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Prohibitins comprise a remarkably conserved protein family in eukaryotic cells with proposed functions in cell cycle
progression, senescence, apoptosis, and the regulation of mitochondrial activities. Two prohibitin homologues, Phb1 and
Phb2, assemble into a high molecular weight complex of ~1.2 MDa in the mitochondrial inner membrane, but a nuclear
localization of Phbl and Phb2 also has been reported. Here, we have analyzed the biogenesis and structure of the
prohibitin complex in Saccharomyces cerevisiae. Both Phbl and Phb2 subunits are targeted to mitochondria by uncon-
ventional noncleavable targeting sequences at their amino terminal end. Membrane insertion involves binding of newly
imported Phb1 to Tim8/13 complexes in the intermembrane space and is mediated by the TIM23-translocase. Assembly
occurs via intermediate-sized complexes of ~120 kDa containing both Phbl and Phb2. Conserved carboxy-terminal
coiled-coil regions in both subunits mediate the formation of large assemblies in the inner membrane. Single particle
electron microscopy of purified prohibitin complexes identifies diverse ring-shaped structures with outer dimensions of

~270 X 200 A. Implications of these findings for proposed cellular activities of prohibitins are discussed.

INTRODUCTION

In accordance with their strong conservation and wide-
spread distribution, prohibitins have been functionally
linked to important cellular processes, such as cellular sig-
naling and transcriptional control (Terashima et al., 1994;
Montano et al., 1999; Sun et al., 2004), apoptosis (Vander
Heiden et al., 2002; Fusaro et al., 2003), cellular senescence
(McClung et al., 1992; Coates et al., 1997; Coates et al., 2001;
Piper et al., 2002), early development of Caenorhabditis elegans
(Artal-Sanz et al., 2003) or mitochondrial biogenesis (Berger
and Yaffe, 1998; Steglich et al., 1999; Nijtmans et al., 2000;
Artal-Sanz et al., 2003). However, it remained largely elusive
how prohibitins function on the molecular level and
whether a similar mode of action underlies these apparently
divergent roles of prohibitins.

At least two homologous proteins exist in eukaryotic cells,
Phbl (BAP32, prohibitin) and Phb2 (BAP37, prohibitone,
REA), multiple copies of which assemble into a high-molec-
ular-weight complex of ~1.2 MDa in the inner membrane of
mitochondria in yeast, mammals, and C. elegans (Steglich et
al., 1999; Nijtmans ef al., 2000; Artal-Sanz et al., 2003). In
Saccharomyces cerevisiae, both homologues are functionally
interdependent: deletion of one subunit results in the desta-
bilization of the other, strongly suggesting that the prohib-
itin complex represents the functionally active structure
(Berger and Yaffe, 1998). Consistently, similar phenotypes
are associated with mutations in PHB1 and PHB2. Aphbl or
Aphb2 cells show a shortened replicative life span and an
altered mitochondrial morphology in aged cells, pointing to
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a role during senescence (Coates et al., 1997; Piper et al.,
2002). Moreover, deletions of prohibitin genes are lethal in
combination with mutations of the inheritance machinery
(Berger and Yaffe, 1998) and the phosphatidylethanolamine
biosynthetic pathway (Birner et al., 2003) of mitochondria
and cause a slow growth phenotype in the absence of the
m-AAA protease (Steglich et al., 1999), a key component of
the quality control system within the inner membrane of
mitochondria. Notably, a supercomplex of prohibitins with
the m-AAA protease has been described which link prohibi-
tin function to the turnover of membrane proteins. An ac-
celerated degradation of nonnative polypeptides by the m-
AAA protease suggests a regulatory role of prohibitins in
this process (Steglich et al., 1999). Moreover, the interaction
of nonassembled respiratory chain subunits with the pro-
hibitin complex has lead to the proposal of a chaperone
activity of prohibitins during the biogenesis of the respira-
tory chain (Nijtmans ef al., 2000).

Although the function of the prohibitin complex within
mitochondria is beginning to emerge, some of the postulated
roles of prohibitins in mammalian cells such as transcrip-
tional regulation or cellular signaling are difficult to recon-
ciliate with a mitochondrial location. Even more, Phbl and
Phb2 were found to be exclusively associated with each
other in mammalian cells (Coates et al., 2001). On the other
hand, mammalian Phbl and Phb2 have been repeatedly
detected also in the cytosol and the nucleus, pointing to
potentially different cellular locations under differing condi-
tions (Thompson et al., 2001; Wang et al., 2002; Fusaro et al.,
2003; Kurtev et al., 2004; Sun et al., 2004).

In view of the interdependence of Phbl and Phb2 and the
apparently contradicting findings with respect to their cel-
lular location, understanding prohibitin function will re-
quire the structural characterization of the prohibitin com-
plex as well as the intracellular targeting of its subunits. We
have therefore analyzed the biogenesis of prohibitins in
mitochondria of S. cerevisiae, purified the prohibitin com-
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plex, and characterized its architecture by electron micros-
copy.

MATERIALS AND METHODS

Yeast Strains and Growth Conditions

Yeast strains used in this study are derivatives of W303-1B. Cells were
cultivated at 30°C in YP medium supplemented with 2% glucose or 2%
galactose and 0.5% lactate, or in lactate medium. Aphbl (YGS401) and
Aphb2 (YGS501) strains were described previously (Steglich et al., 1999).
The AphblAphb2 strain (YGS507) was obtained by deletion of PHB2 in
YGS401 by polymerase chain reaction (PCR)-targeted homologous recom-
bination (Wach et al., 1994) by using the heterologous marker cassette
KanMX4. Yeast strains expressing C-terminally truncated version of Phbl
or Phb2 were generated by insertion of DNA fragments containing a
termination codon and the KanMX4 marker into genomic PHBI or PHB2
genes by homologous recombination. Termination codons were inserted to
replace the base triplets AAC encoding N285 or TTC encoding F181 of
PHBI, and the base triplets AGG encoding R308 or TTC encoding F192
of PHB2, generating the strains YTT214 [phb1(A284-287):KAN], YTT216
[phb1(A181-287)::KAN], YTT220 [phb2(A308-310):KAN] and YTT222
[phb2(A192-310)::KAN], respectively. Integration of the marker cassettes
was verified by PCR. The Tim23(fs)strain has been described previously
(Sirrenberg et al., 1996). The Tim23(Gal10) strain was kindly provided by
D. Mokranjac (University of Munich, Munich, Germany).

