cell membrane, and have been implicated in an ever increasing
number of cellular processes, such as apoptosis, transcriptional
control, cell signalling, senescence and mitochondrial biogenesis
(for recent reviews see Mishra et al., 2005; Merkwirth and Langer,
2009).

In mitochondria of Saccharomyces cerevisiae, Caenorhabditis ele-
gans and humans, the PHB proteins are assembled into a large ring-
like inner membrane protein complex, the existence of which is
supported by mutual dependence of PHB1 and PHB2 (Tatsuta
sitology Inc. Published by Elsevier
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et al., 2005). Both proteins co-immunoprecipitate (Coates et al.,
2001) and the elimination of one PHB leads to the disappearance
of the other (Berger and Yaffe, 1998; Artal-Sanz et al., 2003; Mer-
kwirth et al., 2008). The PHB complex was proposed to be critical
for proper folding and stabilization of mitochondrial-encoded sub-
units of respiratory complexes (Nijtmans et al., 2000; Bourges
et al., 2004) and its depletion is followed by apoptosis and frag-
mentation of mitochondria (Kasashima et al., 2006).

However, growing evidence from several organisms favours the
association of PHB function primarily with mitochondrial mor-
phology, corroborating the early observations from C. elegans
(Artal-Sanz et al., 2003). The PHB proteins appear to be critical
for organellar integrity (Sun et al., 2008), in particular in the mor-
phogenesis of mitochondrial cristae and for the proper function of
another mitochondrial protein, OPA1, with which they interact
(Merkwirth et al., 2008). Putative interactions of PHBs with the in-
ner membrane F1F0-ATP synthase-specific chaperones (Osman
et al., 2007) can be interpreted as a potential scaffolding function
of the PHB complex (Merkwirth and Langer, 2009). Furthermore,
in human mitochondria, PHB1 was recently implicated in the
maintenance of mtDNA within the mitochondrial nucleoids, as
well as in regulation of its copy number within the organelle
(Kasashima et al., 2008).

A more extensive list of putative functions is associated with
the extramitochondrial PHBs. Their anti-proliferative function,
Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.ijpara.2009.07.008
mailto:maslov@ucr.edu
mailto:jula@paru.cas.cz
http://www.sciencedirect.com/science/journal/00207519
http://www.elsevier.com/locate/ijpara
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corroborated by the analysis of a conditional mouse mutant
(Merkwirth et al., 2008), could be due to their interaction with
the retinoblastoma and p53 proteins (Fusaro et al., 2003). How-
ever, circumstantial evidence indicates that other processes
might explain the anti-proliferative and anti-apoptotic effects of
PHBs (Mishra et al., 2005). Their expression decreases in response
to oxidative stress, and they are down-regulated in human Cro-
hn’s disease and colitis (Theiss et al., 2007). As a reflection of
their significant homology with the oestrogen receptor co-repres-
sor, PHBs can repress androgen receptor-mediated transcription
and thus androgen-dependent growth of prostate cells (Gamble
et al., 2007). The PHB proteins are strongly up-regulated upon
activation of primary human T cells (Ross et al., 2008). Since
PHB1 is up-regulated in chronic schizophrenia, it has been spec-
ulated that it might be causally involved in the disease process
(Smalla et al., 2008). Furthermore, PHB1 has been found to be
over-expressed in various cancer cells, and since this protein in-
duces a block at the G0/G1 phase of the cell cycle, it promotes
their survival (Gregory-Bass et al., 2008). Thus, silencing of
PHB1 might prove to be a promising therapeutic approach
against certain forms of cancer. The prominence of PHBs in vari-
ous cancer cells, their binding to tumour-suppressor proteins and
their anti-estrogen action qualify PHBs as promising new targets
for cancer therapy (Mishra et al., 2005). Similarly, their unique
chaperonine function in the mitochondrion implicates PHBs in
complex phenotypes such as longevity, obesity and anti-oxidant
defence. Since PHBs have to date resisted all attempts at crystal-
lization, our knowledge of their structure is derived solely from
predictions.

One of the reasons for our fragmented knowledge about these
apparently multi-functional and highly important proteins is the
difficulty associated with disentangling various functions of PHBs
in complex multicellular organisms. It was shown that the yeast
null mutant for PHB1 has a decreased lifespan accompanied by a
decrease in mitochondrial membrane potential (Coates et al.,
1997), whilst it becomes lethal in combination with mutations in
either the mitochondrial inheritance machinery (Berger and Yaffe,
1998), the AAA-proteases (Steglich et al., 1999) or the phosphati-
dylethanolamine biosynthetic process (Birner et al., 2003). Whilst
inactivating the gene in Drosophila melanogaster, C. elegans and
mammals demonstrated its essentiality for development of these
organisms (Artal-Sanz et al., 2003; Park et al., 2005), the primary
reason for the lethal phenotype remains elusive. Tissue-specific
conditional disruption of PHB2 in mouse is a very powerful ap-
proach (Merkwirth et al., 2008), yet it also faces the difficulty of
determining which phenotypic effects are primary and which are
only secondary.

