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Prohibitins comprise a protein family in eukaryotic cells with potential roles in senescence and tumor
suppression. Phblp and Phb2p, members of the prohibitin family in Saccharomyces cerevisiae, have been
implicated in the regulation of the replicative life span of the cells and in the maintenance of mitochondrial
morphology. The functional activities of these proteins, however, have not been elucidated. We demonstrate
here that prohibitins regulate the turnover of membrane proteins by the m-AAA protease, a conserved
ATP-dependent protease in the inner membrane of mitochondria. The m-AAA protease is composed of the
homologous subunits Ytal0p (Afg3p) and Ytal2p (Rcalp). Deletion of PHBI or PHB2 impairs growth of Aytal0
or Ayfal2 cells but does not affect cell growth in the presence of the m-AAA protease. A prohibitin complex with
a native molecular mass of approximately 2 MDa containing Phblp and Phb2p forms a supercomplex with the
m-AAA protease. Proteolysis of nonassembled inner membrane proteins by the m-AAA protease is accelerated
in mitochondria lacking Phblp or Phb2p, indicating a negative regulatory effect of prohibitins on m-AAA
protease activity. These results functionally link members of two conserved protein families in eukaryotes to
the degradation of membrane proteins in mitochondria.

The mechanisms which underlie the turnover of membrane
proteins in the cell remain poorly understood. Various plasma
membrane proteins are internalized in a ubiquitin-dependent
manner and degraded in lysosomes and vacuoles (14). Prote-
olysis of membrane proteins of the endoplasmic reticulum
requires their retrograde transport to the cytosol and proceeds
via the cytoplasmic ubiquitin-proteasome pathway (5, 30). An-
other proteolytic system has emerged from studies on the turn-
over of mitochondrial inner membrane proteins. Proteolysis is
mediated by membrane-embedded ATP-dependent AAA pro-
teases, which comprise a conserved protein family with homo-
logues in various organisms, including bacteria, plants, yeasts
and humans (18, 28, 31).

Two AAA proteases have been identified in the mitochon-
drial inner membrane of Saccharomyces cerevisiae (11, 26, 34,
35). Both proteases are composed of homologous subunits and
form high-molecular-mass complexes of approximately 1 MDa
(3, 20). Their catalytic sites, however, are exposed to opposite
membrane surfaces: the m-AAA protease containing YtalOp
(Afg3p) and Ytal2p (Rcalp) acts on the matrix side, while the
i-AAA protease containing Ymelp is active in the intermem-
brane space (3, 20). In S. cerevisiae, AAA proteases fulfill
crucial roles in mitochondrial biogenesis. Deletion of YME]
impairs the respiratory competence of the cells at high tem-
perature and results in changes in the morphology of mito-
chondria (6, 34). Cells lacking YtalOp or Ytal2p, on the other
hand, lose respiratory competence and exhibit deficiencies in
the assembly of the F,F,-ATP synthase and respiratory chain
complexes in the inner membrane (11, 27, 32, 35). The m-AAA
protease controls the expression of the intron-containing mi-
tochondrial genes COB and COX1, affecting the splicing of the
respective pre-mRNAs (2). In addition, evidence is accumu-
lating for posttranslational functions of the m-AAA protease
during the biogenesis of the respiratory chain (2, 27). Muta-
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tions in a human homologue of YtalOp and Ytal2p, paraple-
gin, have recently been reported to cause a hereditary form of
spastic paraplegia, pointing to important functions of AAA
proteases also in higher eukaryotes (7).

Prohibitin was originally identified in mammalian cells for its
decreased expression in tumor cells and for its ability to neg-
atively regulate cell proliferation (21, 25). Subsequent studies
established that prohibitin belongs to a ubiquitous protein fam-
ily in eukaryotes which is highly conserved from yeast to hu-
man (9). In eukaryotic cells there are two homologues which
were initially found in association with the plasma membrane
in B lymphocytes (33) but later localized to the inner mem-
brane of mitochondria in various cell types (4, 8, 15). The S.
cerevisiae prohibitin homologues Phblp and Phb2p have been
implicated in the regulation of the replicative life span of the
cells (4, 8). Moreover, the observation of a genetic interaction
of PHBI or PHB2 with mitochondrial inheritance components
points to a role for the maintenance of mitochondrial mor-
phology (4). The function of prohibitins on the molecular level,
however, is unknown.