Cloning Procedures

For SP6-polymerase-driven expression of PHB1 and PHB2 in vitro, both genes
were amplified by PCR and cloned into the BamHI and Pst] sites of pGEM4
(Promega, Madison, WI), thereby generating pTT26 and pTT29, respectively.
Fragments of PHB1 or PHB2 were cloned into pGEM4 in the same way (pTT27
[Phb1(29-287)], pTT80 [Phbl1(1-180)], pTT30 [Phb2(36-310)], pTT31
[Phb2(62-310)], pTT32 [Phb2(1-213)], and pTT33 [Phb2(A36-61)]). For the
expression of a moiety of Phbl or Phb2 fused to mouse DHFR, pTT34
[Phb1(1-28)-DHFR], pTT57 [Phb1(1-57)-DHFR], pTT58 [Phb1(1-83)-DHFR],
pTT35 [Phb2(1-35)-DHFR], pTT36 [Phb2(1-61)-DHFR], and pTT37 [Phb2(36—
61)-DHFR] were generated by cloning of the relevant PCR fragment into a
BamHI site in front of the open reading frame encoding mouse DHFR in
PGEMA4.

For overexpression of Phbl and Phb2 in yeast, PHB2 and a DNA fragment
encoding hexahistidine-tagged Phbl were amplified by PCR and cloned into
the two multiple cloning sites of the pESC-URA vector (Stratagene, La Jolla,
CA) allowing the inducible expression from GAL10 and GALI promoters,
respectively (pTT18). For constitutive expression using the TPI promoter
(pTT46(Phbl), pTT47(Phbltls), pTT50[Phbl(1-284)], pTT81[Phbl(1-180)],
pTT44(Phb2), pTT54[Phb2(1-303)], pTT55[Phb2(1-216)]), PHBI, and DNA-
fragments encoding hexahistidine-tagged Phb1, Phb1(1-284) or Phb1(1-180)
were cloned into the Ncol and Xhol-sites of pYX142 (Novagen). PHB2 and
variants encoding Phb2(1-303) or Phb2(1-213) were cloned as EcoRI/HindllI-
DNA-fragments into pYX132 (Novagen, Madison, WI). PHB2 also was cloned
into the EcoRI and HindIII sites of the multicopy vector pYX232 (Novagen),
generating pTT45. To obtain strain YTT160 or YTT163, AphbAphb2 cells were
transformed with pTT44 and pTT46, or with pTT44 and pTT47, respectively.

Purification of the Prohibitin Complex

Aphbl (YGS401) cells were transformed with both pTT18 and pTT45. The
transformants (YTT51) were grown at 30°C on SC-glucose medium lacking
histidine, uracil, and tryptophane. For induction of prohibitin gene expres-
sion, logarithmically growing cells were transferred to YP medium supple-
mented with 2% galactose and 0.5% lactate and further incubated for 6 h at
30°C. Then, cells were isolated, washed with buffer A (20 mM HEPES/KOH,
pH 7.4, 20 mM KCl, 2 mM EDTA, 10% glycerol, 1 mM phenylmethylsulfonyl
fluoride [PMSF], EDTA-free protease inhibitor cocktail [Roche Diagnostics,
Indianapolis, IN]) and lysed using two times a Emulsi-flex C5 cell disrupter
(Avestin Europe, Mannheim, Germany) at ~24,000 psi. After two clarifying
spins at 1000 X g for 5 min, mitochondrial membranes were isolated by
centrifugation at 17,000 X g for 15 min. Mitochondrial membrane proteins
were resuspended (4 mg/ml) in buffer B (20 mM HEPES/KOH, pH 7.4, 50
mM K-phosphate buffer, pH 7.4, 150 mM KCl, 5 mM ATP, 5 mM magnesium
acetate, 1 mM PMSF, EDTA-free protease inhibitor cocktail [Roche Diagnos-
tics], 10% glycerol, 10 mM imidazole, 1% [wt/vol] n-dodecyl-B-p-maltopyr-
anoside [DDM]) and solubilized by incubation for 20 min at 4°C. Insoluble
material was removed by centrifugation at 110,000 X g for 15 min. The
supernatant was loaded on Ni?*-conjugated Hi-trap chelating column (1 ml;
Amersham Biosciences, Piscataway, NJ). Bound proteins were eluted by a
linear gradient of sorbitol in buffer C [20 mM HEPES/KOH, pH 7.4, 50 mM
K-phosphate buffer pH 7.4, 150 mM KCI, 1 mM ATP, 1 mM Mg(OAc),, 1 mM
PMSF, 10% glycerol, 0.1% (wt/vol) DDM]. Peak fractions (2 ml) were con-
centrated twenty times by Centricon YM-100 (Millipore, Bedford, MA), and
then subjected to glycerol gradient sedimentation for 3 h at 268,000 X g
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(10-30% glycerol in buffer C). Fractions were collected from the top and
analyzed by SDS-PAGE and silver staining. Fractions containing the prohib-
itin complex were pooled and examined for the presence of abundant mito-
chondrial protein complexes (Hsp60, porin, F;Fo-ATP synthase, and respira-
tory chain complexes), mitochondrial translocases (TOM and TIM
complexes), i- and m-AAA protease complex, or 26S proteasomes by immu-
noblotting by using specific antisera against subunits of these complexes.

Single Particle Electron Microscopy of Prohibitin
Complexes

Electron Microscopy. Individual glycerol gradient fractions consisting of
10-30% (wt/vol) glycerol in buffer C were applied to freshly glow-discharged
400 mesh carbon-coated copper grids and stained with 1% of phospho-
tungstate, pH 7.0. Corresponding fractions resulting from purifications by
using Aphb1 cells simultaneously overexpressing both Phb1Hi and Phb2 from
one multicopy plasmid as well as AphbIAphb2 cells were directly compared
with detect any contaminants at background level. Micrographs were re-
corded in a Philips CM 120 electron microscope operating at 100 kV at a
nominal magnification of 45,000X under low electron dose conditions cover-
ing a defocus range of 0.8-1.4 um.