Trypanosoma brucei is a parasitic protist responsible for lethal
African sleeping sickness of humans. This flagellate, together with
the related kinetoplastids such as Trypanosoma cruzi and Leish-
mania spp., is responsible for millions of disease cases worldwide.
Separation of the kinetoplastid phylogenetic lineage from most
other eukaryotes occurred very early in evolution (Brinkmann
and Philippe, 2007). Therefore, by analysing the function of PHBs
in this highly divergent system, it might be possible to reveal the
primary functions of PHBs that have been universally preserved in
all eukaryotes. In the present report, we have shown that in try-
panosomes PHB1 is confined to the mitochondrion and is critical
for organellar translation and morphology. All detected pheno-
typic consequences of its down-regulation by RNA interference
(RNAi) appear to be mitochondrion-derived. These functions can
be considered the primary functions, whilst the wide range of
other functions strongly or weakly associated with PHB in multi-
cellular systems have likely been acquired later in eukaryotic
evolution.
2. Materials and methods

2.1. Phylogenetic analysis

The PHB1 and PHB2 homologues have been annotated in the
gene database that includes the sequenced genomes of T. brucei,
T. cruzi, Leishmania major, Leishmania braziliensis and Leishmania
infantum (www.genedb.org). The following PHB sequences have
been selected from the non-redundant protein sequences database
by a high score in the NCBI protein Blast search using as queries the
trypanosomatid PHB1 and PHB2 sequences, respectively:

Metazoa: Acyrthosiphon pisum (NP_001119688 and
XP_001952808), Branchiostoma floridae (EEA76736 and EEA56573),
Culex quinquefasciatus (XP_001848602 and XP_001842651), D. mela-
nogaster (NP_724165 and NP_001097372), Homo sapiens (AAS88903
and NP_009204), Salmo salar (NP_001133602 and NP_001134876),
Xenopus laevis (NP_001079486 and NP_001086635); fungi: Coprin-
opsis cinerea (XP_001828913 and XP_001835707), Malassezia globosa
(XP_001730789 and XP_001730682), Neurospora crassa (CAD71006
and XP_964487), S. cerevisiae (EDN61723 and EDN61816); plants:
Arabidopsis thaliana (AAM64845 and NP_171882), Chlamydomonas
reinhardtii (XP_001696940 and XP_001701753), Oryza sativa
(EAY86430 and NP_001051853), Zea mays (ACG34005 and
ACG33462), Physcomitrella patens (XP_001756758 and
XP_001760222); stramenopiles (diatoms): Phaeodactylum tricornu-
tum (EEC45057 and EEC48099); Apicomplexa: Plasmodium falcipa-
rum (XP_001349234 and XP_001347429), Theileria parva
(XP_763427 and XP_765715), Toxoplasma gondii (EEA99743 and
EEB01029); and Amoebozoa: Dictyostelium discoideum (XP_635884
and XP_638766). The sequences were aligned using Clustal X
2.0.10 (Larkin et al., 2007). The poorly aligned N- and C-termini
and alignment gaps were removed. The final alignment was 207 res-
idues long. The minimal evolution analysis was performed by MEGA
4.0.2 (Tamura et al., 2007) using the Dayhoff PAM matrix of amino
acid substitution and c-distribution of variable sites with bootstrap
(1,000 replicates).

2.2. Generation of RNAi-knock-down cell lines

Vectors pLew100 and p2T7-177 with single and opposing T7
promoters, respectively, were used for the preparation of RNAi
knock-down cell lines in the T. brucei procyclic form. A 525 nucle-
otide (nt) long 50 region of the PHB1 gene was amplified using
primers Ph1-F1 (50-AAGCTTGGATCCAGCGGTTTATGCTTGGAG-30)
(added XbaI and BamHI restriction sites are underlined) and Ph1-
R1 (50-TCTAGAGGATCCTTACCGAACTGAATATCCAC-30) (added Hin-
dIII and BamHI restriction sites are underlined) from genomic
DNA of the T. brucei strain 29-13. The amplified fragment was first
digested with the BamHI restriction enzyme and cloned into the
BamHI-linearised pLew100 vector. Plasmid with the PHB1 gene
oriented in the downstream direction with respect to the single
T7 promoter was selected by restriction analysis and named
pLew100-PhA. Next, the above-described PCR amplicon was di-
gested with the XbaI and HindIII restriction enzymes and cloned
into the pLew100-PhA construct linearised with the appropriate
enzyme, so that the second version of the PHB1 gene was in the
opposite direction with respect to the first PHB1 gene.

Another cell line, in which the PHB1 gene can be down-regu-
lated by RNAi, was prepared by cloning a fragment of the PHB1
gene amplified with the primers Ph1-F1 and Ph1-R1, and digested
with restriction enzymes BamHI and HindIII into the p2T7-177
vector, creating the p2T7-PhB construct. Finally, a double knock-
down for the PHB1 and PHB2 genes (PHB1 + 2) was prepared as
follows. The 50 part of the PHB2 gene spanning nts 1–410 was
amplified using primers Ph2-F1 (50-AAGCTTATGTCCCGGGCACCTC
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CA-30) and Ph2-R1 (50-CTCGAGTCTGCATATTCCATTCCA-30) with
added HindIII and XhoI restriction sites underlined. The amplified
fragment was then cloned into the p2T7-PhB construct already
containing the PHB1 gene, resulting in a construct containing jux-
taposed fragments of the PHB1 and PHB2 genes, located amongst
the opposing inducible T7 promoters.
2.3. Electroporation, cloning and growth curves

All three constructs were electroporated into procyclic form
T. brucei strain 29-13 and cell clones were obtained following a
protocol described elsewhere (Vondrušková et al., 2005). Synthesis
of double stranded (ds) RNA was induced by the addition of 1 lg/
ml tetracycline. Growth curves of parental, non-induced and RNAi-
induced cell lines were obtained using the Beckman Z2 Coulter
over a period of 12 days.
2.4. Northern blot analysis

For Northern blot analysis, �10 lg per lane of total RNA from
procyclic cells was separated in a 1% formaldehyde agarose gel,
blotted and cross-linked as published elsewhere (Vondrušková
et al., 2005). After pre-hybridization in NaPi solution (0.25 M
Na2HPO4 and 0.25 M NaH2PO4, pH 7.2, 1 mM EDTA, 7% SDS) for
2 h at 55 �C, hybridization was performed overnight in the same
solution at 55 �C. A wash in 2� saline sodium citrate solution
(SSC), 0.1% SDS at room temperature (RT) for 20 min was followed
by two washes in 0.2� SSC, 0.1% SDS for 20 min each at 55 �C.
2.5. Generation of antibodies and Western blot analysis

