
223D.A. Dougan (ed.), Regulated Proteolysis in Microorganisms, Subcellular Biochemistry 66,
DOI 10.1007/978-94-007-5940-4_9, © Springer Science+Business Media Dordrecht 2013

  Abstract   Mitochondria are specialised organelles that are structurally and 
functionally integrated into cells in the vast majority of eukaryotes. They are the 
site of numerous enzymatic reactions, some of which are essential for life. The dou-
ble lipid membrane of the mitochondrion, that spatially de fi nes the organelle and is 
necessary for some functions, also creates a physical but semi-permeable barrier 
to the rest of the cell. Thus to ensure the biogenesis, regulation and maintenance 
of a functional population of proteins, an autonomous protein handling network 
within mitochondria is required. This includes resident mitochondrial protein 
translocation machinery, processing peptidases, molecular chaperones and pro-
teases. This review highlights the contribution of proteases of the AAA+ super-
family to protein quality and activity control within the mitochondrion. Here 
they are responsible for the degradation of unfolded, unassembled and oxida-
tively damaged proteins as well as the activity control of some enzymes. Since 
most knowledge about these proteases has been gained from studies in the 
eukaryotic microorganism  Saccharomyces cerevisiae , much of the discussion 
here centres on their role in this organism. However, reference is made to mito-
chondrial AAA+ proteases in other organisms, particularly in cases where they 
play a unique role such as the mitochondrial unfolded protein response. As these 
proteases in fl uence mitochondrial function in both health and disease in humans, 
an understanding of their regulation and diverse activities is necessary.      
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   Introduction 

 The highly compartmentalised nature of a eukaryotic cell brings about increased 
complexity relative to a prokaryotic cell, with respect to the biogenesis and regula-
tion of its proteome. With the vast majority of eukaryotic cellular proteins encoded 
by the nuclear genome and synthesised on cytosolic ribosomes, many steps are 
required for their successful traf fi cking from the cytosol to the correct subcellular 
location and their subsequent maturation and folding. Furthermore, proteins regard-
less of their subcellular location, need to be removed in a regulated manner to allow 
their replenishment or to alter their concentration in the cell. The balance between 
protein biogenesis and degradation determines the concentration of a particular type 
of protein in the cell at any particular time. This is often referred to as the steady 
state level of a protein. An ability to regulate protein concentration in a post-
translational manner permits a rapid and/or graded response to physiological and 
environmental stimuli. It can also ensure the correct subunit stoichiometry of pro-
tein complexes and the maintenance of functional populations of proteins through 
the removal of unfolded, misfolded or otherwise damaged proteins. But how can the 
concentration and integrity of intracellular proteins, located in various parts of the 
cell, be adequately regulated in a post-translational manner? In cells, protein degra-
dation is achieved by the enzyme-mediated hydrolysis of peptide bonds between 
amino acid residues. This end-point in the life of a protein is attained by two main 
systems in eukaryotic cells; the lysosome/vacuole-mediated “acid cocktail” mecha-
nism and the AAA+ protease-mediated “chamber of doom” mechanism. In the former 
case, portions of cellular content, organelles and individual proteins (in mammals) 
are delivered to the lysosome (vacuole in plants and fungi) for degradation; a pro-
cess known as autophagy. In the lumen of this organelle, internalised cellular pro-
teins are hydrolysed to small peptides and amino acids via a cocktail of exo- and 
endo-proteases optimally active in the acid environment of this compartment. The 
major autophagic pathways are macro-, micro- and chaperone-mediated autophagy 
and are reviewed elsewhere  [  1–  3  ] . The second major mechanism of protein degra-
dation is via the action of ATP-dependent proteases. In this case individual proteins 
are selectively delivered to large oligomeric proteases, unfolded (if required) and 
translocated into an internal catalytic chamber where hydrolysis of the proteins into 
short peptides takes place. The 26S proteasome is an example of an ATP-dependent 
protease in which substrates are tagged with ubiquitin for delivery and degrada-
tion  [  4  ] . Many cellular proteins located in the cytoplasm, nucleus, endoplasmic 
reticulum and the mitochondrial outer membrane, are degraded by the ubiquitin-
proteasome pathway. However, this is not the only ATP-dependent mechanism of 
protein degradation operational in eukaryotic cells. Unique systems are also present 
in chloroplast, peroxisomes and mitochondria  [  5,       6  ] . The ATP-dependent proteases 
of mitochondria are the topic of this chapter. 