Negatives were digitized on a flat-bed SCAI (Carl Zeiss, Jena, Germany)
microdensitometer with 7-um pixel size and subsequently reduced to a final
pixel size of 21 um corresponding to 4.7 A on the specimen scale. Particles
were manually selected from four micrographs by using WEB software
(Frank et al., 1996). After extraction of 303 frames with 128 X 128 pixels,
images were corrected for the effects of the contrast transfer function (Rad-
ermacher et al., 2001). Translational/rotational alignment was performed
using the SPIDER/WEB software (Frank et al., 1996) with extensions. A first
reference was created by the reference-free alignment algorithm (Marco et al.,
1996) followed by reference-based alignments by using cross-correlation of
two-dimensional Radon transforms. After each round of multireference align-
ment, images were subjected to multivariate statistical analysis (Van Heel and
Frank, 1981). Subsequently, class averages were calculated by hierarchical
ascendant classification applied to moving cluster centers and then used as
references in subsequent rounds of refining particle alignments. At the final
stage, 159 node images were selected from neural network analysis imple-
mented in the XMIPP package (Marabini et al., 1996). The resulting data set
was split into two subsets after masking and average images were generated
from self-organizing maps of each subset.

Miscellaneous

The following procedures were performed essentially as described previ-
ously: in vitro import into mitochondria and chemical cross-linking (Arlt et al.,
1996) and blue native gel electrophoresis (Schagger, 2001).

RESULTS

Targeting of Phb2 to Mitochondria by a Bipartite
Noncleavable Presequence

Although generally highly conserved from yeast to human,
both Phbl and Phb2 are more divergent in their N-terminal
regions. For Phb2, this segment is composed of a hydrophilic
stretch followed by a putative hydrophobic transmembrane
domain. Positively charged amino acid residues are en-
riched within the first 35 amino acid residues, which can
form an amphipatic a-helix, a characteristic of mitochondrial
sorting sequences (Figure 1A). To examine a potential tar-
geting function of this segment, a series of Phb2 variants
were constructed (Figure 1B), synthesized in a cell-free sys-
tem in the presence of [**S]methionine, and analyzed for
their capability to be imported into isolated mitochondria in
vitro. Phb2 became resistant to externally added protease in
a membrane-potential dependent manner without proteo-
lytic removal of a targeting sequence (Figure 1C). Mitochon-
drial import, however, was impaired upon deletion of the
N-terminal 61 amino acid residues of Phb2 [Phb2(62-310)]
demonstrating that this segment harbors essential targeting
information (Figure 1, C and D). To dissect the role of
hydrophilic and hydrophobic stretches in this segment, we
analyzed mitochondrial import of Phb2(36-310) and
Phb2(A36-61), lacking the positively charged or the putative
transmembrane region, respectively. Import of Phb2(36-
310) was impaired and occurred with significantly reduced
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kinetics when compared with Phb2 (Figure 1, C and D).
Thus, although the positively charged, N-terminal segment
indeed ensures efficient mitochondrial import, additional
targeting information is provided by the subsequent hydro-
phobic segment. Consistently, deletion of the corresponding
amino acid residues 36—61 in Phb2 also impaired mitochon-
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Figure 1. Targeting of Phb2 to mitochondria by a noncleavable, bi-
partite presequence at the N terminus. (A) N-terminal region of Phb2.
Amino acid residues 1-70 of S. cerevisine Phb2 and a helical wheel
representation of amino acid residues 825 is shown. Charged and
hydrophobic residues are highlighted. The bar indicates the predicted
transmembrane region of Phb2. The position of N-terminal truncations
of Phb2 is marked by arrowheads. (B) Schematic representation of
Phb2 variants. TM, predicted transmembrane region; cc, putative
coiled-coil region. Charged residues within the N-terminal targeting
sequence are indicated. (C) Mitochondrial import of Phb2 and its
variants. 3S-labeled precursor proteins were incubated with isolated
mitochondria at 16°C for the indicated time in the presence (+Ay) or
absence (—Ay) of a membrane potential. Nonimported proteins were
digested with trypsin when indicated. The quantification of the import
kinetics of Phb2 (@), Phb2(36-310) (M), Phb2(62-310) (A), Phb2(1-213)
(O), Phb2(A36-61) (A) is shown in D. Total radioactivity incubated
with mitochondria is shown as “input” in C and was set to 1 in D. (E)
Top, schematic representation of Phb2-DHEFR hybrid proteins. Shaded
boxes represent the DHFR moiety. Other symbols are as in B. Bottom,
import of Phb2-DHFR hybrid proteins into mitochondria. 3S-labeled
hybrid proteins were incubated with isolated mitochondria for 20 min
at 25°C in the presence (+Ay) or absence (—Ay) of a membrane
potential. Trypsin was added to digest nonimported proteins when
indicated. Mitochondria were analyzed by SDS-PAGE and autoradiog-
raphy. Signals corresponding to 20% of radiolabeled precursors incu-
bated with mitochondria are shown (input).

drial import (Figure 1, C and D). Notably, Phb2(A36-61) did
not accumulate within mitochondria, indicating rapid degra-
dation of the newly imported protein.

To substantiate these findings, we constructed hybrid pro-
teins composed of N-terminal segments of Phb2 and mouse
dihydrofolate reductase (DHFR). Phb2(1-61)-DHFR was ef-
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ficiently imported into mitochondria, demonstrating that the
N-terminal 61-amino acid residues are sufficient for mito-
chondrial targeting (Figure 1E). In contrast, import of
Phb2(1-35)-DHFR or Phb2(36-61)-DHFR occurred with low
efficiency, indicating that neither the positively charged nor
the hydrophobic segment is able to ensure efficient mito-
chondrial import of a heterologous protein (Figure 1E).
We conclude from these experiments that mitochondrial
targeting of Phb2 is ensured by a bipartite noncleavable
presequence at the N terminus of Phb2, which is composed
of a positively charged and a hydrophobic protein segment.

Mitochondrial Targeting of Phbl by an Unconventional
N-Terminal Presequence

Similar to Phb2, Phb1l subunits expose large domains to the
intermembrane space and are thought to be anchored
N-terminally to the inner membrane. However, neither a
positively charged amino acid stretch with a propensity to
form a amphipathic a-helix nor a hydrophobic segment
predicted to form a membrane-spanning domain are present
within the N-terminal region of Phbl (Figure 2A). Never-
theless, deletion of 28 N-terminal amino acid residues of
Phbl [Phb1(29-287)] abolished import into isolated mito-
chondria, indicating that the N-terminal segment is indis-
pensable for mitochondrial targeting (Figure 2, C and D).

When fused to mouse DHFR, however, the 28 N-terminal
amino acid residues of Phbl were not sufficient to promote
import of the hybrid protein (Figure 2E). Prolongation of the
Phb1-moiety to 57 amino acid residues did not affect target-
ing to mitochondria, whereas we observed significant im-
port of Phb1(1-83)-DHEFR into mitochondria (Figure 2E). To
examine a possible impairment of mitochondrial import by
folding of the DHFR-moiety, the hybrid proteins also were
incubated with isolated mitochondria after denaturation in
urea-containing buffer. Under these conditions, Phb1(1-28)-
DHER was efficiently imported demonstrating that the first
28 N-terminal amino acid residues contain the complete
targeting information (Figure 2E). These experiments dem-
onstrate that Phb1 subunits are targeted to mitochondria by
an unconventional noncleavable targeting sequence present
at their N terminus.