Affinity purified polyclonal antibodies against PHB1 were raised
against a synthetic oligopeptide by Alpha Diagnostic International,
Inc. (San Antonio, USA). The oligopeptide used corresponds to the
201–219 amino acid region of the T. brucei protein. For Western
blot analyses, cell lysates of the T. brucei parental strain, non-in-
duced and induced clonal cell lines corresponding to 5 � 106 procy-
clic cells/lane were separated on a 12% SDS–PAGE gel. The
polyclonal rabbit antibodies against PHB1, mitochondrial RNA-
binding protein 1 (MRP1) (Vondrušková et al., 2005; Zíková et al.,
2006), guide RNA-binding protein 1 (GAP1) (Hashimi et al., 2009),
trypanosome-specific subunit 4 of cytochrome oxidase (trCOIV),
Fe–S cluster scaffold protein 1 (IscU) (Smíd et al., 2006) and frataxin
(Long et al., 2008) were used at 1:1,000, 1:1,000, 1:500, 1:1,000 and
1:1,000 dilutions, respectively. Additional antibodies against termi-
nal alternative oxidase (TAO) (provided by G.C. Hill, Vanderbilt Uni-
versity School of Medicine, USA), heat shock protein 60 (hsp60) and
apocytochrome c1 (provided by S.L. Hajduk, University of Georgia,
USA), and antibodies generated against the entire F1 moiety of
ATP synthase (ATPase) from Crithidia fasciculata (provided by R.
Benne, University of Amsterdam, Netherlands), were used at
1:1,000, 1:100 and 1:10,000 and 1:1,000 dilutions, respectively.
2.6. Cell fractionation

Digitonin fractionation was performed as described elsewhere
(Smíd et al., 2006). The mitochondrial vesicles from 5 � 108 cells
were isolated by hypotonic lysis as described previously (Horváth
et al., 2005). Pelleted mitochondrial vesicles were stored at
�80 �C until further use. Alternatively, crude mitochondrial pellet
obtained by digitonin treatment described above was loaded on a
Percoll gradient. After ultracentrifugation, the mitochondrial frac-
tion was isolated following the protocol published elsewhere
(Schneider et al., 2007).
2.7. Measurement of respiration, reactive oxygen species (ROS) and
membrane potential

Exponentially growing cells at concentration 5 � 106 cell/ml
were spun (800 g for 5 min), washed, and resuspended in 1 ml of
fresh semi-defined media (SDM)-79 cultivation medium at a con-
centration of 3 � 107 cell/ml. Oxygen consumption was deter-
mined with a Clark electrode (Strathkelvin). At 4 min intervals,
KCN and salicylhydroxamic acid (SHAM) were added to final con-
centrations of 0.1 and 0.03 mM, respectively.

For the measurement of free ROS, exponentially growing cells
were resuspended in fresh SDM-79 medium at a concentration
5 � 106 cell/ml and dihydroethidium was added to final concentra-
tion 5 lg/ml. Cells were incubated at 27 �C for 30 min and then
transferred into isoflow. Free radicals were detected by an Epics
XL flow cytometer (Beckman Coulter) with excitation and emission
settings of 488 nm and 620 nm. Tetramethylrodamine ethyl ester
(TMRE) (Molecular Probes) uptake was used as a measure of the
mitochondrial membrane potential as described elsewhere (Long
et al., 2008).

2.8. Blue-native electrophoresis

Analysis of the PHB complex was performed by one (1D) or two-
dimensional (2D) blue native/Tricine–SDS–PAGE gels as described
previously (Horváth et al., 2002; Neboháčová et al., 2005). For 1D
electrophoresis, 50 or 100 lg of proteins from the mitochondrial
lysate, isolated by hypotonic lysis from �1 � 107 procyclic cells,
was mixed with 1.5 ll of CB solution (0.5 M e-amino-n-caproic
acid, 5% (w/v) Coomassie brilliant blue G-25), incubated for
10 min on ice and resolved on 2–15% gradient blue native gel.

For 2D electrophoresis, 100 lg of mitochondrial lysate prepared
as described above was analysed on 2–15% gradient blue native
and 12% Tricine–SDS–PAGE gels. After electrophoresis, the gels
were blotted and probed with the anti-MRP1 (1:1,000) (Von-
drušková et al., 2005) and anti-PHB1 polyclonal antibodies
(1:1,000) (prepared as described above) and secondary anti-rabbit
antibodies (1:1,000) (Sevapharma, Prague, Czech Republic).
Secondary antibodies coupled with horseradish peroxidase were
visualised according to the manufacturer’s protocol using the ECL
plus kit (Amersham Biosciences, Chalfont St. Giles, UK).

2.9. Fluorescence and electron microscopy

Cells in logarithmic phase were harvested and stained with
Mitotracker Red CMX (Molecular Probes), followed by fixation
and staining with DAPI as described elsewhere (Long et al.,
2008). Cells were imaged using an Olympus IX81 microscope and
images were captured using an Orca-AG digital camera and cellR
imaging software.

For transmission electron microscopy, procyclic cells were
washed in 0.1 M PBS and fixed in 2.5% (v/v) glutaraldehyde in
0.1 M sodium cacodylate (SC) buffer, pH 7.4, for 1 h at 4 �C. After
a quick wash in the SC buffer, they were postfixed with 2% (w/v)
osmium tetroxide in the SC buffer for 1 h at room temperature.
After dehydration in ethanol, the cells were embedded in Epon-
Araldite, and thin sections stained with lead citrate and uranyl ace-
tate were examined under a JEOL JEM 1010 microscope.

