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Regulated protein degradation in mitochondria 

T. Langer* and W. Neupert 

Institut fiir Physiologische Chemie der Universitdt Miinchen, Goethestr. 33, D-80336 Miinchen (Germany), 
Fax +49 89 5996 270, e-mail: Langer@bio.med.uni-muenchen.de 

Abstract. Various adenosine triphosphate (ATP)-dependent proteases were identified within mitochondria which 
mediate selective mitochondrial protein degradation and fulfill crucial functions in mitochondrial biogenesis. The 
matrix-localized PIM1 protease, a homologue of the Escherichia coli Lon protease, is required for respiration and 
maintenance of mitochondrial genome integrity. Degradation of non-native polypeptides by PIM1 protease 
depends on the chaperone activity of the mitochondrial Hsp70 system, posing intriguing questions about the 
relation between the proteolytic system and the folding machinery in mitochondria. The mitochondrial inner 
membrane harbors two ATP-dependent metallopeptidases, the m- and the i-AAA protease, which expose their 
catalytic sites to opposite membrane surfaces and cooperate in the degradation of inner membrane proteins. In 
addition to its proteolytic activity, the m-AAA protease has chaperone-like activity during the assembly of 
respiratory and ATP-synthase complexes. It constitutes a quality control system in the inner membrane for 
membrane-embedded protein complexes. 
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Introduction 

Intracellular degradation of proteins is a process that 
facilitates the adaptation of cellular functions to changes 
in environmental conditions. Proteolysis of many cellu- 
lar proteins occurs in lysosomal compartments, cellular 
organelles specialized for nonselective protein degrada- 
tion in mammals and plants. In addition, proteases have 
been identified in the cytosol and in various organelles, 
including the endoplasmic reticulum, chloroplasts and 
mitochondria. Protein degradation by nonlysosomal 
proteases often depends on hydrolysis of ATP; this is 
thought to provide a link between the metabolic state of 
a cell and turnover of proteins [1, 2]. 
In recent years considerable progress has been made in 
the characterization of the proteolytic system of mito- 
chondria. Similar to the turnover of cytosolic proteins, 
turnover of mitochondrial proteins can occur via the 
lysosomal pathway by autophagy of the whole or- 
ganelle. This process is predominant under starvation 
conditions and results in the nonselective removal of 
mitochondrial proteins [3]. On the other hand, observed 
differences in the turnover rates of mitochondrial 
proteins located in different compartments and of indi- 
vidual proteins in the same compartment have sug- 
gested rather early on the existence of proteases within 
mitochondria [4-6]. More recently, a series of proteases 
have been identified in the mitochondrial matrix space 
and in the inner membrane which mediate the selective 
degradation of mitochondrial proteins. In all cases pro- 
teolytic activity depends on ATP hydrolysis and on the 
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formation of high molecular weight assemblies. These 
proteases will be the focus of the present review. 

ATP-dependent proteolysis of matrix-localized proteins 

Proteins of the mitochondrial matrix were observed to 
be degraded at distinct rates, pointing to the existence 
of an independent proteolytic system in the mitochon- 
drial matrix space. While the bulk of mitochondrial 
proteins are stable for 3.5-5 days in mammalian cells, 
(5-aminolevinulate synthase has a half-life of only 20 
80 min [5, 7]. At least two ATP-dependent proteases 
seem to exist in this mitochondrial compartment; they 
represent homologues of the ATP-dependent Lon- and 
Clp-like proteases of prokaryotes. 