Here we describe a role of the prohibitin family members
Phblp and Phb2p of S. cerevisiae for the degradation of mem-
brane proteins by the m-AAA protease. Phblp and Phb2p are
anchored to the mitochondrial inner membrane via an N-
terminal transmembrane segment and expose their C termini
to the intermembrane space. They form a high-molecular-mass
complex of approximately 2 MDa which physically interacts
with the m-AAA protease but not with the homologous i-AAA
protease. Proteolysis of nonassembled Cox3p and Atp6p by the
m-AAA protease proceeds at an increased rate in mitochon-
dria lacking Phblp or Phb2p, suggesting an inhibitory effect of
prohibitins on m-AAA protease activity.

MATERIALS AND METHODS

Yeast strains and growth conditions. Yeast strains used in this study are
derivatives of W303. Cells were grown at 30°C on YP medium (1% yeast extract,
2% peptone) containing 2% glucose or, for isolation of mitochondria, 2% ga-
lactose and 0.5% lactate.

Aytal0 (YHA101), Aytal2 (YHA201), and Aymel strains were described pre-
viously (2, 20). PHBI and PHB2 were disrupted in wild-type, Aytal0, Aytal2, and
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Aymel cells by PCR-targeted homologous recombination (36) using the heter-
ologous marker HIS3MX6 (Aphbl [YGS410], Aphbl Aytal0 [YGS404], and
Aphbl  Aymel [YGS406]) or KanMX4 (Aphbl Aytal2 [YGS416], Aphb2
[YGS501], Aphb2 Aytal0 [YGS504], Aphb2 Aymel [YGS505], and Aphb2 Aytal2
[YGS506]). The complete open reading frames of PHBI or PHB2 were replaced
by the disruption cassettes. COX4 was disrupted in W303 by homologous recom-
bination using the auxotrophic marker TRPI1. PHB1 and PHB2 were deleted in
Acox4 and Aatpl0 cells (1) by PCR-targeted homologous recombination using
the heterologous markers HIS3MX6 and KanMX4, respectively (36). Homolo-
gous recombination was verified in each case by PCR.

Gel filtration analysis. Mitochondria were isolated from wild-type, Aphb1, and
Aytal0 cells as described previously (13, 37) and resuspended (0.4 mg) at a
concentration of 1 mg/ml in buffer A (phosphate-buffered saline [pH 7.4], 10%
glycerol, 1 mM ATP, 4 mM magnesium acetate, 0.5 mM phenylmethylsulfonyl
fluoride) containing 1% digitonin or 0.2% Triton X-100 as indicated. After
incubation for 30 min at 4°C under vigorous mixing, mitochondrial extracts were
centrifuged for 20 min at 109,000 X g. The supernatant was analyzed by fast
protein liquid chromatography using a Superose 6 column equilibrated with
buffer A containing 1% digitonin or 0.2% Triton X-100 (flow rate, 0.3 ml/min).
Fractions of 0.5 or 0.25 ml were collected as indicated, precipitated with trichlo-
roacetic acid (12.5%), and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). YtalOp, Ytal2p, Phblp, and Phb2p were de-
tected in the eluate by immunostaining using a chemiluminescence detection
system. Protein amounts were determined by laser densitometry and are given as
percentage of the specified protein in the eluate.

Coimmunoprecipitation experiments. Mitochondria were isolated from the
strains indicated and lysed as described for the gel filtration experiments, using
buffer A containing 0.2% Triton X-100. Virtually identical results were obtained
in the presence of 1% digitonin. After lysis, an aliquot was withdrawn from the
supernatant for control. Supernatants were incubated under gentle shaking for
60 min at 4°C with preimmune or antiserum directed against Phblp, Phb2p,
YtalOp, Ytal2p, or Ymelp as indicated. Each serum had been coupled to
protein A-Sepharose. The beads were then washed three times with buffer A.
The immunocomplexes were dissociated in SDS sample buffer by vigorous shak-
ing for 10 min at room temperature and incubated for 3 min at 95°C. Precipitated
proteins and control preparations were analyzed by SDS-PAGE and immuno-
staining.