2.10. Mitochondrial protein synthesis in vivo

Analysis of de novo mitochondrial translation followed proce-
dures described previously (Horváth et al., 2002; Neboháčová
et al., 2005). In brief, 5 � 107 exponentially growing cells were pel-
leted by centrifugation at 2,000 g for 10 min, washed twice and
resuspended in 100 ll of the SoTE buffer (0.6 M sorbitol, 20 mM
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Tris–HCl, pH 7.5, 2 mM EDTA). Mitochondrial translation products
were labelled by incubating whole cells (5 � 107 procyclic form
cells) for 2 h at 27 �C in the presence of EasyTagTM EXPRESS35S pro-
tein labelling mix (100 lCi per 100 ll reaction) with the concur-
rent inhibition of the cytosolic translation by 100 lg/ml
cycloheximide. The labelled cells were extracted with Triton X-
100 to remove soluble proteins and the remaining hydrophobic
material was analysed in denaturing 2D (9.5% versus 15%) poly-
acrylamide Tris–glycine SDS gels as described previously (Horváth
et al., 2002).

3. Results

3.1. Genes coding for PHB1 and PHB2

The T. brucei genome contains single copies of PHB1 (Tb927.
8.4810) and PHB2 (Tb10.70.2920), with calculated molecular
masses of 31.5 kDa and 32.0 kDa, respectively. The gene sequences
Fig. 1. Minimal evolutionary phylogenetic tree of the eukaryotic prohibitin (PHB) family
terminal and C-terminal regions of the proteins, as well as several internal indel positio
was subjected to minimal evolution analysis with bootstrap (1,000 replicates) using ME
variable sites were assumed to follow c-distribution. The tree is unrooted.
show only 34% identity. The PHB1 and PHB2 homologues are also
present in the genomes of the other investigated trypanosomatids
(T. cruzi, L. infantum, L. major and L. braziliensis) (www.genedb.org).
Comparisons of the deduced amino acid sequences of the trypano-
somatid PHBs with their homologues from selected eukaryotes re-
vealed identity levels ranging between 40% and 45% for PHB1 and
35–40% for PHB2. Each single-copy gene possesses a characteristic
PHB Smart domain (overlapping with the Band 7 Pfam domain)
and a single predicted transmembrane helix in the N-terminal re-
gion. The probability of mitochondrial localisation is only 0.66 for
PHB1 and 0.46 for PHB2 by the mt import signal prediction pro-
gramme Mitoprot, but such relatively low values are not uncom-
mon for mitochondrial proteins in trypanosomatids, and only
indicate that protein sorting rules that operate in these organisms
have not been fully accounted for.

The phylogenetic relationships of trypanosomatid PHBs with
their counterparts from several representative eukaryotes were
investigated by a minimal evolutionary analysis of the protein se-
. The alignment was generated using Clustal X (version 2.0.10). The unalignable N-
ns, were manually removed, and the remaining alignment containing 207 positions
GA (version 4). The Dayhoff PAM matrix of amino acid substitution was used and
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quences. The tree (Fig. 1) shows that all PHBs fall into two major
clades representing the PHB1 and PHB2 sub-groups from each tax-
on included. This topology is consistent with the notion that sepa-
ration of the PHB sub-groups predates diversification within
eukaryotes. The tree also shows that within each sub-group, try-
panosomatid proteins are amongst the most diverged from the
remaining eukaryotes. Although the details of topology are differ-
ent for the PHB1 and the PHB2 sub-trees, the major groups of
eukaryotes included in the alignment (Euglenozoa, Metazoa, Fungi,
Plants, Apicomplexa) have been recovered with a high bootstrap
support. The deep branching order is poorly supported, but that
is a common problem for eukaryotic trees (Keeling et al., 2005;
Brinkmann and Philippe, 2007). Overall, the analysis confirms the
identification of the prohibitins from T. brucei and other trypanoso-
matids as members of the PHB1 and PHB2 protein sub-families.
3.2. Loss of PHB1 is lethal

Due to frequently encountered problems with RNAi ‘leakage’ or
incomplete ablation, we prepared two different RNAi cell lines for
the down-regulation of PHB1. The first is based on the p2T7-177
vector equipped with opposing regulatable promoters (PHB1–177
cells), whilst the second cell line contains the pLew100 vector,
which supports the synthesis of dsRNA from a single promoter
(PHB1–100 cells). Growth inhibition of both cell lines becomes
apparent 6 days after the induction of RNAi silencing (Fig. 2A and
B). Thereafter, the growth of induced cells virtually stops, and this
lasts until day 12 when the growth is resumed to a limited extent,
probably due to developed resistance to RNAi. Northern blot anal-
yses of total RNA from parental 29-13 cells with a probe derived
from the coding region of PHB1 detected abundant mRNA. Com-
parison between the non-induced and RNAi-induced cells revealed
elimination of most of the targeted transcript within 48 h of induc-
tion (Fig. 2A and B; insets).

Considering the doubling time of T. brucei procyclic cells to be
approximately 8 h, the growth inhibition observed in each PHB1
RNAi-induced cell line is rather delayed compared with knock-
down cells for other mitochondrial proteins in T. brucei
(Vondrušková et al., 2005; Horváth et al., 2005; Smíd et al., 2006;
Long et al., 2008). We wondered whether the other component
Fig. 2. Effect of prohibitin 1 (PHB1) and PHB1 + 2 RNA interference (RNAi) on Trypanosom
every 24 h are plotted on a logarithmic scale on the y-axis over 12 days. Cells were dilut
tetracycline, the addition of which induces RNAi, are indicated by dashed (tet�) or blac
PHB1 + 2 (C) clonal cell lines are shown. The insets show a Northern blot analysis of the
(lane 2) and respective induced RNAi cells (lane 3). In (A and B), the 525 nucleotide long
the PHB1 and PHB2 genes (410 nucleotides long) were used as probes, respectively, as
of the PHB complex, PHB2, is responsible for this effect. Therefore,
we prepared cell lines, in which both PHB transcripts were elimi-
nated (PHB1 + 2). Northern blot analyses of total RNA isolated from
these non-induced and RNAi-induced cells hybridized with probes
against the PHB1 and PHB2 genes confirmed tandem elimination of
both transcripts (Fig. 2C; inset). However, targeting of both PHBs
did not accelerate the onset of the reduced growth phenotype, as
a significant growth decrease also occurred, only at day 6
(Fig. 2C). The double knock-down cells did not become refractive
to RNAi even 24 days after induction (data not shown).