PIM1 protease 
Biochemical fractionation of mammalian mitochondria 
led to the identification of an ATP-dependent prote- 
olytic activity in the matrix whose functional properties 
closely resemble those of Escherichia coli Lon protease 
[8-11]. Like the prokaryotic protein, the mitochondrial 
homologue is a serine protease and forms a high molec- 
ular weight oligomer, presumably a hexamer [12]. 
Cloning of the corresponding genes in humans and 
yeast, termed PIM1 for proteolysis in rnitochondria, 
revealed sequence identity of the mitochondrial proteins 
with the E. coli Lon protease of 36 and 33%, respec- 
tively [13 15]. Monomers of the mitochondrial Lon-like 
proteases, however, have a considerably higher molecu- 
lar mass. They carry mitochondrial matrix-targeting 
sequences at the amino-terminus. In addition, sequence 
alignment reveals the presence of an amino-terminal 
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extension in mitochondrial proteases whose function is 
presently unclear. 
The functional conservation of Lon-like proteases from 
prokaryotes to eukaryotes has recently been demon- 
strated by a complementation study [16]. A deficiency 
in PIM1 protease could be rescued by expressing E. 
coli Lon protease in yeast. Sorting of E. coli Lon 
protease to mitochondria in vivo was ensured by fusing 
a mitochondrial targeting sequence to the amino-termi- 
nus of the protease. E. coli Lon protease was, however, 
incapable of substituting for PIM1 protease when cells 
were grown at high temperature. This points to func- 
tional differences between the proteases. It will be inter- 
esting to relate these nonoverlapping activities to 
specific substrates or protein domains that are not 
conserved between the mitochondrial and prokaryotic 
homologues. 
PIM1 protease fulfills essential functions during mito- 
chondrial biogenesis, Yeast cells la~king the P I M I  gene 
are respiratory-deficient and accumulate deletions in 
mitochondrial DNA [14, 15]. Complementation studies 
in yeast using mutant forms of E. coli Lon protease 
revealed that a proteolytically active Lon-like protease 
is required for the maintenance of mitochondrial 
genome integrity [16]. Thus, PIM1 protease might mod- 
ulate the accumulation of a regulatory protein within 
mitochondria which negatively affects DNA stability. 
Alternatively, proteolytic activation of a mitochondrial 
protein through specific processing by PIM1 protease 
might be involved in preserving the integrity of the 
mitochondrial genome. 
Like other Lon-like proteases, the proteolytic activity of 
PIM1 protease strictly depends on ATP hydrolysis [12]. 
PIM1 protease is involved in regulated mitochondrial 
protein turnover [15]. The fl-subunit of the mitochon- 
drial processing peptidase (fl-MPP) and the fl-subunit 
of the F1-ATPase were rapidly degraded in intact cells 
after inhibition of cytosolic protein synthesis. Proteoly- 
sis requires ATP and is mediated by the PIM1 protease 
as demonstrated by mutational analysis [15]. Similarly, 
PIM1 protease promotes the degradation of misfolded 
polypeptides in the mitochondrial matrix space which 
otherwise aggregate [17]. The accumulation of electron 
dense particles within mitochondria was observed in the 
absence of PIM1 protease in intact cells, which most 
likely reflect aggregated mitochondrial substrate 
proteins of the protease [15]. 

Cooperation of the mitochondrial Hsp70 system with 
PIM1 protease 
Degradation of misfolded proteins by PIM1 protease 
depends on the chaperone function of the mitochon- 
drial Hsp70 system [17] (fig. 1). Mt-Hsp70 interacts with 
misfolded polypeptides in an ATP-dependent manner, 
thereby stabilizing them against aggregation. Substrate 