Determination of the topology of Phblp and Phb2p in the inner membrane.
Mitochondria were resuspended in buffer B (50 mM HEPES-KOH [pH 7.2],
0.75% bovine serum albumin, 0.5 M sorbitol, 80 mM KCl, 2.5 mM magnesium
acetate, 1 mM potassium phosphate, 0.5 mM MnCl,) at a concentration of 100
pg/ml or, for osmotic disruption of the outer membrane (swelling), in buffer C
(20 mM HEPES-KOH [pH 7.4], 0.3% bovine serum albumin, 50 mM sorbitol, 8
mM KCI, 1 mM magnesium acetate, 0.8 mM potassium phosphate, 0.2 mM
MnCl,) at a concentration of 40 wg/ml. Samples were supplemented with pro-
teinase K (100 pg/ml) or trypsin (100 wg/ml) when indicated and incubated for
30 min at 4°C. The proteases were inhibited by incubating the samples for 3 min
at 4°C in the presence of phenylmethylsulfonyl fluoride (0.5 mM) or a 20-fold
molar excess of soybean trypsin inhibitor, respectively. Mitochondrial fractions
were analyzed by SDS-PAGE and immunostaining using antisera directed
against Phblp, Phb2p, p-lactate dehydrogenase, and Mgelp.

Labeling of mitochondrial translation products in vivo. Mitochondrially en-
coded proteins were labeled in intact cells with [*>S]methionine in the presence
of cycloheximide for 5 min at 30°C as previously described (10, 19, 22). To
examine the stability of newly synthesized polypeptides, unlabeled methionine
was added to a final concentration of 30 mM and cells were further incubated at
30°C. Aliquots were withdrawn at the time points indicated and analyzed by
SDS-PAGE and fluorography. The amount of newly synthesized proteins present
in the cells was quantified with a phosphorimaging system. The kinetics of
degradation were analyzed in logarithmic plots by assuming a simple first-order
reaction.

Generation of Phblp- and Phb2p-specific antisera. To generate polyclonal
antisera directed against Phblp and Phb2p, 0.8-kb DNA fragments of PHBI and
PHB2, corresponding to amino acids 27 to 287 of Phblp and to amino acids 61
to 315 of Phb2p, respectively, were amplified by PCR. The fragments were
cloned into the BamHI/PstI sites of the bacterial expression vector pQE9 (Qia-
gen). After expression in Escherichia coli XL1-Blue, the proteins were purified
according to standard procedures and used for generation of antibodies in
rabbits.

RESULTS

A high-molecular-mass complex in the inner membrane
containing m-AAA protease and prohibitins. Upon determina-
tion of the native molecular mass of the m-AAA protease by
gel filtration, strikingly different results were obtained in the
presence of different detergents: when mitochondrial mem-
branes were extracted with digitonin, the m-AAA protease
subunits YtalOp and Ytal2p eluted from the column in a single
peak which corresponded to a molecular mass greater than 2
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FIG. 1. Cofractionation of Phblp and Phb2p with the m-AAA protease upon
sizing chromatography. Wild-type mitochondria were solubilized in buffer A
containing 1% digitonin (A) or 0.2% Triton X-100 (B) as described in Materials
and Methods. Extracts were fractionated by Superose 6 chromatography. Eluate
fractions (0.5 ml) were analyzed by SDS-PAGE and immunostaining with anti-
sera directed against YtalOp (A), Ytal2p (A), Phblp (@), and Phb2p (O). Hsp60
(12.5 ml; arrow 1), thyroglobulin (13 ml; arrow 2), apoferritin (14 ml; arrow 3),
alcohol dehydrogenase (15.5 ml; not shown) and bovine serum albumin (16.5 ml;
not shown) were used for calibration.

MDa (Fig. 1A). In contrast, after solubilization of mitochon-
dria with the nonionic detergent Triton X-100, both m-AAA
protease subunits coeluted from the sizing column in fractions
corresponding to a native molecular mass of approximately 1
MDa as reported previously (Fig. 1B) (3). These results sug-
gest that YtalOp and Ytal2p are part of a supercomplex with
an unexpected large molecular mass which remains stable
when mitochondria are treated with the mild detergent
digitonin.