 Early research on mitochondrial protein degradation examined if mitochondrial 
proteins were turned over with the same or different half-lives. A  fi xed half-life of 
degradation for all proteins would be suggestive of a lysosomal mode of mitochondrial 
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protein degradation. On the other hand, vastly different degradation half-lives would 
indicate a compartment based intrinsic capacity to degrade proteins selectively. 
Studies on protein turnover in rat liver mitochondria revealed that there was consid-
erable protein-dependent variation in half-lives from hours to days  [  7,   8  ] . Also, it 
was observed that the products of mitochondrial translation in isolated rat liver 
mitochondria were rapidly degraded in the absence of cytoplasmic synthesised part-
ner proteins  [  9  ] . Such  fi ndings gave support for an intrinsic protease activity in 
mitochondria, providing the impetus to search for the factor or factors responsible. 
Classical biochemical approaches using a range of additives (e.g. ATP) and protease 
inhibitors (e.g. phenylmethylsulfonyl  fl uoride,  o -phenanthroline) were used to dis-
sect the protease activity of mitochondria. In these studies, both endogenous 
(e.g. incompletely synthesised or uncomplexed mitochondrial DNA (mtDNA)-
encoded protein subunits of the respiratory chain) and exogenous (e.g. casein) 
 proteins were examined as substrates. Collectively, the research identifi ed ATP-
dependent metallo- and serine protease activities in both animal and fungal mito-
chondria  [  10–  13  ] . Further biochemical and genetic analysis identi fi ed the distinct 
proteases responsible for these different activities within mitochondria  [  14–  22  ] . 

 This chapter highlights current knowledge regarding the role of ATP-dependent 
proteases in the biogenesis, quality control and regulation of the mitochondrial pro-
teome largely but not exclusively in the single-cell eukaryotic organism 
 Saccharomyces cerevisiae . The intrinsic ATP-dependent proteases of yeast mito-
chondria are known as  i -AAA protease ( i ntermembrane space active- A TPase  a sso-
ciated with a variety of  a ctivities),  m -AAA protease ( m atrix active-AAA) and Pim1p 
( p roteolysis  i n  m itochondria) also known as Lon. In higher eukaryotes the  c asein 
 l ytic  p rotease XP (ClpXP) is also present in mitochondria  [  15,   23,   24  ] . Although not 
covered in this chapter, it should be noted that the cytoplasmic ubiquitin proteasome 
system contributes to the regulation of the mitochondrial outer membrane proteome 
 [  25,   26  ] . Also described in this chapter are instances where mitochondrial ATP-
dependent proteases perform unique roles in animals (i.e. not present in yeast), for 
example  Caenorhabditis elegans  ClpXP, in the mitochondrial unfolded protein 
response (section “ The Mitochondrial Unfolded Protein Response (UPR mt ) ”). We 
begin with an overview of mitochondrial function and protein biogenesis including 
translocation of nuclear-encoded and mtDNA-encoded proteins, their maturation by 
processing peptidases and their folding and assembly into active units.  

   Structure and Function of Mitochondria 

 Structurally, mitochondria are distinct double membrane bound organelles. They 
are dynamic however, undergoing constant fusion and division  [  27  ] . Functionally, 
many enzymes reside in mitochondria that are important for processes such as ATP 
production, fatty acid, amino acid and carbohydrate metabolism, and the synthesis 
of Fe-S clusters and heme. Depending on the organism, mitochondria also play key 
roles in cell signalling pathways such as programmed cell death, calcium homeostasis 
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and innate immunity  [  28–  30  ] . While mitochondria contain their own DNA, they are 
not self-suf fi cient because the organellar genome is generally very small. The vast 
majority of mitochondrial proteins are nuclear-encoded. Thus, full mitochondrial 
function requires the co-ordinated synthesis of its proteome expressed from two 
genomes. The retention of a small mitochondrial genome, a remnant of the ancient 
 a -proteobacterium endosymbiont from which mitochondria evolved  [  31  ] , means 
that the organelle must retain an ability (and all the necessary components) to carry 
out tasks such as DNA replication and repair, transcription, processing of RNA and 
protein synthesis. Many other proteins and complexes are required for the integrity 
of this organelle and its cooperation and communication with other cellular entities 
 [  32–  38  ] . Around 1,000 different proteins are expected to perform all the necessary 
functions in  S. cerevisiae  mitochondria. Using a mass spectrometry approach, 750 
different yeast mitochondrial proteins were identi fi ed following growth in YPG 
medium with an estimated 90% coverage of the proteome  [  39  ] . Further yeast mito-
chondrial proteins may exist under different growth or environmental conditions.  