binding of mt-Hsp70 is modulated by two components, 
Mdjlp and Mgelp [18 21]. In mitochondria lacking 
Mdjlp, degradation of misfolded polypeptides is im- 
paired. Mdjlp is required for efficient binding of 
polypeptides to mt-Hsp70 [17, 22]. In analogy with the 
homologous E. coli DnaJ protein, Mdjlp presumably 
exerts chaperone activity on its own and thereby might 
ensure efficient polypeptide binding to mt-Hsp70. 
Mdjlp is also crucial for the release of misfolded 
polypeptides from mt-Hsp70. In the absence of Mdjlp, 
polypeptides remain associated with mt-Hsp70 and are 
not degraded by PIM1 protease [17]. Thus, release of 
mt-Hsp70 is required for proteolysis by PIM1 protease. 
In addition to Mdjlp, ATP-dependent binding of mt- 
Hsp70 to unfolded polypeptide chains is regulated by 
Mgelp, which acts as a nucleotide exchange factor of 
mt-Hsp70 [19 21, 23]. It seems therefore likely, though 
has not yet been demonstrated, that Mgelp function is 
also required for degradation of misfolded polypeptides 
by PIM 1 protease. Mt-Hsp70 fulfills multiple functions 
in mitochondrial biogenesis in addition to its role in 
regulated proteolysis [24, 25]. Most importantly, it pro- 
motes the vectorial translocation of nuclear encoded 
mitochondrial preproteins across the mitochondrial 
membranes and, in cooperation with Mdjlp and 
Mgelp, mediates their subsequent folding in the matrix 
space. This raises the intriguing question of how a 
misfolded polypeptide chain, bound to mt-Hsp70 and 
prone to degradation by PIM1 protease, is distin- 
guished from a folding-competent polypeptide which is 
on a productive folding pathway. Two mechanisms can 
be envisioned which are not mutually exclusive: (1) 
Misfolded polypeptide chains associated with mt-Hsp70 
might be specifically recognized by PIM1 protease and 
directly bound to the protease. In E. coli, DnaK and 
Lon protease were detected in complexes which contain 
a nonsecreted mutant form of alkaline phosphatase [26]. 
Chaperone specificity of PIMl-mediated degradation in 
mitochondria is suggested by the observation that PIM 1 
protease does not mediate the proteolytic breakdown of 
misfolded polypeptides stabilized against aggregation 
by another chaperone protein of the mitochondrial 
matrix, the ClpB-homologue Hsp78 [27]. On the other 
hand, evidence for a physical interaction of PIM1 
protease with chaperone proteins is lacking so far. (2) 
The fate of a chaperone-associated polypeptide might 
be determined by kinetic partitioning (fig. 1). Irre- 
versibly misfolded proteins which fail to attain their 
native conformation upon release from mt-Hsp70 might 
re-bind to mt-Hsp70, resulting in a prolonged interac- 
tion with the chaperone protein. This might allow bind- 
ing and, after dissociation of the chaperone, efficient 
degradation by the PIM1 protease. Evidence for a pro- 
longed interaction of mt-Hsp70 with irreversibly mis- 
folded protein segments was obtained upon analysing a 
chimeric protein which consists of the amino-terminal 
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Figure 1. Role of the rnt-Hsp70 system in folding and degradation of matrix-localized polypeptides. Newly imported mitochondrial 
preproteins are stabilized against aggregation by the mitochondrial chaperone proteins mt-Hsp70 and Mdjlp which cycle on and off the 
polypeptide. Folding to the native state occurs upon release from mt-Hsp70 and, depending on the preprotein, transfer to the 
mitochondrial Hsp60 system. Irreversibly misfolded polypeptides are degraded by PIMI protease upon release from mt-Hsp70. 
70-mitochondrial ttspT0; J - Mdjlp; E = Mgelp; Hsp60/10 ~ Hsp60 and Hspl0. 

portion of cytochrome b2 fused to mouse dihydrofolate 
reductase (DHFR) [17]. This hybrid protein can be 
imported into isolated mitochondria. The process is 
mediated by mt-Hsp70, which binds to the cytochrome 
b2 as well as the DHFR moiety of the fusion protein. 
After completion of membrane translocation in the 
mitochondrial matrix, mt-Hsp70 dissociates from the 
DHFR domain, which then folds into the native con- 
formation. The amino-terminal cytochrome b2 moiety, 
however, remains associated with mt-Hsp70 and is de- 
graded by PIM1 protease in the presence of a folded 
DHFR domain. 

Mitochondrial Clp protease 
Clp proteases represent a second major class of ATP-de- 
pendent proteases in prokaryotes [2, 28]. They form 
cylinder-shaped, high molecular weight complexes [29] 
which are composed of multiple copies of two subunits: 
the serine protease ClpP and a regulatory subunit exert- 
ing ATPase and chaperone activity which apparently 
determines the substrate specificity of the protease [30 
33]. Thus, cooperation of ATP-dependent proteases with 
molecular chaperone proteins may be a general principle 

of regulated protein degradation. Taking into consider- 
ation the endosymbiontic origin of mitochondria, the 
existence of homologous proteins involved in selective 
degradation of mitochondrial proteins appears likely. 
Indeed, a homologue of E. coli CIpP, whose amino-ter- 
minus displays characteristics of mitochondrial targeting 
sequences, has been identified in humans [34]. Its physi- 
ological function remains to be determined. 
The identification of a homologue of the regulatory 
subunits of prokaryotic Clp proteases that exerts 
ATPase activity and interacts with human ClpP is still 
awaited. A candidate protein in yeast is Hsp78, which 
belongs to the Clp family of proteins and shares high 
amino acid sequence identity with E. coli CIpB [35]. 
Hsp78 has chaperone activity and can partially substi- 
tute for mt-Hsp70 in protein import and suppression of 
protein aggregation in the mitochondrial matrix space 
[27]. An obvious ClpP homologue is, however, not 
present in the yeast Saccharomyces cerevisiae, whose 
genome has been sequenced to completion. More- 
over, cells lacking Hsp78 displayed no defects in pro- 
teolytic processes. Rather, Hsp78 is required for the 
protection of mitochondrial functions against heat dam- 
age [35a]. 
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Regulated degradation of mitochondrial inner 
membrane proteins 