In an attempt to identify other proteins which might interact
with YtalOp and Ytal2p, we examined the native molecular
mass of the prohibitin homologues Phblp and Phb2p in the
inner membrane. Eluate fractions of the gel filtration columns
were analyzed by immunostaining using Phblp- and Phb2p-
specific polyclonal antisera. Phblp and Phb2p coeluted with
YtalOp and Ytal2p from the column if mitochondrial extracts
were fractionated by gel filtration in the presence of digitonin
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(Fig. 1A). After solubilization of mitochondria with Triton
X-100, Phblp and Phb2p also coeluted in a single peak which
was only slightly shifted toward the lower-molecular-mass re-
gion (Fig. 1B). They eluted in fractions corresponding to a
native molecular mass of approximately 2 MDa under these
conditions. Nonassembled Phblp and Phb2p, which have mo-
lecular masses of 31 and 34 kDa, respectively, were not detect-
able in the eluate. In contrast, peak fractions containing
YtalOp and Ytal2p were significantly shifted toward a lower
molecular mass after solubilization of mitochondria with Tri-
ton X-100 (Fig. 1B).

The cofractionation of Phblp and Phb2p with each other
and with the m-AAA protease subunits YtalOp and Ytal2p in
the presence of digitonin points to an interaction of these
proteins. To further investigate this possibility, phbI- and phb2-
null strains were constructed by disruption of the PHBI and
PHB?2 genes, respectively. Notably, Phblp was not detectable
in Aphb?2 cells by immunostaining, nor was Phb2p detectable in
Aphb]I cells (data not shown) (4). The cellular levels of YtalOp
and Ytal2p were not altered by mutations in PHBI or PHB2
(data not shown). Mitochondria were isolated from AphbI cells
and solubilized in digitonin, and extracts were analyzed by gel
filtration. In contrast to wild-type mitochondria, YtalOp and
Ytal2p were exclusively detected in eluate fractions corre-
sponding to a molecular mass of approximately 1 MDa (Fig.
2A). The assembly of YtalOp and Ytal2p was apparently not
affected in AphbI mitochondria, but the formation of the larger
complex depended on the presence of Phblp. Likewise, when
the native molecular mass of prohibitins was determined in
digitonin extracts of Ayfal0 mitochondria lacking m-AAA pro-
tease, Phblp and Phb2p still coeluted from the column (Fig.
2B). The peak fractions, however, were slightly shifted com-
pared to wild-type mitochondria, corresponding to a somewhat
lower molecular mass of approximately 2 MDa (Fig. 2B).

Taken together, these results provide initial evidence for an
interaction of the prohibitin homologues Phblp and Phb2p
with the m-AAA protease subunits YtalOp and Ytal2p. More-
over, we conclude from these experiments that Phblp and
Phb2p have similar native molecular masses of approximately
2 MDa in the inner membrane regardless of the presence of
the m-AAA protease.

Interaction of a Phb1p-Phb2p complex with the m-AAA pro-
tease. To demonstrate a direct physical interaction of Phblp
and Phb2p with each other and with YtalOp and Ytal2p in an
unambiguous fashion, coimmunoprecipitation experiments
were performed. Mitochondria were solubilized and treated
with a YtalOp- or Ytal2p-specific antibody or preimmune se-
rum (Fig. 3A). YtalOp and Ytal2p were specifically coprecipi-
tated under these conditions (Fig. 3A), confirming their pre-
viously reported association as a complex of the inner
membrane (3). Moreover, both Phblp and Phb2p were copre-
cipitated with antibodies directed against YtalOp and Ytal2p
but not with preimmune serum (Fig. 3A). Precipitation of
prohibitins with the YtalOp- and Ytal2p-specific antiserum
was not observed in Aytal0 or Aytal2 mitochondria, respec-
tively (Fig. 3A). Likewise, when the Phblp- or Phb2p-specific
antiserum was used for immunoprecipitation, YtalOp and
Ytal2p were present in the immunoprecipitates from wild-type
mitochondria but not from Aphbl or Aphb2 mitochondria (Fig.
3B). Notably, Phb2p was coprecipitated with an antibody di-
rected against Phblp, as was Phblp with an antibody against
Phb2p under these conditions (Fig. 3B). These experiments
establish complex formation of Phblp and Phb2p with subunits
of the m-AAA protease in mitochondria and suggest that the
two prohibitin homologues interact directly with each other.
We also used a Ymelp-specific antiserum in these experiments
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FIG. 2. Gel filtration analysis of mitochondrial extracts lacking prohibitins or
m-AAA protease. (A) Wild-type (WT) and AphbI mitochondria or (B) wild-type
(WT) and Aytal0 mitochondria were lysed in buffer A containing 1% digitonin
and fractionated by sizing chromatography as described in Materials and Meth-
ods. In panel B, fractions of 0.25 ml were collected to increase the resolution.
Eluate fractions were analyzed by SDS-PAGE and immunostaining with antisera
directed against (A) YtalOp (A and m) and Ytal2p (A and O) or (B) Phblp (@
and ¥) and Phb2p (O and V). Proteins used for calibration are described in the
legend to Fig. 1.

to test for a possible association of prohibitins with the i-AAA
protease subunit Ymelp, which is homologous to YtalOp and
Ytal2p (Fig. 3A). However, neither Phblp or Phb2p nor
YtalOp or Ytal2p was detected in the precipitate by Western
blot analysis, indicating that prohibitins specifically interact
with the m-AAA protease.