   The Biogenesis of Mitochondrial Proteins 

   Synthesis and Transport of Mitochondrial Proteins 

 Nuclear-encoded mitochondrial proteins are synthesised on ribosomes in the cytosol 
and transported to the organelle; directed by targeting information contained within 
the protein. The nascent polypeptide may be assisted on its journey by molecular 
chaperones that act to maintain the protein in an import competent state, protecting 
against aggregation and premature degradation and in some cases delivering the 
protein directly to the import machinery  [  40  ] . The types of targeting signals that direct 
mitochondrial proteins to the correct location within the organelle can take a number 
of forms. However, the most common mechanism involves that of an N-terminal 
targeting signal, also known as a presequence. Around 70% of nuclear-encoded 
mitochondrial proteins in yeast possess an N-terminal targeting signal  [  41  ] . These 
generally range in size from 15 to 65 amino acids, carry a net positive charge and 
have a propensity to form amphipathic  a -helices  [  41,   42  ] . Such signals direct the 
proteins to the mitochondrial matrix or, when combined with sorting signals, assist in 
directing proteins to the mitochondrial inner membrane or inter membrane space 
(IMS). The remaining ~30% of mitochondrial proteins contain internal targeting sig-
nals. In these cases the targeting information may take the form of a signal motif or be 
spread throughout the protein  [  43  ] . For many proteins containing internal mitochon-
drial localisation signals, the precise nature of the targeting elements is not known. 

 There are several different pathways of protein import into mitochondria involv-
ing specialised protein translocation machineries. However, most nuclear-encoded 
preproteins engage the central  t ranslocase of the  o uter  m embrane (TOM) complex to 
cross the outer lipid bilayer of mitochondria. Following import across the outer 
membrane, the preprotein interacts with pathway speci fi c translocases and cofactors 
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(for a brief overview see Fig.  9.1 ). For example, preproteins containing N-terminal 
targeting sequences transition to the  t ranslocase of the  i nner  m embrane 23 (TIM23) 
complex for import into the matrix, inner membrane or IMS. For a detailed descrip-
tion of the mechanisms and models of protein import  see  recent reviews by  [  43,   44  ]  
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  Fig. 9.1     Major import and export pathways for the biogenesis of mitochondrial proteins . 
Preproteins synthesised in the cytosol are recognised by receptors exposed on the surface of mito-
chondria directing them to the outer membrane translocation channel formed by Tom40. As the 
import channel is narrow, the preproteins are imported in an unfolded state as linear polypeptides or 
loop structures. Once the lipid bilayer has been traversed the preprotein import pathways diverge. 
Presequence-containing preproteins interact sequentially with the IMS exposed receptors of the 
TOM and TIM23 complexes. They are then translocated across the inner membrane in a membrane 
potential-dependent manner via the voltage-activated cation-selective channel formed by Tim23. In 
the absence of a sorting signal, the emerging presequence interacts with the  p resequence  a ssociated 
 m otor (PAM) complex that mediates import via an ATP-driven binding and release mechanism. 
Some preproteins are translocated into the inner membrane (IM) and IMS via the TIM23 complex 
directed by a hydrophobic sorting signal situated directly behind the presequence. The presequence 
directs the preprotein to the TIM23 complex via the standard presequence pathway however a stop 
transfer signal leads to the arrest of the preprotein in the TIM23 complex. It then laterally transfers 
into the IM. A variation on this pathway is when laterally sorted presequence-containing proteins 
contain a protease cleavage site following the stop transfer signal. In such cases, endoprotease(s) 
cleave these preproteins near to their membrane anchor releasing the mature protein into the IMS. 
With respect to other pathways, both outer membrane  b -barrel proteins and polytopic inner 
membrane proteins engage holder chaperones (small TIM complexes) in the IMS to assist their 
transition through this aqueous environment. While the  b -barrel preproteins insert into the outer 
membrane (OM) aided by the  s orting and  a ssembly  m achinery (SAM) complex, polytopic inner 
membrane proteins are imported via the TIM22 complex in a membrane potential-dependent man-
ner. For non-presequence containing preproteins destined for the IMS, import into this compartment 
occurs directly via the TOM complex. It seems however that a requisite factor for successful or 
ef fi cient import, in these cases, is the presence of a binding partner, either a folding catalyst 
(e.g. Mia40) or a functional partner protein. Finally, mitochondrial inner membrane proteins that 
are encoded by mtDNA are imported in a co-translational manner mediated by the OXA complex       
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and references therein. Mitochondrial DNA of  S. cerevisiae  codes for seven inner 
membrane embedded proteins of the respiratory chain; cytochrome  b  (Cyt b  or Cob), 
cytochrome  c  oxidase subunits 1, 2 and 3 (Cox1, Cox2 and Cox3), and ATP synthase 
subunits 6, 8 and 9 (Atp6, Atp8 and Atp9). An eighth mitochondrial-encoded 
protein, Var1, is a ribosomal protein. The insertion of the mitochondria-encoded 
respiratory subunits is co-translational and mediated by the OXA translocase 
(Fig.  9.1 ). This consists of the membrane-embedded protein insertion complex 
formed by the Oxa1 protein, which directly contacts the emerging nascent polypep-
tide, and a number of other proteins that collectively contribute to ribosome position-
ing, translation regulation and insertion of protein transmembrane domains  [  45  ] .   