Membrane Insertion Is Mediated by the TIM23-
Translocase

The inner membrane harbors two protein translocases for
nuclear-encoded preproteins: the TIM23-translocase for pre-
sequence-carrying precursor proteins and the TIM22-trans-
locase for polytopic inner membrane proteins (for reviews,
see Neupert, 1997; Pfanner and Geissler, 2001). To examine
a potential role of the TIM23-translocase for the biogenesis
of prohibitins, we used a yeast strain expressing Tim23, a
major component of this translocase, from a galactose-induc-
ible promoter. Cells were grown on galactose-free medium
for Tim23 depletion and the accumulation of mitochondrial
proteins was assessed by immunoblotting. Phbl and Phb2
were hardly detectable in mitochondria depleted of Tim23,
indicating that both proteins require the TIM23-translocase
for membrane insertion and stable accumulation within mi-
tochondria (Figure 3A). Similarly, presequence-containing
matrix proteins, like the a-subunit of the F,-ATPase, were
not detectable in these cells (Figure 3A). In contrast, the
carrier protein Aac2, which is imported by the TIM22-trans-
locase (Sirrenberg et al., 1996), accumulated at normal levels
in Tim23-depleted mitochondria, demonstrating that the
TIM22 pathway was not affected under these conditions
(Figure 3A).
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Because Phbl and Phb2 are functionally interdependent
(Berger and Yaffe, 1998; see below), an impaired membrane
insertion of either subunit might indirectly affect the accu-
mulation of the other subunit in Tim23-depleted mitochon-
dria. We therefore analyzed the import of radiolabeled Phb1
and Phb2 into mitochondria expressing a C-terminally trun-
cated, mutant variant of Tim23 [Tim23(fs)] (Sirrenberg et al.,
1996). Mitochondria isolated from these cells harbored de-
creased levels of Tim23, whereas Tim22 accumulated at
normal levels (Sirrenberg et al., 1996; data not shown). The
import of both proteins into these mitochondria was
strongly impaired when compared with wild-type mito-
chondria (Figure 3B). Control experiments demonstrated a
general deficiency of TIM23-mediated import, whereas the
TIM22-dependent pathway was still functional: the import
of the matrix-localized preprotein Su9-DHFR into Tim23(fs)
mitochondria was impaired, whereas Tim23, by also using
the TIM22-translocase (Leuenberger et al., 1999), accumu-
lated with similar efficiencies in Tim23(fs) and wild-type
mitochondria (Figure 3B). Depletion of Tim22 from mito-
chondria, on the other hand, did not affect import of Phb1 or
Phb2 (our unpublished data). We conclude from these ex-
periments that both Phbl and Phb2 are inserted into the
inner membrane by the TIM23-translocase.

Formation of an Assembly Intermediate Containing Phbl
and Phb2

We next analyzed complex formation of Phbl and Phb2 by
chemical cross-linking. 3°S-labeled Phb1l was imported into
mitochondria that were subsequently incubated with disuc-
cinimidyl glutarate (DSG) (Figure 4A). Phbl-containing
cross-link adducts of 39, 58, and 87 kDa accumulated in
these mitochondria in a dose-dependent manner (Figure
4A). Several lines of evidence demonstrate an association of
newly imported Phbl with Phb2. First, Phb2-containing
complexes of 58 and 87 kDa accumulated upon cross-linking
in these mitochondria as revealed by immunoblot analysis
by using Phb2-specific antisera (Figure 4A). Second, the
formation of these cross-link adducts was found to depend
on the presence of Phb2 but not of Phbl, indicating that
Phb1-homo-oligomers are not formed. Similar-sized com-
plexes were detected in mitochondria isolated from cells that
strongly overexpress and therefore accumulate Phb2, de-
spite the absence of Phbl (Figure 4B). On the other hand,
only the 39-kDa adduct was formed in AphbIAphb2 mito-
chondria (Figure 4B). Third, although with low efficiency,
the 87- and 58-kDa cross-link adducts were precipitated
with Phb2 antiserum but not with preimmune serum (Figure
4B). We therefore conclude that newly imported Phbl as-
sembles with Phb2. To examine the formation of large com-
plexes by newly imported Phb1, mitochondria were solubi-
lized after completion of import and chemical cross-linking
and extracts were analyzed by two-dimensional blue na-
tive/SDS-polyacrylamide gel electrophoresis (BN/SDS-
PAGE) (Figure 4C). Whereas preexisting prohibitin com-
plexes were recovered as large protein assemblies (Figure
4C, middle), newly imported Phbl formed a broad peak,
indicating inefficient assembly (Figure 4C). The fractionation
was not affected by the presence of excess level of Phb2
within mitochondria (our unpublished data). The cross-link
adducts, however, were detected in two distinct complexes
with native molecular masses of ~1-2 MDa and of ~120
kDa, respectively (Figure 4, C and D). The larger form comi-
grated with the endogenous prohibitin complex and there-
fore most likely represents the fully assembled complex.
Strikingly, the 39-kDa cross-link adduct was detected in
the ~120-kDa intermediate-sized complex, indicating a tran-
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sient interaction of a small mitochondrial protein with newly
imported Phbl (Figure 4C). Several low-molecular-weight
Tim proteins have been linked to the import of nuclear-
encoded mitochondrial proteins (Koehler, 2004). Whereas
the Tim9/10 complex is involved in the import of polytopic
inner membrane proteins, the Tim8/13 complex plays a role
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for insertion of some proteins into both the inner or outer
membrane (Davis ef al., 2000; Paschen et al., 2000; Curran ef
al., 2002; Vasiljev et al., 2004). To examine a potential in-
volvement of either complex in the biogenesis of prohibitins,
coimmunoprecipitation experiments were performed after
import of Phb1 into mitochondria and chemical cross-link-
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Figure 3. Requirement of the TIM23-translocase for prohibitin bio-
genesis. (A) Depletion of Tim23 in vivo. Mitochondial membranes
were prepared from Tim23(Gal10) cells that were shifted for 24 h to
galactose-free medium (Tim23 | ). Samples were analyzed by SDS-
PAGE and immunodecoration. YPH499 cells were analyzed equally
for a control (WT). (B) Import of prohibitins into Tim23-deficient
mitochondria. 3°S-labeled precursor proteins of Phbl, Phb2, Su9(1-
69)-DHFR, and Tim23 were imported into mitochondria isolated
from wild-type (mb2) ([J) or Tim23(fs) (A) cells. Protease-resistant,
imported protein was quantified by phosphorimaging.

ing. Whereas no cross-link adducts were precipitated with
Tim10-specific antiserum, the 39-kDa form was efficiently
precipitated with Tim13-specific antiserum, indicating an
interaction of Phbl with the Tim8/13 complex upon im-
port (Figure 4B). Notably, binding of Phb1 to Tim13 did
not depend on the presence of Phb2 within mitochondria
and therefore seems to occur before the formation of the
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Phb1/Phb2 assembly intermediate (Figure 4, B and C,
bottom).