As our attempt to obtain antibodies against the full-size PHB1
protein over-expressed in Escherichia coli failed, and the tested
antibodies against yeast PHB1 did not cross-react with its trypano-
some homologue, we used rabbit polyclonal antibodies raised
against the oligopeptide derived from the T. brucei PHB1 amino
acid sequence. Western analyses of the total cell lysates of the in-
duced double knock-down cells (in contrast to the non-induced
cells and parental cells) showed a rapid decrease in the PHB1 pro-
tein, with its total elimination by day 4 (Fig. 3A). A similar situation
was observed in the single knock-down cell lines (see below and
data not shown).
3.3. PHB1 is confined to the mitochondrion

As PHBs were found in various compartments of yeast and hu-
man cells (Merkwirth and Langer, 2009), we examined localisation
of the PHB1 protein in T. brucei. Total cell lysates and sub-cellular
fractions obtained with digitonin treatment were immunoprobed
with anti-PHB1 antibodies, as well as with antibodies against mar-
ker mitochondrial and cytosolic proteins. The target protein was
abundant in the mitochondrion, whereas no signal was observed
in the cytosol (Fig. 3B). Furthermore, we have prepared highly pure
mitochondrial vesicles by combining the digitonin treatment and
sedimentation in Percoll gradient. Again, all PHB1 protein was con-
fined to the organelle (Fig. 3C). Antibodies against enolase and the
MRP1 protein, which are exclusively localised in the cytosol and
mitochondria, respectively (Long et al., 2008; Vondrušková et al.,
2005), confirmed the absence of cross-contamination of the as-
sayed sub-cellular fractions (Fig. 3B and C).
a brucei cell growth and mRNA levels. Cell densities (cells/ml) that were measured
ed to 2 � 106 cells/ml every day. Cells grown in the absence or presence of 1 lg/ml
k (tet+) lines, respectively. Growth curves of the PHB1–100 (A), PHB1–177 (B) and
total RNA extracted from the parental 29-13 cells (lane 1), non-induced RNAi cells

50 region of the PHB1 gene was used as a probe. In the inset panels of C, 50 regions of
labelled.



Fig. 3. Mitochondrion-confined prohibitin 1 (PHB1) is eliminated upon RNA
interference (RNAi) induction. The PHB1 protein level was analysed by Western
blot analysis in extracts from Trypanosoma brucei parental 29-13 cells, non-induced
PHB1 + 2 double knock-down cells, and cells at days 3–9 post-induction. Non-
specific reactivity bands in the upper part of the gel serve as a loading control (A).
(B) Western blot analysis of the expression of the PHB1 protein in cytosolic and
mitochondrial fractions isolated by digitonin extraction, as well as in the total cell
lysate of procyclic T. brucei. Mitochondrial RNA-binding protein 1 (MRP1) and
enolase were used as mitochondrial and cytosolic markers, respectively. (C)
Western blot analysis of the expression of the PHB1 protein in cytosolic and
mitochondrial fractions of procyclic T. brucei. Mitochondrial vesicles were isolated
by digitonin extraction followed by Percoll gradient centrifugation. Guide RNA-
binding protein 1 (GAP1) and enolase were used as mitochondrial and cytosolic
markers, respectively.

Fig. 4. Prohibitin 1 (PHB1) is present in a complex. Proteins from purified
mitochondria were resolved in two-dimensional 2–15% gradient blue-native/12%
Tricine SDS–PAGE gels. Parallel gels were blotted and probed with the anti-
mitochondrial RNA-binding protein 1 (MRP1) (inset) and anti-PHB1 antibodies.
Localisation of the PHB1 and MRP1 proteins is indicated by an arrow and
arrowhead, respectively. The 21 kDa MRP1 protein present in the 100 kDa MRP1/
2 complex (Schumacher et al., 2006) was used as a marker for the second
dimension. The positions of molecular mass markers are indicated on the right and
at the top.
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3.4. PHB1 is part of a large complex

PHBs in yeast and human mitochondria have been shown to
form a large supramolecular protein complex (Nijtmans et al.,
2000; Tatsuta et al., 2005). In order to check whether a similar sit-
uation exists in the divergent protist under study, mitochondrial
lysate obtained from parental 29-13 cells by hypotonic lysis was
analysed using a 2D blue native/Tricine-SDS–PAGE gel followed
by immunoprobing with anti-PHB1 antibodies. A mitochondrial
100 kDa MRP1/2 complex was used for comparison (Schumacher
et al., 2006). By comparing the position of the �31 kDa PHB1 signal
with that of the 21 kDa MRP1 protein, we concluded that PHB1 is
part of a complex that is substantially larger than MRP1/2 (Fig. 4).

In order to establish its size, we used 1D blue native gels, upon
which varying amounts of mitochondrial protein were loaded,
blotted and probed with anti-PHB1 antibodies. As shown in
Fig. 5A, a single strong band was detected that represented a com-
plex migrating much slower that the 880 kDa marker. Based on its
mobility in several gels (data not shown), we estimate that in T.
brucei the PHB complex is �1.5 MDa in size. Furthermore, we used
blue native gel analyses to investigate the effect of PHB1 RNAi on
this complex. As shown in Fig. 5B, both in the single PHB1 and
the double PHB1 + 2 RNAi knock-down experiments, at 5 days
post-induction, virtually all complex-bound PHB1 was eliminated.
3.5. Effect on mitochondrial translation

Since PHBs in yeast were functionally associated with mito-
chondrial translation, we decided to examine the effect of
PHB1 + 2 RNAi ablation on de novo organellar protein synthesis
in T. brucei. Due to their extreme hydrophobicity, it is quite chal-
lenging to visualise products of mitochondrial translation in try-
panosomes, which tend to aggregate and display an aberrant
mobility in electrophoretic SDS gels (Horváth et al., 2000). The lat-
ter property was utilised to devise a special 2D electrophoretic pro-
cedure that allowed detection of such proteins in the characteristic
off-diagonal positions in the gel (Horváth et al., 2000, 2002).