Studies on the stability of mitochondrial translation 
products revealed initial evidence of proteolytic activity 
associated with the mitochondrial inner membrane [36, 
37]. Eight proteins are encoded by mitochondrial DNA 
in yeast, seven of which are subunits of respiratory 
chain or ATP-synthase complexes and form integral 
parts of the mitochondrial inner membrane [38, 39]. In 
the absence of a supply of nuclear encoded subunits, 
nonassembled polypeptides are subject to rapid proteol- 
ysis. Biochemical characterization of this degradation 
process revealed a requirement for ATP and divalent 
metal ions, suggesting the involvement of an ATP- 
dependent metallopeptidase [40, 41]. 
Recently, two membrane-associated, ATP-dependent 
proteases have been identified within mitochondria, the 
so-called m- and i-AAA proteases, which mediate the 
degradation of nonassembled mitochondrial inner 
membrane proteins [42-45] (the prefixes rn and i denote 
the presence of the active sites in the matrix or inter- 
membrane space, resectively). These proteases harbour 
a conserved ATPase domain of 230 amino acids which 
is characteristic of the AAA family of proteins 
(A TPases associated with a variety of cellular activities) 
[46, 47]. Members of this family exist in prokaryotic and 
eukaryotic cells and fulfill diverse cellular functions 
including organellar assembly, membrane fusion, mem- 
brane insertion of proteins and, as subunits of the 26S 
proteasome, protein degradation. AAA proteases com- 
prise a distinct subfamily within the AAA family of 
proteins, as they exhibit two unique properties: (1) They 
are integral membrane proteins containing one or two 
membrane-spanning segments. (2) They contain a con- 
sensus binding motif for divalent metal ions, HEXXH, 
which is conserved between prokaryotic and eukaryotic 
AAA proteases and is characteristic of metalloproteases 
of the thermolysin family [48, 49]. Thus, AAA proteases 
define a fourth class of ATP-dependent proteases dis- 
tinct from Lon- and Clp-like proteases in prokaryotes 
and mitochondria and from the eukaryotic 26S protea- 
some. 

m-AAA protease 
The mitochondrial m-AAA protease is composed of 
multiple copies of two highly homologous subunits, 
Ytal0p (Afg3p) and Ytal2p (Rcalp) [50]. These 
proteins constitute an 850-kDa complex in the mito- 
chondrial inner membrane in a nucleotide-dependent 
manner. Components other than Ytal0p and Ytal2p 
were not detected in coimmunoprecipitation experi- 
ments after partial purification of the m-AAA protease. 
Ytal0p and Ytal2p are arranged in a similar fashion in 
the mitochondrial inner membrane [41, 50] with two 
transmembrane segments being present in both 