Does the Phblp-Phb2p complex interact only with the as-
sembled m-AAA protease, or does it also bind to nonas-
sembled YtalOp and Ytal2p subunits? Nonassembled YtalOp
or Ytal2p subunits accumulated at wild-type levels in mito-
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FIG. 3. Coimmunoprecipitation of the m-AAA protease with the Phblp-
Phb2p complex. Mitochondria isolated from the indicated strains were solubi-
lized and subjected to immunoprecipitation as described in Materials and Meth-
ods, using antisera directed against YtalOp, Ytal2p, and Ymelp (A) or Phblp
and Phb2p (B) and the respective preimmune sera. The immunoprecipitates
were analyzed by SDS-PAGE and immunostaining. WT, wild type.

chondria lacking Ytal2p or YtalOp, respectively (data not
shown). Therefore, coimmunoprecipitation experiments with
Phblp- and Phb2p-specific antisera were performed with de-
tergent extracts derived from Aytal2 or Aytal(0 mitochondria
(Fig. 3B). In contrast to wild-type mitochondria, Ytal2p was
not precipitated either with the Phblp- or Phb2p-specific an-
tiserum in Ayfal0 mitochondria (Fig. 3B), nor was YtalOp
precipitated by either antibody in Ayfal2 mitochondria (Fig.
3B). On the other hand, deletion of YMEI did not affect the
interaction of the prohibitins with YtalOp and Ytal2p (Fig.
3B). We conclude from these experiments that Phblp and
Phb2p interact only with the assembled m-AAA protease. It
should also be noted that neither the coprecipitation of Phb2p
with the Phblp-specific antibody nor the coprecipitation of
Phblp with the Phb2p-specific antibody was affected in the
absence of YtalOp and Ytal2p (Fig. 3B). This observation is in
agreement with the observed cofractionation of both prohib-
itins as a high-molecular-weight complex upon sizing chroma-
tography under these conditions (Fig. 2B).

Topology of Phblp and Phb2p in the inner membrane.
Phbl1p and Phb2p both contain single hydrophobic stretches at
their N termini which may serve as membrane-spanning seg-
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FIG. 4. Topology of Phblp and Phb2p in the inner membrane. Mitochondria
were subfractionated by osmotic disruption of the outer membrane, and acces-
sibility to externally added trypsin or proteinase K (PK) was examined as de-
scribed in Materials and Methods. Mitochondrial fractions were analyzed by
SDS-PAGE and immunostaining using antisera directed against Phblp, Phb2p,
D-lactate dehydrogenase (DLD; as a marker for the intermembrane space), and
Mgelp (as a marker for the mitochondrial matrix).

ments. Submitochondrial fractionation identified Phblp and
Phb2p as integral components of the mitochondrial inner
membrane (data not shown) (4). After osmotic disruption of
the outer membrane, Phblp and Phb2p were accessible to
trypsin when added at high concentrations (Fig. 4). The pro-
tease sensitivity is shared with p-lactate dehydrogenase, an
inner membrane protein with a large domain exposed to the
intermembrane space (Fig. 4) (29). The matrix protein Mgelp,
on the other hand, was not accessible to the protease under
these conditions (Fig. 4). These results indicate that an N-
terminal domain anchors Phblp and Phb2p to the inner mem-
brane, while the C terminus of each protein protrudes into the
intermembrane space. Phblp and Phb2p were not degraded in
mitoplasts by proteinase K, suggesting that the intermembrane
space segments of both proteins form a tightly folded domain
(Fig. 4). The topology of the prohibitins is opposite that of
YtalOp and Ytal2p, both of which have a large C-terminal
domain, containing the catalytic sites, exposed to the matrix
space (3, 26). Thus, two large complexes which expose large
domains to opposite membrane surfaces exist in the inner
membrane and interact with each other: the Phblp-Phb2p
complex with an apparent molecular mass of approximately 2
MDa, and the m-AAA protease with an apparent molecular
mass of approximately 1 MDa.