When the non-induced T. brucei procyclic cells were subjected
to the in vivo labelling assay in the presence of cycloheximide,
an inhibitor of cytosolic translation, and the labelled products were
separated in the 2D polyacrylamide–SDS gel, we detected discrete
labelled spots off the main diagonal (Fig. 6A). These spots could be
correlated with the known positions of monomeric and aggregated
forms of cytochrome c oxidase subunit I (co1) and apocytochrome
b (cyB), testifying for organellar translation under these conditions.

Next, the PHB1 + 2 knock-down cells 2 or 3 days post-RNAi-
induction were subjected to an in vivo labelling assay. Whilst no
change in the labelling pattern was observed at the earlier time-
point (data not shown), at day 3 both co1 and cyB disappeared
(Fig. 6B). Moreover, the in vivo translated proteins did not appear
in the lysates of PHB1 cells after 5 days of RNAi induction (data
not shown), confirming that mitochondrial translation is shut
down in the absence of PHBs.
3.6. Nuclear-encoded mitochondrial proteins and ROS are unaltered,
but mitochondrial membrane potential is decreased

Results obtained with yeast cells indicate that the PHB complex
is closely associated with complex V (Osman et al., 2007) and may
possibly interact with other proteins and/or protein complexes,
therefore we investigated the effect of PHB1 RNAi on mitochon-
drial respiration-related properties. First, we followed the steady-
state levels of selected mitochondrial proteins in T. brucei cells
depleted for PHB1 (Fig. 7). Remarkably, the repression of PHB1
did not result in a detectable loss of ATPase, as judged using poly-
clonal antibodies generated against the entire ATPase complex.
Moreover, levels of subunits of respiratory complexes III (apocyto-
chrome c1) and IV (trypanosome-specific cytochrome oxidase sub-
unit IV), Fe–S cluster assembly proteins IscU and frataxin, and the
RNA-binding protein MRP1 remained unaltered. Similarly, the
levels of two assayed mitochondrial matrix proteins, the TAO and
hsp60 were also not affected (Fig. 7).

Next, we measured mitochondrial inner membrane potential by
quantifying the uptake of TMRE. Whilst no change was observed in
the non-induced cells compared with the parental cells, membrane
potential dramatically decreased in the single or double knock-



Fig. 5. Prohibitin 1 and 2 (PHB1 + 2) is present in an �1.5 MDa complex. (A) The level of PHB1 protein was analyzed by Western blot analysis in mitochondrial lysates from
Trypanosoma brucei 29-13 cells using PHB1 antibody. Protein amounts of 50 and 100 lg (indicated on top) were resolved on a single dimension 2–15% blue native gel and
subjected to Western analysis (a), and is shown before transfer (b). The positions of molecular mass markers are indicated on the right (monomer and dimer of ferritin
(Sigma)). (B) The presence of PHB1in non-induced cells PHB1 + 2 (�) and PHB1–100 (�) and its elimination by RNA interference (RNAi) as confirmed by Western blots of
mitochondrial lysates taken at days 5 and 7 after induction of RNAi.

Fig. 6. Mitochondrial translation is shut down in the absence of prohibitins (PHBs).
Isolated mitochondrial fractions from PHB1 + 2 non-induced cells (A) and after
3 days of RNA interference (RNAi) induction (B) were extracted with 0.05% Triton X-
100 and resolved in 9.5% versus 15% two-dimensional polyacrylamide Tris–glycine
SDS gels, stained and visualised as described in Section 2. De novo synthesised
cytochrome oxidase subunit I (co1) and cytochrome b (cyB), pulse-labelled with
EasyTagTM EXPRESS35S protein labelling mix, are marked with arrows. Inset shows
the same gels stained with Coomassie brilliant blue R250.

Fig. 7. The abundance of assayed mitochondrial proteins is not altered in the
absence of prohibitin 1 (PHB1). Expression levels of apocytochrome c1 (apoC1), F1

moiety of ATP synthase (ATPase), trypanosome-specific subunit 4 of cytochrome
oxidase (trCOIV), terminal alternative oxidase (TAO), mitochondrial RNA-binding
protein 1 (MRP1), Fe–S cluster scaffold protein (IscU), frataxin (Frx) and heat shock
protein 60 (hsp60) as determined by immunoblot analysis of whole cell lysates of
Trypanosoma brucei parental 29-13 cells (wt), and the PHB1 + 2 knock-down cells
both before (�) and after 5 and 7 days of RNA interference (RNAi) induction.
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down cells. The decrease was, however, somewhat delayed, as it
appeared at day 5 post-induction (data not shown) and became
massive 2 days later (Fig. 8A–C).

Finally, using dihydroethidium, we measured the accumulation
of ROS, as its increase was associated with PHB deficiency in hu-
man cells (Schleicher et al., 2008). However, no significant differ-
ence in the levels of ROS between the non-induced and induced
cells was observed (Fig. 8D and data not shown). The accumulation
of ROS in the T. brucei cells ablated for frataxin (Long et al., 2008)
was used as a control (data not shown).