proteins. A small amino-terminal domain and a large 
carboxy-terminal domain containing the consensus 
binding sites for ATP and divalent metal ions face the 
mitochondrial matrix space. Both Ytal0p and Ytal2p 
exhibit ATPase and proteolytic activity [50, 51]. The 
integrity of the consensus binding motif, HEXXH, 
present in both subunits is essential for proteolysis, 
characterizing Ytal0p and Ytal2p as metallopeptidases. 
Protein degradation by the m-AAA protease requires 
ATP hydrolysis, though the integrity of the complex is 
preserved in the presence of nonhydrolysable ATP ana- 
logues [50]. 
The m-AAA protease mediates the degradation of 
newly synthesized, nonassembled mitochondrial trans- 
lation products in the inner membrane [41, 50, 51]. In 
the absence of Ytal0p or Ytal2p, proteolysis is inhib- 
ited; this identifies the YTA10-12 complex as the active 
protease. Exchange of the active-site glutamate in the 
HEXXH binding motif of Ytal0p or Ytal2p by glu- 
tamine results in inhibition of the proteolytic break- 
down of nonassembled inner membrane proteins 
despite the presence of an intact proteolytic center in 
the other subunit of the m-AAA protease [50]. Since the 
mutant subunits were observed to assemble into the 
YTA 10-12 complex, the two subunits probably cooper- 
ate during proteolysis. On the other hand, analysis of a 
defined cleavage event mediated by the m-AAA 
proteases demonstrated that the subunits can act inde- 
pendently of each other, suggesting different substrate 
specificities of the Ytal0p and Ytal2p components [52]. 
The m-AAA protease can therefore be considered as a 
multicatalytic enzyme mediating the degradation of 
membrane proteins. In this regard, the m-AAA 
protease seems to be quite similar to the 26S protea- 
some in the eukaryotic cytosol. 
Ytal0p and Ytal2p are essential for the maintenance of 
oxidative phosphorylation [43-45]. Yeast strains lack- 
ing either protein are incapable of growing on nonfer- 
mentable carbon sources. Surprisingly, respiratory 
competence of Ayta10 and Ayta12 mutant cells is re- 
stored upon expression of the proteolytically inactive 
subunit [50, 51]. This might be the consequence of a 
residual activity of the assembled, second subunit of the 
m-AAA protease. Alternatively, it could be that respira- 
tion does not depend on the proteolytic activity of the 
m-AAA protease, pointing to additional functions of 
the protease complex. Deletion of YTAIO or YTA12 
results in a deficiency in mitochondrial respiratory com- 
plexes and ATP synthase, although synthesis of sub- 
units of these complexes within the nucleus or 
mitochondria was not impaired [45, 53]. This has been 
taken as an indication of a role of Ytal0p and Ytal2p 
in assembly processes within the mitochondrial inner 
membrane. Analysis of the assembly of the membrane- 
embedded Fo moiety of the ATP synthase indeed re- 
vealed a chaperone-like activity of the m-AAA protease 
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Figure 2. Proteolytic and chaperone-like activities of the m-AAA protease in the mitochondrial inner membrane. Newly synthesized 
ATPase9 forms an assembly intermediate of 48 kDa during the assembly of the F0F 1-ATP synthase whose formation depends on the 
integrity of the YTA10 12 complex. Non-assembled subunits are degraded by the m-AAA protease in an ATP-dependent manner. 

[50]. Assembly of  subunit 9 of  the ATP synthase 
(ATPase 9) proceeded normally in the presence of  a 
proteolytically inactive subunit in the YTA10 12 com- 
plex but was impaired in the absence of  Ytal0p or 
Ytal2p. Apparently, the m-AAA protease is required 
for ATP synthase assembly independent of  its prote- 
olytic activity. On the other hand, nonassembled AT- 
Pase 9 subunits were rapidly degraded, a process 
mediated by the m-AAA protease and strictly depen- 
dent on the proteolytic activity of  both subunits [50]. 
Based on these observations, the proteolytic and chap- 
erone-like activities of  the m-AAA protease have been 
proposed to constitute a quality control system for the 
maintenance of  functional protein complexes in the 
mitochondrial inner membrane (fig. 2). 

i-AAA protease 
The mitochondrial i -AAA protease, similar to the m- 
AAA protease, forms an 850-kDa complex in the mito- 
chondrial inner membrane [52]. It is active in the 
mitochondrial intermembrane space in contrast to the 
m-AAA protease. Ymelp  [42] (also termed Ytal lp [54] 
and Osdlp  [55]) is the sole subunit of  the i -AAA protease 
identified so far in yeast, but the existence of  other 
subunits has not been excluded. Ymelp  is arranged 
differently in the inner membrane as compared to 
Yta l0p and Ytal2p, although these three AAA protease 
subunits show high sequence similarity. It exposes a large 
carboxy-terminal domain containing the binding sites 
for ATP and divalent metal ions to the mitochondrial 
intermembrane space, and is anchored within the mem- 
brane by only one membrane-spanning segment [52]. 
First evidence for a proteolytic activity of  Ymelp  re- 
sulted from studies on the stability of  the subunit II of  