   Maturation of Mitochondrial Proteins 

 An important aspect of mitochondrial protein biogenesis is the removal of N-terminal 
targeting and sorting signals by compartment speci fi c peptidases  [  46  ] . The vast 
majority of presequence-containing mitochondrial matrix proteins are cleaved by 
the mitochondrial processing peptidase (MPP)  [  41  ] . This enzyme is a dimeric met-
alloendopeptidase consisting of  a  and  b  subunits  [  47  ] . The recent determination of 
the N-terminal sequences of yeast mitochondrial proteins (N-proteome) has clari fi ed 
the substrate speci fi city of MPP  [  41  ] . The substrate speci fi city of MPP is character-
ised by a very high frequency (>75%) of Arg in the P2 position  [  48  ] , as deduced 
from the N-proteome data (Fig.  9.2 ). This MPP substrate speci fi city is often referred 
to as the R-2 motif  [  42  ] . Residues most commonly found in the P1 '  position of MPP 
substrates are Tyr, Leu, Phe and Ala while Ser and Ala are most commonly found 
in the P2 '  position. For many mitochondrial proteins with a presequence, cleavage 
by MPP is the only matrix proteolytic maturation step (Fig.  9.2 , Path I). However, 
for a subset of proteins, further proteolytic processing is required (Fig.  9.2 , Path II 
and III). For example, in yeast mitochondria, 14 proteins have been identi fi ed as 
substrates of the peptidase octapeptidyl aminopeptidase 1 (Oct1)  [  41,   42,   49  ] . 
Following removal of the presequence by MPP, Oct1 cleaves eight amino acid resi-
dues from the N-terminus of some matrix proteins. The substrate speci fi city of Oct1 
extends to P8 with Phe found in this position in the vast majority of cases (Fig.  9.2 , 
Path II). The P1 '  residue in the MPP cleavage pattern becomes the P8 site for Oct1 
recognition. The N-proteome study lead to the identi fi cation of a new player in 
mitochondrial matrix protein maturation, the metalloaminopeptidase termed  i nter-
mediate  c leaving  p eptidase of 55 kDa (Icp55). For a subset of mitochondrial matrix 
proteins, Icp55 cleaves a single amino acid residue from the N-terminus of proteins 
following cleavage of the mitochondrial targeting sequence by MPP (Fig.  9.2 , Path 
III). Speci fi cally, the P1 '  position in the MPP substrate recognition pattern becomes 
the P1 site for Icp55 recognition. With respect to substrate speci fi city, Icp55 appears 
to favour bulky hydrophobic amino acids Tyr, Phe and Leu in the P1 position with 
Tyr occurring most frequently. Ser is most frequently found in the P1 '  position, and 
to a lesser extent Ala and Thr. A quite different speci fi city for Icp55 has been 
reported  [  50  ]  where the scissile bond sits three amino acid residues from the MPP 
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  Fig. 9.2     MPP-dependent pathways of mitochondrial protein maturation . Schematic indicating 
primary sequences of Pam16, Sdh1 and Mge1 precursors around the cleavage site (scissile bond) for 
the peptidase MPP and where relevant Oct1 and Icp55. Amino acid residues N-terminal of the scissile 
bond on the substrate are nominated P1, P2, P3 etc. and those residues C-terminal are nominated P1', 
P2', P3' etc. In  Path I , cleavage of the presequence by MPP directly generates the mature protein with-
out any further proteolytic processing as exempli fi ed by the substrate Pam16. In  Path II , MPP cleavage 
generates an immature intermediate species. This  fi rst cleavage event is necessary for subsequent 
recognition of the substrate by the peptidase Oct1. Cleavage of the substrate by Oct1 removes eight 
residues from the N-terminus of the protein to generate the mature form. The primary sequence of 
Sdh1 around the respective cleavage sites is shown in this example. Finally in  Path III , MPP cleavage 
again generates an immature intermediate species however in this case it only differs from the mature 
protein by one residue. The  fi nal maturation step is mediated by the aminopeptidase Icp55. The 
sequence of Mge1 is shown in this example. Note the presequences and mature domains are not to 
scale. The length of presequences and mature protein are protein dependent and vary considerably       