The interaction of Phbl with the Tim8/13 complex, how-
ever, is not essential for the biogenesis of the fully assembled
prohibitin complex. Phbl and Phb2 accumulated in
Atim8Atim13 mitochondria at similar levels as in wild-type
mitochondria (our unpublished data). Moreover, import of
Phbl occurred with similar efficiencies in wild-type and
Atim8Atim13 mitochondria and was not affected by lowering
the membrane potential across the inner membrane (our
unpublished data).

The cross-linking experiments indicate that two ~120-kDa
complexes are formed upon import of Phbl: a Phbl/Tim13
complex and a Phb1/Phb2 complex that may represent an
assembly intermediate. To substantiate this conclusion, we
analyzed the time course of its accumulation within mito-
chondria by BN/PAGE (Figure 4D). Radiolabeled Phb1 was
imported into wild-type mitochondria that were further in-
cubated after completion of import to allow a more efficient
formation of the prohibitin complex. Assembly of newly
imported Phbl was assessed by BN/PAGE (Figure 4D).
Whereas 120-kDa forms vanished over time, we observed
the formation of the assembled prohibitin complex upon
prolonged incubation of mitochondria (Figure 4D). As mem-
branes were solubilized under mild conditions by using
digitonin in these experiments, the supercomplex of prohib-
itins with the m-AAA protease was detected on the BN/
PAGE (Figure 4D). The formation of Phbl-containing com-
plexes depended on the membrane potential across the inner
membrane and thus seems to require membrane insertion.
The 120-kDa form was not detectable after import of Phbl
into Aphb1Aphb2 mitochondria, indicating that these forms
represent mainly Phb1/Phb2 complexes (Figure 4E). Consis-
tently, their formation was only slightly affected in mito-
chondria isolated from Atim8Atim13 cells (our unpublished
data). These experiments demonstrate the transient accumu-
lation of 120-kDa Phb1/Phb2 complexes upon import of
Phb1 into mitochondria and suggest that this form repre-
sents an assembly intermediate.

Assembly of the Prohibitin Complex Depends on Coiled-
Coil Regions in Phbl and Phb2

The only conserved sequence motif detectable in prohibitin
subunits is a predicted coiled-coil region in the C-terminal
part of the polypeptides (amino acid residues 180224 of
Phb1 and 212-253 of Phb2) whose function is presently not
understood. The C-terminally truncated variants Phb1(1-
180) and Phb2(1-213) were efficiently imported into isolated
mitochondria, demonstrating that C-terminal parts of both
subunits are dispensable for mitochondrial targeting and
transport (Figures 1, C and D, and 2, C and D). Notably,
although occurring with initial rates similar to Phb1, import
of Phb1(1-180) ceased upon prolonged incubation times
(Figure 2D). This might be explained by a decreased solu-
bility of Phb1(1-180) before import or reflect proteolysis of
newly imported Phb1(1-180) within mitochondria.

Phb1 and Phb?2 are interdependent and accumulate stably
only in an assembled state, e.g., nonassembled subunits are
rapidly degraded within mitochondria (Berger and Yaffe,
1998). We therefore examined a potential role of the
C-terminal coiled-coil regions in both subunits for the as-
sembly of the prohibitin complex. Termination codons were
genomically inserted in the PHB1 and PHB2 genes to allow
the expression of C-terminally truncated Phb1(1-180) or
Phb2(1-191) lacking the coiled-coil regions. In agreement
with an impaired assembly of the prohibitin complex, Phb1
or Phb2 did not accumulate in cells expressing Phb2(1-191)
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Figure 4. Intermediate-sized prohibitin complexes containing Phb1 and Tim13 or Phb1 and Phb2. (A) Chemical cross-linking of newly imported Phb1.
After import of **S-labeled Phbl and trypsin digestion, mitochondria were subjected to chemical cross-linking by using DSG at the concentrations
indicated. Mitochondrial proteins were analyzed by SDS-PAGE and autoradiography (left) or immunodecoration with Phb2-specific antiserum (right).
Major cross-link species are indicated by asterisks. A 63-kDa cross-link adduct, which was detected occasionally, is marked with a black dot. The signal
corresponding to 50% of radiolabeled precursors incubated with mitochondria is shown (IN). (B) Chemical cross-linking of newly imported Phbl in
mitochondria isolated from wild-type (+/+), Aphb1Aphb2 (A/A), or AphblAphb2 cells overexpressing Phb2 (—/++). After chemical cross-linking with
DSG (150 uM), mitochondria were solubilized and subjected to immunoprecipitation (IP) (right) by using preimmune serum (Pre), Phb2-, Tim13-, and
Tim10-specific antiserum. The Phb2-specific antiserum precipitated native Phb2 only very inefficiently (~1%). A weak cross-link adduct coimmunopre-
cipitated with Phb2-specific antisera is indicated by an asterisk. (C) BN/SDS-PAGE analysis of cross-link adducts containing newly imported Phb1. After
import of Phb1 into mitochondria isolated from YTT163 cells (PHB1PHB2, top) or YGS507 cells (AphblAphb2, bottom), mitochondria were subjected to
chemical cross-linking with DSG when indicated. Proteins were solubilized with 0.5% DDM (protein/detergent ratio of 1/2.5) and analyzed by
two-dimensional BN/SDS-PAGE. a-Ketoglutarate dehydrogenase complex (KGDC, ~2.2 MDa), monomeric F,Fo-ATP synthase (complex V, ~600 kDa),
monomeric COX complex (complex IV, ~200 kDa), dimeric citrate synthase (Cit1, 100 kDa), and bovine serum albumin (bovine serum albumin, ~66 kDa)
were used for calibration. The endogenous prohibitin complex was detected by immunoblotting by using Phb1- and Phb2-specific antibodies (middle).
(D) Transient accumulation of newly imported Phb1 in intermediate-sized complexes. 3°S-labeled Phbl was imported into YTT160 mitochondria for
various times in the absence (—A) or presence (+Ay) of a membrane potential. After import samples were treated with trypsin to remove nonimported
precursors and further incubated at 25°C when indicated (Chase). Membranes were solubilized with 1.0% digitonin (protein/detergent ratio of 1/5) and
analyzed by BN-PAGE and autoradiography. The position of the supercomplex of prohibitin with m-AAA protease (2 MDa, SC), prohibitin complex (1.2
MDa, PC), and ~120-kDa intermediate (120K) are indicated. Dimeric F,F5-ATP synthase (~1,250 kDa) and the supercomplex composed of bc; and COX
complexes (IPIV?, ~1000 kDa) were used as additional molecular mass markers. (E) Impaired formation of prohibitin complexes in AphbIAphb2
mitochondria. %S-labeled Phbl was imported for 20 min into mitochondria isolated from wild-type (WT) or YGS507 cells (Aphb1Aphb2). Samples were
processed as in D.
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Figure 5. Assembly of the prohibitin complex depends on C-
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Phb1- and Phb2-specific, and as a loading control, Ymel-specific
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or Phb1(1-180) (Figure 5, A and B). We also did not observe
a stabilization of Phbl upon modest overexpression of
Phb2(1-216) in Aphb2 cells, nor of Phb2 in the presence of
increased levels of Phb1(1-180) in Aphbl cells (Figure 5, A
and B). These results point to an essential function of
C-terminal coiled-coil regions in Phbl and Phb2 for the
assembly of the prohibitin complex.