cytochrome oxidase (COXIIp). Rapid proteolysis of  
COXIIp  was observed in strains which do not assemble 
the cytochrome oxidase complex or lack cytochrome c 
[56-58]. Deletion of  YMEI results in the stabilization 
of  nonassembled COXIIp,  demonstrating the require- 
ment of  Ymelp  for proteolysis [56 58]. Ymelp  was 
characterized as an ATP-dependent metallopeptidase by 
mutational analysis [52, 58]. Mutations in the consensus 
binding sites for ATP or divalent metal ions abolish 
proteolytic activity of  Ymelp  and result in the stabiliza- 
tion of  nonassembled COXIIp.  
Several distinct phenotypes have been observed upon 
inactivation of  Ymelp,  suggesting important functions 
for the i -AAA protease during mitochondrial biogenesis 
[42, 59]. Ymelp  was originally identified in a genetic 
screen as a mutant having an increased rate of  D N A  
escape from mitochondria to the nucleus [60]. Yeast 
ceils lacking YME1 or expressing a proteolytically inac- 
tive mutant  form of Ymelp  are respiratory-deficient at 
high temperature, exhibit a cold-sensitive growth defect 
on complete glucose media and grow only very poorly 
when mitochondrial D N A  is deleted or lost entirely. In 
addition, accumulation of  punctate and grossly swollen 
mitochondria was observed in the absence of Ymelp,  
suggesting a role for Ymelp  in the maintenance of  
mitochondrial morphology [59]. The molecular basis of  
the various phenotypes caused by inactivation of  
Ymelp  is presently unclear. Ymelp  seems to act mainly 
as a metallopeptidase in mitochondria, as disturbance 
of  the proteolytic activity of  Ymelp  by site-directed 
mutagenesis causes similar phenotypes as a deletion of  
the entire YME1 gene [58]. Most likely, multiple prote- 
olytic substrates of  Ymelp  exist in mitochondria, 
reflecting the various defects associated with a ymel  
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a hydrophilic, proteinaceous environment,  allowing its 
degradation. However, in view of its chaperone-like 
activity, a direct role of the m-AAA protease in this 
process is an intriguing possibility. 
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Figure 3. Topology of the m-AAA protease and i-AAA protease 
in the mitochondrial inner membrane. The two proteases consti- 
tute a proteolytic system in the mitochondrial inner membrane 
which mediates the degradation of inner membrane proteins. The 
arrows indicate the estimated position of cleavage sites in a 
nonassembled model polypeptide containing one membrane-span- 
ning segment [52]. 1MS =mitochondrial intermembrane space; 
IM : mitochondrial inner membrane. 

mutation. Each of the various phenotypes can appar- 
ently be suppressed individually, For  example, muta- 
tions in the mitochondrial ATP synthase 7-subunit 
suppress the slow growth phenotype of ymel  mutants 
lacking mitochondrial DNA [61]. On the other hand, 
the cold-sensitive phenotype of Aymel mutant  cells can 
be suppressed by mutat ion in YME2, another mito- 
chondrial inner membrane protein, structurally unre- 
lated to Ymelp  [62]. Thus, analysis of the complex 
phenotype associated with a yme! mutat ion might 
provide interesting clues as to the role of Ymelp  during 
mitochondrial biogenesis. 

Cooperation of m- and i-AAA protease in the 
degradation of inner membrane proteins 
A hallmark of the AAA proteolytic system in the inner 
membrane is the membrane arrangement of the 
proteases. The topology of the m- and i -AAA proteases 
in the inner membrane suggests degradation of hy- 
drophilic segments of integral membrane proteins on 
either side of the membrane. Indeed, cleavage of a 
model polypeptide by the m- and i -AAA proteases on 
opposite membrane surfaces has recently been reported, 
providing an important  clue as to how inner membrane 
proteins are degraded [52] (fig. 3). Interestingly, the 
model polypeptide was also cleaved by the m-AAA 
protease within its membrane-spanning domain. It is 
presently unclear how the transmembrane region of a 
protein is transferred from the hydrophobic bilayer into 

Perspectives 

Insights into regulated protein degradation within mito- 
chondria have grown considerably over recent years. 
ATP-dependent  proteases have been identified in the 
mitochondrial matrix and in the inner membrane. Infor- 
mation on their role during the biogenesis of mitochon- 
dria has been obtained. Still very little is known about 
substrate proteins of the various proteases. The charac- 
terization of these substrate proteins will unravel specific 
functions of ATP-dependent proteases in mitochondrial 
homeostasis and in the clearing of nonfunctional  
polypeptides. Analysis of regulated proteolytic processes 
in mitochondria will also provide answers to questions 
of more general relevance, e.g. concerning the mecha- 
nisms of how membrane proteins are degraded in com- 
parison to soluble proteins, or the functional interplay 
between molecular chaperone proteins and proteases. 
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