cleavage site. Further analysis is required to fully understand the precise substrate 
speci fi city of Icp55. In the case where processing by either Icp55 or Oct1 is prevented 
(i.e. in gene deletion strains), the resulting intermediate proteins are moderately 
unstable relative to the mature protein  [  41,   49  ] . The intermediates resemble bacterial 
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N-degrons; degradation signals which mediate the turnover of proteins by the N-end 
rule pathway  [  51–  53  ] . This is discussed further in  section  “ Activity Control of 
Mitochondrial Proteins by AAA+ Proteases ”. Finally, the ATP-dependent  m -AAA 
protease also plays a role in mitochondrial protein maturation  [  54–  56  ] . Normally 
responsible for the complete degradation of proteins into peptides ( see later ), this 
maturation activity is unique and dependent on speci fi c features of the substrate 
protein.  

 Some proteins that are sorted to the IMS via the presequence pathway are pro-
cessed by the IMS peptidase (IMP) complex  [  43,   46  ] . Following lateral transfer into 
the inner membrane such preproteins are processed by MPP in the matrix to remove 
the presequence, then by the IMP complex on the IMS side of the membrane, releas-
ing the protein from its transmembrane anchor and hence into the aqueous compart-
ment. The signal sequence of the mtDNA-encoded protein Cox2 is also cleaved by 
the IMP complex  [  43  ] . Yeast Atp6 is another mtDNA-encoded protein synthesised 
with an N-terminal signal sequence, however, in this case, it is cleaved by a different 
protein, the metallopeptidase ATP synthase 23 (Atp23)  [  57,   58  ] . Yeast mitochondria 
also possess an inner membrane integrated serine endopeptidase of the rhomboid 
family known as  p rocessing of  c ytochrome  c   p eroxidase (Pcp1). Two substrates 
have been described;  c ytochrome  c   p eroxidase (Ccp1), and  m itochondrial  g enome 
 m aintenance protein 1 (Mgm1), a mitochondrial outer membrane dynamin-like 
GTPase  [  59–  63  ] .  

   Formation of Functional Mitochondrial Proteins 

 Once proteins are imported into the mitochondrial matrix and processed they must 
fold into their unique three-dimensional structure to be functional. Such processes 
can occur spontaneously but in the crowded environment of cells or organelles, 
protein folding may be assisted by molecular chaperones. Chaperones capture fold-
ing intermediates preventing non-productive aggregation or rescuing kinetically 
trapped species  [  64  ] . The major chaperones of yeast mitochondria belong to the 
Hsp70 and Hsp60 protein families. Both types of chaperones are intrinsically tied to 
the import and folding reaction of mitochondrial precursor proteins  [  65,   66  ] . 
Mitochondrial Hsp70 (mtHsp70), encoded by the yeast gene  SSC1  is a component 
of the mitochondrial import machinery for proteins of the matrix compartment, 
driving the full membrane translocation of these precursors and assisting their fold-
ing reaction. These folding reactions are performed in a close collaboration with the 
Hsp60 chaperone complex in the matrix. In addition, yeast mitochondria contain a 
member of the Hsp100/ClpB family, called Hsp78, which is missing in metazoan 
cells. Like its relatives in bacterial cells, Hsp78 is able to recover polypeptides from 
the aggregated state, promoting the recovery of mitochondrial functions after tem-
perature stress  [  67  ] . Another special feature of yeast mitochondria is the presence 
of the chaperone component of the ClpXP protease (see below), called Mcx1 
(for  m itochondrial  C lp X ), although the corresponding protease component is missing 
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 [  68,   69  ] . The function of this chaperone in yeast mitochondria is unknown. Finally, 
once the imported protein subunits are folded, the  fi nal steps in the biogenesis of 
proteins may be their oligomerisation, binding to prosthetic groups such as  fl avin, 
Fe-S clusters or heme, or assembly into multi-subunit structures such as the respira-
tory chain complexes. It should be noted that in this context, yeast mitochondria 
contain a specialised Hsp70 system consisting of the chaperone Ssq1 and its cofac-
tors for the transfer of Fe-S cluster cofactors from their assembly scaffold protein to 
the respective apoenzymes  [  70  ] . Further post-translation modi fi cations such as 
acetylation and phosphorylation may contribute to the activity of mitochondrial 
proteins  [  71,   72  ] .   