Surprisingly, deletion of only four or three C-terminal
amino acid residues from genomically encoded Phbl or
Phb2, respectively, caused already a destabilization of the
respective binding partner (Figure 5, A and B), indicating
that the integrity of the C-terminal end of both prohibitin
subunits is important for complex formation. Consistently,
heaxahistidine peptides fused to the C terminus of Phb1 or
Phb2 abolished the assembly of the prohibitin complex (our
unpublished data). The impaired complex formation after
deletion of short C-terminal segments of Phb1 or Phb2 could
be overcome by modest overexpression of Phb2(1-303) or
Phb1(1-283), demonstrating that, in contrast to the coiled-
coil regions, C-terminal amino acid residues of Phbl and
Phb2 are crucial but not essential for the assembly of the
prohibitin complex.

The Coiled-Coil Region of Phbl Is Required for the
Formation of Large Complexes but Dispensable for the
Interaction with Phb2 and Tim13

The detection of Phbl/Phb2 assembly by chemical cross-
linking and BN/PAGE analyses allowed us to further define
the role of the coiled-coil region of Phbl during the forma-
tion of the prohibitin complex. 3°S-labeled Phb1 and Phb1(1-
180) lacking the C-terminal coiled-coil domain were im-
ported into isolated mitochondria. After completion of
import and solubilization of mitochondrial membranes with
digitonin, the assembly of the newly imported proteins was
assessed by BN/SDS-PAGE (Figure 5C). As observed pre-
viously (Figure 4C), Phb1 was detected as a broad peak after
electrophoretic fractionation of mitochondrial extracts. It
should be noted, however, that small portions of newly
imported Phbl were enriched in intermediate-sized com-
plexes and in a large complex, indicating assembly of the
ring complex (Figure 5A). In contrast, assemblies containing
Phb1(1-180) were not detected (Figure 5A). These findings

antisera in the following yeast strains. (A) Wild-type cells (WT),
Aphbl cells (A), cells expressing C-terminally truncated Phb1(1-
180)(YTT216), or Phb1(1-283)(YTT214) from the endogenous pro-
moter (Genomic) and Aphb1 cells expressing Phb1 or the truncated
Phbl variants under the control of a constitutive TPI promoter
(pTT46, pTT51, pTT50). (B) Wild-type cells (WT), Aphb2 cells (A),
cells expressing Phb2 (pTT44), C-terminally truncated Phb2(1-
191)(YTT222), or Phb2(1-308)(YTT220) from the endogenous pro-
moter (Genomic) and Aphb2 cells expressing the truncated Phb2
variants Phb2(1-216)(pTT55) or Phb2(1-303)(pTT54) under the con-
trol of a constitutive TPI promoter. (C) BN/SDS-PAGE of newly
imported Phbl and Phb1 (1-180). 35S-labeled Phb1 and Phb1(1-180)
were imported for 20 min at 25°C into mitochondria isolated from
YTT163 cells. Mitochondrial membranes were solubilized by digi-
tonin and subsequently analyzed by BN/SDS-PAGE. PC, prohibitin
complex; SC, supercomplex of prohibitins with m-AAA protease.
(D) Radiolabeled Phb1(1-180) was imported into mitochondria iso-
lated from wild-type (+/+), Aphb1Aphb2 (A/A), or AphblAphb2
strains expressing Phb2 (—/++) as in C followed by chemical
cross-linking with DSG. When indicated (IP), mitochondrial extracts
were analyzed by immunoprecipitation by using Phb2- and Tim13-
specific antiserum or preimmune serum (Pre). The lane showing the
immunoprecipitate with Phb2-specific antibodies was exposed three
times as long as the other lanes.
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are in agreement with the in vivo analysis and indicate that
the coiled-coil region of Phb1 is essential for the formation of
the prohibitin complex.

Chemical cross-linking was used to examine the require-
ment of the coiled-coil region of Phbl for binding to Phb2.
Newly imported Phb1(1-180) formed a cross-link of ~65
kDa (Figure 5D). This adduct was dependent on the pres-
ence of Phb2 within mitochondria, and although with low
efficiency, could be precipitated with Phb2-specific antibod-
ies (Figure 5D). In addition, we observed the formation of a
~30-kDa cross-link containing Phb1(1-180), which was pre-
cipitated with Tim13-specific antibodies (Figure 5D). We
conclude from these experiments that the C-terminal coiled-
coil region of Phbl is dispensable for Tim13-binding and the
initial interaction with Phb2, whereas it is required for the
formation of the large prohibitin complex.