Accelerated degradation of nonassembled inner membrane
proteins by the m-AAA protease in the absence of prohibitins.
The effect of prohibitins on the proteolytic activity of the m-
AAA protease was assessed by taking advantage of the obser-
vation that deletion of the nuclear gene COX4, encoding sub-
unit 4 of the cytochrome ¢ oxidase, results in the proteolysis of
the nonassembled, mitochondrially encoded subunits Cox2p
and Cox3p in the inner membrane (23). Cox2p is degraded by
the i-AAA protease containing Ymelp (24), whereas Cox3p is
a substrate of the m-AAA protease (3, 12). After deletion of
PHBI or PHB2 in Acox4 cells, mitochondrial translation prod-
ucts were labeled with [*>S]methionine. The cells were then
further incubated to examine the stability of nonassembled
Cox2p and Cox3p. Cox3p was degraded with a half-life of ~16
min in Acox4 cells (Fig. 5A). In Acox4 cells lacking Phblp or
Phb2p, proteolysis of Cox3p was accelerated approximately
threefold; it occurred with a half-life of ~5 min (Fig. 5A).
These results suggest that prohibitins regulate the proteolytic
activity of the m-AAA protease in a negative manner. The
effect of prohibitins is apparently restricted to the m-AAA
protease. Degradation of nonassembled Cox2p by the i-AAA
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FIG. 5. Accelerated degradation of nonassembled inner membrane proteins
by the m-AAA protease in the absence of prohibitins. Mitochondrial translation
products were labeled in the strains indicated, and cells were further incubated
at 30°C to assess the stability of newly synthesized polypeptides as described in
Materials and Methods. (A) Proteolysis of Cox3p and Cox2p in Acox4 cells. Rate
constants for proteolysis of Cox3p: k = 0.044 min~! (in Acox4 cells), k = 0.13
min~! (in Acox4 Aphbl cells), and k = 0.15 min~" (in Acox4 Aphb2 cells). Rate
constants for proteolysis of Cox2p: k = 0.036 min~! (in Acox4 cells), k = 0.037
min~! (in Acox4 AphbI cells), and k = 0.033 min~' (in Acox4 Aphb2 cells). (B)
Proteolysis of Atp6p by the m-AAA protease in Aatpl0 cells. Rate constants for
proteolysis of Atp6p: k = 0.12 min~' (in AatpI0 cells) and k = 0.29 min~! (in
Aatpl0 AphbI cells).

protease was not affected in Acox4 cells harboring a deletion of
PHBI or PHB2 (Fig. 5A).

To substantiate these conclusions, we analyzed the role of
prohibitins in the degradation of the mitochondrially encoded
subunit 6 of the F,F,-ATPase (Atp6p) which is mediated by
the m-AAA protease (3, 12). In the absence of the nucleus-
encoded protein Atpl0p (1), assembly of the F, moiety of the
ATPase complex is defective, resulting in the proteolytic
breakdown of the nonassembled F-subunit Atp6p. Pulse-
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FIG. 6. Impaired cell growth of Aphbl and Aphb2 strains lacking m-AAA
protease. PHBI and PHB2 were disrupted in wild-type (WT), Aytal0, Aytal2, and
Aymel cells by PCR-targeted homologous recombination (36). Disruptants were
grown on YPD medium (rich medium containing 2% glucose) and harvested in
exponential phase. Equal amounts of cells were spotted onto YPD agar plates
and incubated at 30°C for 16 h. Slow growth of Ayfal0 and Aytal2 cells lacking
PHBI or PHB2 was detected upon prolonged incubation of the plates (data not
shown).

chase experiments after labeling of mitochondrial translation
products in Aatpl0 cells revealed a half-life of ~6 min for this
process (Fig. 5B). Deletion of PHBI caused a significantly
increased rate of degradation. Proteolysis occurred with a half-
life of ~2 min in Aatpl0 Aphbl cells (Fig. 5B). These results
indicate that prohibitins exert a general effect on the turnover
of membrane proteins by the m-AAA protease.