Fig. 8. Mitochondrial membrane potential but not reactive oxygen species (ROS) is altered in all RNA interference (RNAi) induced prohibitin (PHB) knock-down cells. Inner
membrane potential was measured by flow cytometry following incubation of cells with 0.4% tetramethylrodamine ethyl ester (TMRE) for 20 min, and fluorescence
distributions were plotted as frequency histograms. Trypanosoma brucei parental 29-13, non-induced and RNAi-induced PHB1 + 2 cells 3 days post-induction (A), 5 days post-
induction (B) and 7 days post-induction (C) are shown in light grey, grey and black lines, respectively. The presence of ROS was measured in cells incubated in the presence of
5 lg/ml dihydroethidium for 30 min and analysed by flow cytometry. As an example, the measurements of parental 29-13, non-induced and RNAi-induced PHB1 + 2 cells
(5 days after RNAi induction) are shown in light grey, grey and black lines, respectively (Fig. 8D).
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3.7. Mitochondrial morphology is altered

In murine cells, PHB2 is required for normal mitochondrial mor-
phology (Merkwirth et al., 2008), therefore we have investigated
whether the related function is observed in T. brucei. Non-induced
and RNAi-induced single and double knock-down cells were
stained with the membrane potential-dependent Mitotracker Red
and analysed by fluorescence microscopy. In parental and non-in-
duced cells the staining revealed the characteristic pattern of a sin-
gle tubular and reticulated mitochondrion (Fig. 9B and E).
However, in the RNAi-induced cells (Fig. 9H and data not shown)
the mitochondrial tubules were substantially extended in some
areas. As shown by differential interference contrast, cellular integ-
rity is retained in all analysed cells (Fig. 9C, F and I). DAPI staining
allows easy tracking of the huge mitochondrial DNA network,
termed kinetoplast (k) DNA, which is arranged in a highly com-
pacted disk in T. brucei. The integrity of the kDNA seems to be pre-
served in all investigated cells (Fig. 9A, D and G).

In order to better reveal the alterations present in cells ablated
for PHB1, we used transmission electron microscopy. In all cell
lines, the loss of PHB1 triggered significant morphological changes
of the single elongated and reticulated mitochondrion. At day 5
post-RNAi induction, the PHB1 knock-down cells (pLew100-PhA)
featured an enlarged organelle that had lower electron density
(Fig. 10C and E) compared with the parental 29-13 strain (data
not shown) and the non-induced PHB1 + 2 cells (Fig. 10A and B).
A similar result was observed in the p2T7-PhB cells, in which
PHB1 was ablated using a different construct (Fig. 10D). The infla-
tion of the mitochondrion was even more pronounced in the dou-
ble knock-down cells at days 5 and 7 of RNAi induction (Fig. 10F
and G). It is worth noting, however, that the electron dense kineto-
plast, containing all mitochondrial DNA, remained unaltered in sin-
gle and double knock-down cells at 5 and 7 days of induction, and
retained its specific position close to the basal body of the flagel-
lum (Fig. 10C, D, G and I). Similarly, the short inconspicuous tubu-
lar cristae did not disappear from the significantly altered
organelle, but were displaced to its periphery (Fig. 10H). In the
PHB1 + 2 cells the kDNA network not only retained its wild-type
morphology and periflagellar position even 7 days post-induction,
but unilateral filaments were also fully preserved in the kinetofla-
gellar zone (Fig. 10I). Moreover, increased electron density at the
antipodal sites of the disk confirms the retention of the two protein
centres, organizing replication of the kDNA. All other cellular struc-
tures such as the nucleus, nucleolus, lipid droplets, endoplasmic
reticulum, flagellum, acidocalcisomes and the corset of subpellicu-
lar microtubules appear to be unaltered following the loss of either
PHB1 (Fig. 10C and D) or PHB1 + 2 (Fig. 10G).

4. Discussion

To date, the function of PHB has only been studied in the mito-
chondrion of model organisms, such as S. cerevisiae, C. elegans and
mammals (Ikonen et al., 1995; Nijtmans et al., 2000; Artal-Sanz
et al., 2003; Merkwirth et al., 2008; Schleicher et al., 2008). How-
ever, all of them belong to the supergroup Unikonta, comprising
only a fraction of currently recognised eukaryotic diversity (Keel-
ing et al., 2005). Therefore, our understanding of the evolution
and functional diversity of this omnipresent protein is restricted
to this group of organisms. One possibility to gain further insight
into the functions of PHBs, and to address which of those are pri-
mary and which arose later in evolution, is to study their roles in
representatives of other major groups, as we do here in T. brucei.
This parasitic protist is the most genetically tractable representa-
tive of the early-branching Excavata. Our phylogenetic analysis of



Fig. 9. Light microscopy reveals the integrity of mitochondrial (=kinetoplast) DNA in all examined cells and an extension of the mitochondrion in RNA interference (RNAi)-
induced cells. Trypanosoma brucei parental 29-13 (A–C), non-induced (D–F) and RNAi-induced PHB1 + 2 cells (G–I) were stained with DAPI (A, D and G) and Mitotracker Red
(B, E and H), and were viewed using differential interference contrast (C, F and I). Arrowheads and arrows indicate kinetoplast and nDNA, respectively (A, D and G). In (H), the
arrow points to the extended region of the mitochondrion. Scale bar = 10 lm.
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PHBs from several major groups of eukaryotes showed that the try-
panosome homologues are indeed found amongst the most di-
verged members of the family.

Since in multicellular organisms, PHBs were found in various
cellular compartments, we first addressed intracellular distribu-
tion of PHB1 in T. brucei. All of the protein seems to be confined
to the single reticulated mitochondrion, forming a very large pro-
tein complex, the proper function of which is essential for survival
of these flagellates. This indicates that evolutionary ancestral local-
isation of PHBs is within this organelle and that they were likely
inherited by the proto-eukaryote from an engulfed a-proteobacte-
rium. Further corroborating the recently proven dependence of cell
proliferation on mitochondrial-located PHBs in mammals, we
found no evidence for non-mitochondrial functions of these pro-
teins in trypanosomes.