   Mitochondrial Protein Quality Control (PQC) 
by Compartment Speci fi c AAA+ Proteases 

 While many sophisticated proteinaceous molecular components and pathways 
mediate the synthesis, transport, folding and assembly of mitochondrial proteins, 
these are not fail-safe processes. ATP-dependent proteases therefore serve as ever-
present organelle protein quality control (PQC) systems that constantly survey 
protein integrity. Collectively, they have the capacity to degrade unfolded/oxida-
tively damaged, immature and unassembled proteins. Together with molecular chap-
erones, these proteases ensure that a functional population of proteins is maintained 
in mitochondria. Mitochondria, as endosymbiotic organelles, contain many chaper-
ones and proteases homologous to those found in bacteria. For example, major 
ATP-dependent proteases are represented with homologs of Lon, ClpXP and FtsH 
families found in mitochondria, while bacterial HslUV and ClpAP families are 
absent. There are however signi fi cant differences in the composition of mitochon-
drial proteases between eukaryotic organisms. While metazoan mitochondria con-
tain a Lon protease, a ClpXP protease and at least two distinct AAA proteases of the 
FtsH family, the situation in yeast mitochondria  [  67  ]  is somewhat different. Yeast 
mitochondria lack a Clp protease homolog, leaving Lon/Pim1 as the only ATP-
dependent protease in the matrix. The main components of the yeast mitochondrial 
PQC system and their location are depicted in Fig.  9.3 . The main functional distinc-
tion between these types of proteases is their substrate speci fi city – the membrane-
integrated proteases preferentially degrade membrane proteins while the matrix 
proteases are responsible for the degradation of water soluble proteins.  

 Like their bacterial counterparts, mitochondrial proteases are ATP-dependent 
self-compartmentalising complexes. That is, the catalytic residues responsible for 
the hydrolysis of peptide bonds line the internal walls of an enclosed aqueous degra-
dation channel or chamber formed by a multi-subunit protease. Recognition of the 
protein targets is mediated by the ATPase component of the proteases and the degra-
dation signals (degrons) displayed by the target protein. Also, the ATPase domain is 
responsible for the unfolding and translocation of the substrates into the internal 
proteolytic cavity. This chambered mechanism of protein degradation prevents the 
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inadvertent unregulated hydrolysis of native proteins. The ATPase domains of these 
processive proteases are very similar to each other and to many other ATPases with 
diverse functions in cells including cellular regulation and PQC. These related pro-
teins are all members of the  A TPases  a ssociated with various cellular  a ctivities 
(AAA+) superfamily of proteins  [  73,   74  ] . As the mitochondrial ATP-dependent pro-
teases Pim1,  i -AAA,  m -AAA and ClpXP are all members of the AAA+ superfamily 
of proteins, this group of proteases will herein be referred to as AAA+ proteases. 
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  Fig. 9.3     Schematic overview of the PQC system in the matrix of yeast mitochondria . Misfolded 
proteins are recognized and bound primarily by the mitochondrial Hsp70 (mtHsp70) system that 
works together with its partner proteins Mge1 (nucleotide exchange factor) and Mdj1 (co-chaperone 
of the J-protein family). If unfolding efforts fail, the misfolded proteins are transferred to the matrix 
protease Pim1 that degrades the substrates to small oligopeptides in an ATP-dependent reaction. 
Pim1-dependent degradation is assisted by the Hsp100 chaperone Hsp78. If the maximum 
capacity of the PQC system is exceeded, misfolded polypeptides accumulate and eventually 
aggregate. Aggregated polypeptides may be resolubilised in a concerted process by Hsp78 and 
mtHsp70. Disaggregated polypeptides are either refolded or directly degraded by the Pim1/Lon 
protease. Membrane proteins of the IM are degraded by either of the two AAA proteases. The 
 m -AAA protease, composed of the subunits Yta10 and Yta12 faces the matrix com partment while 
the  i -AAA protease (a Yme1 homo-oligomer) faces the IMS       
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   Pim1, the Soluble AAA+ Protease of the Yeast Mitochondrial 
Matrix 