Impaired growth of Aphbl and Aphb2 cells lacking m-AAA
protease. The mitochondrial m-AAA protease is required for
respiratory growth of S. cerevisiae but is dispensable for cell
growth on fermentable carbon sources. In contrast, deletion of
PHBI or PHB2 individually or deletion of both genes together
does not cause a detectable growth phenotype in wild-type
cells (Fig. 6) (4, 8). To provide genetic evidence for a func-
tional interaction of prohibitins with the m-AAA protease, we
examined the effects of deletions in PHBI or PHB2 in cells
lacking subunits of the m-AAA protease. Strikingly, the growth
of Aytal0 or Aytal2 cells on fermentable carbon sources was
strongly impaired in the absence of Phblp or Phb2p (Fig. 6).
Thus, prohibitins interact also genetically with subunits of the
m-AAA protease. On the other hand, deletion of PHBI or
PHB? did not affect the growth of Aymel cells lacking i-AAA
protease on fermentable or nonfermentable carbon sources
(Fig. 6 and data not shown). This observation is in agreement
with our biochemical evidence and suggests a specific func-
tional interaction of prohibitins with the m-AAA protease.

DISCUSSION

Prohibitins have been implicated in diverse cellular pro-
cesses ranging from cell proliferation, senescence, and the
maintenance of mitochondrial morphology. Their activity on
the molecular level, however, remained obscure. Our results
reveal an unexpected role of prohibitins in the degradation of
inner membrane proteins in mitochondria. A large complex
containing the prohibitin homologues Phblp and Phb2p of S.
cerevisiae associates with the m-AAA protease. The prohibitin
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FIG. 7. Sequence similarity of E. coli HAIC with prohibitin family members. Amino acid sequences of S. cerevisiae Phblp (ScPhblp; P40961) and prohibitin from
Arabidopsis thaliana (AtPhb; U69155) and Homo sapiens (hsPhb; P35232) were aligned with E. coli HIC (EcHfIC; P25661) by using the Clustal W program, version
1.7. Identical amino acid residues are shaded in black. Sequence identity between prohibitins of different organisms is over 50%. Predicted transmembrane segments
at the N termini are underlined. E. coli HIC show 20% identical and 33% homologous residues with S. cerevisiae Phblp and 13% identical and 29% homologous
residues with S. cerevisiae Phb2p. We observed a similar degree of similarity between E. coli HfIK and S. cerevisiae Phblp and Phb2p (data not shown).

complex appears to modulate the activity of the protease, thus
exerting a regulatory function during proteolysis.

A physical interaction of Phblp and Phb2p with each other
and with the m-AAA protease was established by coimmuno-
precipitation. Gel filtration analysis demonstrates that the m-
AAA protease subunits YtalOp and Ytal2p are part of a su-
percomplex which contains the prohibitins and has a molecular
mass greater than 2 MDa. This observation raises the possibil-
ity that Phblp and Phb2p represent novel subunits of the
m-AAA protease. However, while proteolysis by the m-AAA
protease is required for the respiratory competence of the cells
(2, 3, 11, 35), deletion of Phblp or Phb2p does not cause any
detectable growth phenotype (4, 8), demonstrating the activity
of YtalOp and Ytal2p in the absence of prohibitins. Consis-
tently, the assembly of YtalOp and Ytal2p is not affected in
Aphbl cells, nor is the formation of the Phb1p-Phb2p complex
affected in cells lacking m-AAA protease. Thus, in the inner
membrane there are two large protein complexes, the prohib-
itin complex and the m-AAA protease, which are formed in-
dependently but assemble with each other.

In mitochondria lacking Phblp or Phb2p, proteolysis of
nonassembled inner membrane proteins by the m-AAA pro-
tease is enhanced. Although different effects on other substrate
polypeptides cannot at this point be excluded, our findings
indicate a negative regulatory role of the prohibitins in this
process. The m-AAA protease is most likely the direct target of
prohibitin action. This inference is suggested by the physical
association of prohibitins with the m-AAA protease as well as
by the apparent substrate specificity of prohibitin action. The
turnover of Cox3p and Atp6p, both substrates of the m-AAA
protease (3, 12), was accelerated in the absence of prohibitins,
whereas the rate of Cox2p degradation by the i-AAA protease
was not affected.