Prohibitins Form Large Ring-shaped Complexes in the
Mitochondrial Inner Membrane

The native molecular mass of the assembled prohibitin com-
plex allows to characterize its molecular architecture by
electron microscopy. We therefore purified the prohibitin
complex from yeast pursuing the following strategies: First,
both Phbl and Phb2 were expressed simultaneously from
one multicopy plasmid under the control of galactose-induc-
ible promoters. This resulted in a ~20-fold overexpression of
Phb1™s and Phb2 compared with wild-type cells (our un-
published data). Second, a hexahistidine peptide was fused
to the N terminus of Phb1l (Phb1™) to allow affinity purifi-
cation by metal chelating chromatography. Expression of
Phb1'is suppressed the growth defect of a PHBI deletion in
Aytal0 cells, demonstrating the functional activity of Phb1tis
in vivo (our unpublished data). Notably, overexpressed
Phb1'is and Phb2 were exclusively detected in mitochondria
and not mislocalized to other cellular compartments. The
amino-terminal hexahistidine tag did not interfere with the
import of Phb1' into mitochondria (our unpublished data).
Therefore, isolated mitochondria were used as a starting
material for purification. Third, mitochondrial membranes
were solubilized in DDM, conditions that destabilize the
supercomplex of prohibitins and the m-AAA protease. The
prohibitin complex was then purified to homogeneity by
metal chelating chromatography and glycerol gradient sed-
imentation (Figure 6A). Abundant mitochondrial proteins,
such as Hsp60, or other membrane-bound protein com-
plexes, such as the F,Fo-ATP synthase, bc; complex, TIM or
TOM translocases, m-AAA proteases, or porin were not
detected by Western blot analysis in the purified fractions
(Figure 6A). Similarly, subunits of the 20S proteasome were
immunologically not detectable in the purified protein frac-
tion (our unpublished data).

The purified prohibitin complex was investigated by sin-
gle particle electron microscopy. The mild purification
scheme allowed us to detect the majority of particles as
single and stable complexes (Figure 6B). Electron micro-
graphs of negatively stained preparations showed various
projection views (Figure 6C). Predominant views included
roughly elliptical rings with outer dimensions of 270 X 200
A and a 160 X 90 A central stain-filled cavity (Figure 6C,
classes 1-5) and more rectangular structures frequently com-
posed of two slightly different halves with overall average
dimensions of ~260 X 170 A (Figure 6C, classes 6-10).
Similar particles were not detected in control experiments
with corresponding fractions from AphbIAphb2 cells. Based
on these observations, we propose that prohibitins form
large ring-like complexes on the inner mitochondrial mem-
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brane to which they are anchored by hydrophobic N-termi-
nal helices.

DISCUSSION

We show that prohibitins form large ring-shaped complexes
on the inner membrane of mitochondria and characterize
several distinct steps during the biogenesis of this ring struc-
ture (Figure 7). 1) Both Phbl and Phb2 are targeted to
mitochondria by unconventional sorting sequences present
at their amino terminal regions. 2) Newly imported Phbl
was found in association with Tim13. 3) Phbl and Phb2
subunits insert into the inner membrane via the Tim23-
translocase, where they form assembly intermediates with
an apparent molecular mass of ~120 kDa. 4) These interme-
diates are proposed to assemble into large ring complexes on
the inner membrane, a process dependent on conserved
coiled-coil regions present in both Phbl and Phb2.

Prohibitin subunits harbor targeting signals within their
amino terminal segments that are distinct from that of other
intermembrane space proteins whose intramitochondrial
sorting has been analyzed (for reviews, see Neupert, 1997;
Pfanner and Geissler, 2001). Phb2 subunits carry a bipartite
presequence composed of a charged region with the propen-
sity to form an amphipathic helix and a hydrophobic stretch.
This is reminiscent of cytochrome ¢ peroxidase and cyto-
chrome b,, soluble proteins in the intermembrane space, as
well as cytochrome c;, a tail-anchored protein exposing its
catalytic domain to the outer surface of the inner membrane
(Hartl et al., 1987; Kaput et al., 1989). Whereas the bipartite
presequences of these preproteins are cleaved off in a step-
wise manner by specific processing peptidases in mitochon-
dria, Phb2 subunits are not processed upon import. More-
over, the hydrophobic stretch of Phb2 not only harbors
sorting information but also serves as a membrane anchor
for Phb2 subunits. It therefore has a function similar to
transmembrane segments of other inner membrane proteins
that harbor one membrane-spanning domain and whose
amino terminal segments are targeted to the matrix by a
positively charged sorting signal. In contrast to Phb2, the
amino terminal region of Phb1 subunits lacks any character-
istics of known mitochondrial targeting signals but never-
theless is essential and sufficient for mitochondrial import. A
hexahistidine peptide fused to the amino terminus of Phbl
did not interfere with the import of precursors into mito-
chondria in vivo nor in vitro, indicating that overall positive
charge rather than the structure of the amino terminal region
is important for the targeting of Phbl. Notably, basic fea-
tures of the amino terminal segment of Phbl, in particular
the distribution of charged amino acid residues, are con-
served during evolution. The corresponding region of the
rat orthologue of Phb1 can form an amphipatic helix (Ikonen
et al., 1995). Our findings therefore set the stage for the
analysis of the intracellular sorting of mammalian Phb1 that
has been localized not only to the mitochondrial inner mem-
brane but also to the nucleus (Thompson ef al., 2001; Wang
et al., 2002; Fusaro et al., 2003; Kurtev et al., 2004; Sun et al.,
2004).

Chemical cross-linking experiments revealed an associa-
tion of newly imported Phbl with Tim13. Tim13 proteins
form, with Tim8 proteins a soluble, 70-kDa complex in the
intermembrane space that functions in the biogenesis of
inner and outer membrane proteins (Leuenberger et al., 1999;
Davis et al., 2000; Paschen et al., 2000; Curran et al., 2002;
Hoppins and Nargang, 2004). Although we did not observe
chemical cross-linking to Tim8, the apparent native molec-
ular mass of the Tim13/Phbl complex points to binding of

Molecular Biology of the Cell



1 2 3 1 2 3
(kD)
Pho7- =il e
Yta12
: Fip S
Cox2 Wihans
36.5— = T2, Ript .
26.6— S8 "= Hsp60
-
&l Porin s 8
n - , |
B Tim44 =