 The most prominent member of the AAA+ proteases is the Lon protease from 
 Escherichia coli , which gives its name to the protein family  [  75  ] . Pim1 in yeast 
mitochondria and the related Lon proteases from other eukaryotic organisms such 
as LONM in human mitochondria (also known as mitochondrial Lon peptidase 1 
(LonP1)) and Lon1 and Lon4 from plant mitochondria  [  5  ]  are highly conserved and, 
as far as it has been studied, also exhibit similar functions. Hence, Pim1 from the 
model organism  S. cerevisiae  commonly serves as the typical representative for the 
Lon-A type ATP-dependent proteases found in mitochondria. 

   Identi fi cation of Pim1 and Phenotype of  pim1  Deletion Strain 

 Due to their endosymbiotic origin it had been assumed that mitochondria, similar to 
bacteria, contain proteases for the speci fi c degradation of their endogenous proteins. 
Indeed, the  fi rst identi fi cation of an ATP-dependent proteolytic activity in mito-
chondria with properties similar to the bacterial protease Lon reach back to the early 
1990s  [  16,   76  ] . The yeast gene responsible for this activity was cloned indepen-
dently by two groups and the encoded protease was named Pim1 or Lon based on 
its high amino acid homology to the  E. coli  Lon protease  [  77,   78  ] . 

 A deletion of the  PIM1  gene in yeast resulted in severe consequences for the func-
tion of mitochondria. The main phenotype is a growth defect on non-fermentable 
carbon sources like glycerol or lactate  [  77  ] . The inability of  Δpim1  mitochondria to 
respire correlates with a non-functional mitochondrial genome ( see section  “ Association 
with Mitochondrial DNA (mtDNA) ”). Further examination demonstrated the lack of 
any ATP-dependent proteolysis activity in soluble mitochondrial extracts  [  78  ] . These 
experiments indicated that Pim1 represents the main proteolytic activity in the mito-
chondrial matrix. First direct demonstrations of its protease function were based on its 
ability to degrade radioactively labelled reporter proteins that were imported into iso-
lated mitochondria  [  79  ] . Pim1-dependent degradation was shown to be restricted to 
soluble protein substrates located in the matrix compartment. In contrast, membrane 
associated substrates, even those facing the matrix compartment were preferentially 
degraded by the membrane-integrated  m -AAA protease  [  80  ] .  

   Structure-Function Relationships 

 The  PIM1  gene of  S. cerevisiae  encodes a 1133-amino acid long protein with an 
overall sequence identity of 30–35% to bacterial family members. Pim1 is encoded 
in the nuclear genome and has to be imported into the mitochondria after it is syn-
thesised on cytosolic ribosomes. Hence, it is characterised by a long N-terminal 
amino acid extension that serves as a mitochondrial targeting signal that is missing 
in its bacterial relatives. Similar to the other ATP-dependent proteases, Pim1 belongs 
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to the AAA+ protein superfamily  [  81  ] . AAA+ protease complexes generally consist 
of a proteolytic subunit and a regulatory subunit that is responsible for substrate 
recognition and unfolding  [  82,   83  ] . Due to the high sequence conservation, most 
information on the catalytic mechanism of Pim1 has so far been deduced from the 
properties of its bacterial relative Lon. Similar to other AAA+ proteases, Pim1 con-
sists of two major domains and also activities: a protease with broad speci fi city and 
an ATPase responsible for the recognition and/or unfolding of polypeptide sub-
strates. A unique property of Lon-type proteases is that the ATPase domain and the 
proteolytic domain are located on a single polypeptide chain. An additional third 
N-terminal domain (N domain) essentially interacts with the potential substrate 
proteins in concert with the ATPase domain. The C-terminal peptidase contains the 
catalytic dyad consisting of a conserved serine and lysine residue  [  84  ] . The main 
difference to the bacterial proteases, apart from the targeting sequence, is the pres-
ence of three rather large hydrophilic inserts, one in the N-terminal part after the 
targeting sequence, one between amino acids 300 and 380 and the last between 
amino acids 840 and 900. Pim1 shares the presence of these inserts with its other 
eukaryotic homologs, although the sequence conservation in these regions is rather 
low. So far no data on the signi fi cance of these inserts is available but it could be 
speculated that they are connected with some eukaryotic-speci fi c function. 