How could the prohibitin complex affect the proteolysis of
membrane proteins by the m-AAA protease? The large C-
terminal domains of both Phblp and Phb2p protrude into the
intermembrane space, while YtalOp and Ytal2p expose their
catalytic sites to the matrix. This topology in the inner mem-
brane suggests that the prohibitin complex exerts its effect via
the membrane-embedded N-terminal part of the m-AAA pro-
tease which includes segments exposed to the intermembrane

space. Prohibitins may stabilize the m-AAA protease in a con-
formation with lowered proteolytic activity. Alternatively, pro-
hibitins may modulate the accessibility or conformation of
membrane-embedded proteolytic substrates and thereby reg-
ulate the association of substrate polypeptides with the pro-
tease. By this means, the prohibitins could prevent the prema-
ture degradation of nonassembled membrane proteins by the
m-AAA protease and thereby ensure their proper assembly.
Mitochondrial preproteins, which are present in a nonnative
conformation during membrane translocation, might be pro-
tected against proteolytic attack in a similar manner. In mam-
malian cells, little prohibitin was found in association with
cristae by immunoelectron microscopy, whereas it was en-
riched in the periphery of mitochondria (15). Taking into ac-
count the biochemically established localization of prohibitins
to the inner membrane (4), this observation might point to an
enrichment of prohibitins near the outer membrane, i.e., in the
inner boundary membrane. A local inhibition of the m-AAA
protease by prohibitins in proximity to the import sites is there-
fore conceivable.

The role of prohibitins in the degradation of mitochondrial
inner membrane proteins by the m-AAA protease is reminis-
cent of previous findings in prokaryotes. The activity of the E.
coli AAA protease FtsH has been demonstrated to be nega-
tively regulated by a complex of two homologous membrane
proteins, HfIK and HfIC, which were found to interact directly
with substrate polypeptides (16, 17). Interestingly, both HfIK
and HfIC are distantly related to prohibitin family members of
various organisms (Fig. 7). Like Phblp and Phb2p, HfIK and
HAIC are anchored to the plasma membrane of E. coli via an
N-terminal membrane-spanning segment (17). They expose a
large domain to the periplasmic side of the plasma membrane
of E. coli, i.e., opposite that of FtsH (17). The overall sequence
identity of HAIK and HfIC to eukaryotic prohibitins, however, is
significantly lower than within the prohibitin family. Neverthe-
less, the existence of distantly related proteins in bacteria and
eukaryotes suggests that regulatory mechanisms for AAA pro-
teases are conserved and derived from an early common an-
cestor.

The functional interaction of prohibitins with the m-AAA
protease raises the intriguing question of whether cellular ac-
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tivities previously attributed to prohibitins reflect their regula-
tory roles in membrane protein degradation. The observed
requirement of prohibitins for efficient cell growth in the ab-
sence of the m-AAA protease provides genetic evidence for a
functional relationship of both complexes but cannot be ex-
plained by a physical interaction. Therefore, additional func-
tions of prohibitins in mitochondria, likely linked to the deg-
radation of inner membrane proteins and the activity of the
m-AAA protease, must exist. Prohibitins have recently been
implicated in the regulation of mitochondrial morphology, as
they were found to genetically interact with the mitochondrial
inheritance components Mdm10p, Mdm12p, and Mmmlp in
the outer membrane (4). In view of our results, it is conceivable
that this genetic interaction is caused by alterations in the
turnover of inner membrane proteins in the absence of pro-
hibitins. In contrast to cells lacking the i-AAA protease subunit
Ymelp (6), however, evidence for defects in mitochondrial
morphology in the absence of the m-AAA protease, or after its
overexpression, is lacking. Alternatively, the genetic interac-
tion of prohibitins with mitochondrial inheritance components
may reflect nonproteolytic functions of prohibitins. In view of
the size of the prohibitin complex in the inner membrane, one
can envision a scaffolding function of prohibitins which may
allow for the assembly of a variety of mitochondrial proteins.
Further insights into this question will require the identifica-
tion of additional subunits of the prohibitin complex.

In view of the sequence conservation of prohibitins and
AAA proteases from yeast to human (sequence identity of
>50%), similar functions in all eukaryotic cells are likely. An-
other intriguing question raised by our findings is, therefore,
how the effects of prohibitins on the m-AAA protease are
linked to their roles in proliferation of mammalian cells and for
cellular senescence. Alterations in mitochondrial physiology
may change the energy level in the cell or its redox balance and
thereby affect cell proliferation and aging. Prohibitins may
affect mitochondrial activity by modulating the turnover of a
short-lived regulatory protein by the m-AAA protease. It is
therefore of interest to identify such putative substrates of the
m-AAA protease and further characterize the specificity of
prohibitin action during proteolysis.
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