Phb1 to the assembled Tim8/13 complex. The association of
Phbl with Tim13 does not depend on Phb2 nor on the
C-terminal coiled-coil region of Phbl, suggesting that it
occurs to N-terminal regions of Phbl during early stages of
import and before the assembly with Phb2. Although not
essential for import, the association with the Tim8/13 com-
plex may trap newly imported Phbl in the intermembrane
space and facilitate its transfer to the inner membrane. Mem-
brane insertion of prohibitins depends on the membrane
potential and is mediated by the Tim23-translocase.
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Figure 6. Single particle electron microscopic analysis of the pro-
hibitin complex. (A) Purification of prohibitin complexes from
Aphb1 mitochondria harboring overexpressed Phb1'is and Phb2 by
metal chelating chromatography and glycerol gradient centrifuga-
tion as described in Materials and Methods. Samples were analyzed
by SDS-PAGE and silver staining (left) or immunodetection against
mitochondrial proteins as indicated (right). Prohibitin-containing
fractions are shown. Lane 1, mitochondrial membranes (2 ug [silver
staining] or 10 pg [immunodetection]); lane 2, eluate of Ni-NTA
chromatography (1/200 or 1/40 of total); lane 3, prohibitin-contain-
ing fraction after glycerol gradient centrifugation (corresponding to
a glycerol concentration of 24-26%; 1/40 or 1/8 of total). (B) Rep-
resentative section of a micrograph showing a glycerol gradient
fraction enriched in prohibitin complexes stained with 1% phospho-
tungstate. Bar, 200 nm. (C) Class averages of typical end-on or
side-on projection views from prohibitin complexes. The data set
was split in two subsets according to either elliptical ring-like (32%)
or more rectangular views (68%). Percentages of particles of corre-
sponding average images 1-5 are given as follows: for subset I (top),
set to 100% class 1 counts 9%, class 2 6%, class 3 16%, class 4 12%,
and class 5 11% of particles; for subset II (bottom), set to 100%, class
6 counts 17%, class 7 17%, class 8 8%, class 9 13% and class 10 8% of
particles. Bar, 200 A.

Newly imported Phb1l assembles with Phb2 subunits into
a subcomplex of ~120 kDa, which most likely represents a
membrane-bound intermediate during the assembly of the
prohibitin complex. The formation of this intermediate does
not depend on the Tim8/13 complex nor is its apparent
native molecular mass altered in Atim8Atim13 mitochondria,
suggesting that Tim13 is not part of this structure. Vice
versa, the native molecular mass of the Phb1/Tim13 com-
plex does not depend on the presence of Phb2, suggesting
that two similar-sized but independent complexes are
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Figure 7. Model for the biogenesis of the ring-shaped prohibitin
complex in mitochondria. See Discussion for details. The average
stoichiometry of assembly intermediates and the ring complex is
speculative. 1, Phbl; 2, Phb2; 8/13, TIM8/13; TM, transmembrane
region.

formed upon import of Phbl. It should be noted that the
Phb1/Tim13 complex was only detected after cross-linking
but could not be detected by BN-PAGE analysis. We pro-
pose that intermediate-sized complexes built up of Phbl and
Phb2 oligomerize in the inner membrane and assemble into
ring-shaped structures. Coiled-coil regions present in
C-terminal regions of Phb1 and Phb2 subunits are crucial for
this assembly process but not for the formation of interme-
diate-sized complexes detected by chemical cross-linking. It
should be noted, however, that Phb2 subunits are degraded
in yeast cells expressing C-terminally truncated Phb1. These
findings indicate that the intermediate complexes reflect
labile structures that do not stabilize Phb2 subunits against
degradation. We therefore conclude that the formation of
stable assemblies of Phbl and Phb2 depends on coiled-coil
regions present in both prohibitin subunits.

Our experiments did not provide any evidence for homo-
dimers of Phb1l and are therefore in agreement with previ-
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ous chemical cross-linking experiments and structural mod-
els predicting a ring-like assembly of alternating Phbl and
Phb2 subunits (Back et al., 2002). Direct support for this
model was obtained by single particle electron microscopic
analysis of purified prohibitin complexes that revealed large
ring-shaped structures with outer dimensions of ~270 X 200
A. Given a native molecular mass of the assembled complex
of ~1.0-1.4 MDa (without detergent and lipid), the ring
should be composed of ~16-20 subunits of both Phb1 (31
kDa) and Phb2 (35 kDa). The apparent variability of the
shape and size of prohibitin rings might reflect the dynamic
nature of the complex that is further indicated by the incor-
poration of newly imported Phbl and Phb2 subunits into
existing complexes. It is conceivable that different sizes of
prohibitin rings differ in the number of subunits, as sterical
restraints may be small due to the large number of prohib-
itin subunits in the ring. The observed irregularities in ring-
shaped classes of particles also may arise from imperfect
orientation or distortions induced by the preparation or may
reflect different conformations of the complexes and thereby
be of functional relevance. Therefore, a more extensive elec-
tron microscopic analysis has to be awaited to reveal the
stoichiometry and detailed architecture of the prohibitin
ring complex.

The formation of ring-like complexes sheds some light on
potential functions of prohibitins in the mitochondria. Based
on the observed interaction of prohibitins with newly syn-
thesized mitochondrial translation products and a limited
sequence similarity to chaperonins of the GroEL/Hsp60-
class, a chaperone activity has been proposed for prohibitins
that might act as “holdases” during the assembly of the
respiratory chain (Nijtmans ef al., 2000). Indeed, the ring
assembly of prohibitins is reminiscent of chaperonins and
self-compartmentalizing proteases that provide a seques-
tered environment within cylindrical structures. However,
the diameter of the prohibitin ring is substantially larger
than that of these complexes (~150 A for GroEL). Moreover,
some stain-excluding density within the ring structure may
indicate that the prohibitin complex does not have a contin-
uous inner cavity. In view of its dimensions, a scaffolding
function of the prohibitin complex is conceivable, which
may ensure the organization and integrity of the inner mem-
brane. This would provide an explanation for the functional
interaction of prohibitins with various mitochondrial pro-
teins. Complex formation of prohibitins with the m-AAA
protease, which regulates the assembly of various protein
complexes in the inner membrane, is of particular relevance
in this context (Steglich et al., 1999). The ring structure of the
prohibitin complex is also in agreement with the proposed
role of prohibitins for the maintenance of mitochondrial
morphology. In the absence of prohibitins, aberrant mito-
chondria accumulate in yeast cells lacking the mitochondrial
genome and in body wall muscle cells of C. elegans (Berger
and Yaffe, 1998; Piper et al., 2002; Artal-Sanz et al., 2003). No-
tably, prohibitin ring complexes have a similar diameter as
cristae junctions, raising the intriguing possibility that prohib-
itins affect the ultrastructure of the inner membrane. However,
further studies are required to examine whether prohibitins
have a direct effect on mitochondrial morphology.
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