As the growth phenotype of the single and double knock-down
cells is similar, we assume that as in other eukaryotes, both pro-
teins are mutually dependent and essential subunits of the heter-
omeric PHB complex, the size of which we estimate to be
�1.5 MDa in T. brucei. Two phenotypic consequences of the PHB1
ablation in trypanosomes appear to be primary, namely the alter-
ation of mitochondrial morphology and the impact on mitochon-
drial translation.

By virtue of the large size of its mtDNA, here termed the kDNA,
T. brucei and other trypanosomatids are particularly useful for
studying phenotypes associated with organellar DNA. This enabled
us to directly follow the size and localisation of the kDNA in knock-
down cells at several time-points after RNAi induction. As in mam-
mals and C. elegans (Artal-Sanz et al., 2003; Kasashima et al., 2006;
Merkwirth et al., 2008), mitochondrial morphology undergoes dra-
matic changes, including a substantial increase in organellar vol-
ume, resembling inflation, early after the ablation of PHB1 in
single or double knock-down cells. Unexpectedly, however, there
is no obvious effect on the kDNA network itself, as the kDNA not
only retains its disk-like packaging in the otherwise morphologi-
cally altered mitochondrion, but is also found in its specific perifla-
gellar position with preserved fine structure, represented by the
unilateral filaments in the kinetoflagellar zone (Gluenz et al.,
2007). Even at day 7, when PHB1 has been fully depleted for sev-
eral generations, the kDNA is present and retains its ultrastructure
and position within the organelle. Therefore, we argue that the ef-
fect on mtDNA described in human cells (Kasashima et al., 2008)
upon elimination of PHBs, is either secondary or has been acquired
late in eukaryotic evolution. Further indirect support for the asso-
ciation between PHBs and mtDNA is provided by the abundance of
PHB1 in yeast petite mutants lacking the organellar DNA (Nijtmans
et al., 2000).

Based on studies in yeast, the PHB complex was proposed to
have a direct role in respiratory chain enzyme processing as a
chaperone/holdase that assists with polypeptide folding (Nijtmans
et al., 2000). Indeed, our data support this function, since a rapid
inhibition of mitochondrial protein synthesis was observed upon
down-regulation of both PHBs. However, since we did not rule
out any possible effect of PHB depletion on mitochondrial tran-
scription and RNA processing, these results can only be interpreted
as preliminary evidence for the role of PHB(s) in the stabilization of
the de novo synthesised proteins. Additional indirect support for
the effect on mitochondrial protein folding is provided by the de-
layed growth phenotype of the PHB knock-down cells, since the
disruption of mtRNA processing results in reduced growth by day
3 post-RNAi-induction (Grams et al., 2002; Fisk et al., 2008; Hash-
imi et al., 2008). Thus, it is the chaperone/holdase activity of PHB in
respirasome (Acín-Pérez et al., 2008) that appears to be essential.
The increased sensitivity to apoptosis (Gregory-Bass et al., 2008),
as well as the disruption of mitochondrial membrane potential ob-
served in human and trypanosome cells upon the loss of PHBs
(Ross et al., 2008; this work) is likely to be a consequence of its
function in maintaining structural integrity of the organellar mem-



Fig. 10. Transmission electron microscopy of non-induced and prohibitin (PHB) RNA interference (RNAi)-induced Trypanosoma brucei procyclic forms. (A) Non-induced
PHB1 + 2 with wild-type morphology of the single reticulated mitochondrion. Multiple cross-sections of the peripherally located organelle, its matrix being more electron
dense than the cytoplasm. (B) Longitudinal section of the kinetoplast disk undergoing replication, located in the proximity of the flagellar basal body in a non-induced
PHB1 + 2 cell. (C) The PHB1–100 cells after 5 days of RNAi induction, showing an enlarged mitochondrion. (D) Kinetoplast DNA retains its structure and location next to the
basal body of the flagellum in PHB1–100 cells even after 7 days of RNAi. (E) The PHB1–177 cells after 7 days of RNAi induction with a mitochondrion, the contents of which
have a decreased electron density. (F) Longitudinal section through the periphery of a PHB1 + 2 RNAi-induced cells 7 days post-induction revealing the massively increased
volume of the mitochondrion. (G) A substantial part of the volume of this PHB1 + 2 RNAi cell 7 days post-induction is occupied by an inflated reticulated mitochondrion. The
presence of the unaltered kinetoplast DNA is indicated. (H) Tubular mitochondrial cristae are shifted to the periphery of the altered organelle. (I) High magnification of the
kinetoplast DNA in PHB1 + 2 cells 7 days after induction reveals that the antipodal centres and the unilateral filaments of the kinetoflagellar zone are retained even in the
absence of PHB1 Arrowheads indicate mitochondrion (except in (H), where they point to the mitochondrial membrane). Filled arrows point to kinetoplast, open white arrows
indicate cristae and open black arrows the antipodal centres. Flagellar basal bodies are marked by asterisks. Scale bar = 1 lm (A, C, E, F and G), 200 nm (B, D, H and I).
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brane. The exact cause of the organellar swelling is unclear.
However, this may be related to the disruption of the normal
across-membrane ion traffic associated with the decrease in mem-
brane potential.

In human epithelial cells, the loss of PHB1 results in a block of
electron transport at respiratory complex I, leading to a substantial
increase in mitochondrial ROS generation (Schleicher et al., 2008).
The insignificant increase in ROS in T. brucei with down-regulated
PHB1 and PHB2 can be explained by the apparent absence in this
flagellate of a classical complex I (Opperdoes and Michels, 2008),
to which this particular phenotypic effect of PHB has been tightly
linked in other systems.

Overall, T. brucei proved to be a suitable model for dissecting the
evolutionary conserved functions of the versatile mitochondrial
protein under study. We conclude that the primary effects trig-
gered by elimination of PHBs are the cessation of mitochondrial
translation and the loss of organellar integrity. The numerous other
effects described in the absence of PHBs in diverse eukaryotic cells
are either secondary or have been acquired later during eukaryotic
evolution.
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