 The assembly of the Pim1 oligomeric protease complex exhibits a special feature. 
After translocation of the polypeptide chain across the mitochondrial membranes, the 
presequence is  fi rst cleaved in a standard process after position 37 by MPP. However, 
functional activity of the protease requires the autocatalytic removal of an additional 
61 amino acid long pro-region. This second endoproteolytic cleavage is performed by 
an intermolecular (and likely also intramolecular) reaction by the protease itself and 
closely coupled to the ATP-dependent assembly of the protease subunits  [  85  ] . 

 Lon-type proteases are organized into large homo-oligomeric, ring-shaped pro-
tein complexes consisting of several subunits of ~100 kDa each. While bacterial fam-
ily members are usually composed of six subunits, the data available for Pim1 
indicate a heptameric structure  [  86  ] . Up to now, no direct ultrastructural studies have 
been performed on Pim1 but it can be assumed that it is structurally organized in a 
similar way to its bacterial homologs. As described earlier, a general feature of ATP-
dependent proteases is that they form a cylindrical complex with a rather large inner 
cavity. The active sites are oriented to the interior of this cavity thus forming a prote-
olytic chamber that is shielded from the environment. Substrates can only enter the 
proteolytic chamber by pore structures situated at the ends of the cylindrical struc-
ture. Substrate entry is usually tightly regulated. Recent structural studies of bacterial 
proteases related to Lon con fi rmed this overall structural arrangement  [  87  ] .  

   Protease Classi fi cation and Cleavage Speci fi city 

 The presence of a proteolytic active site characterized by the amino acid Ser at 
position 1015 con fi rms that Pim1 as well as Lon are serine proteases with chy-
motrypsin-like cleavage speci fi city (proteolysis at regions rich in hydrophobic 
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amino acids)  [  88  ] . Similar to other PQC proteases, the regulatory ATPase domain 
of Lon also seems to exhibit chaperone activity since overexpression of a prote-
olytically inactive mutant of Pim1 supported the assembly of mitochondrial 
respiratory complexes  [  89  ] . The structurally separated enzymatic domains of 
Pim1 permitted the functional relationship of the two different domains to be 
addressed by the recombinant generation of individual mutant constructs  [  90  ] . 
Single point mutations abolishing either ATPase or protease activity both 
destroyed proteolytic activity. Neither of these mutants were able to support 
respiration-dependent growth of the cells. When the ATPase or protease 
domains were expressed separately as individual proteins, neither allowed 
growth on non-fermentable carbon sources. Interestingly, co-expression of both 
domains as separate proteins restored full proteolytic and respiratory activities, 
indicating that both domains are able to functionally interact even as physically 
separate polypeptides, in order to ful fi l the wild-type functions.  

   General Function of Pim1 in PQC 

 It was noted relatively early that proteins imported into the mitochondrial matrix 
compartment under  in vitro  conditions were susceptible to degradation by Pim1  [  79, 
  80  ] . However, the preproteins used in these experiments represented arti fi cial 
reporter constructs, which had only a minor structural or functional relationship to 
the native proteins present in mitochondria. Although ATP-dependent proteases like 
Pim1 are supposed to have a broad substrate speci fi city, the number of identi fi ed 
endogenous mitochondrial substrate proteins remained very small for a long time. 
Due to the restricted availability of antisera against mitochondrial proteins, the ini-
tial publications identi fi ed a subunit of the matrix processing peptidase (MPP- b ) 
and the  b -subunit of the mitochondrial ATP-synthase (F 

1
  b ) as potential substrates 

 [  77  ] . Further progress was achieved by the  fi rst proteomic characterisation of mito-
chondrial protein turnover. Although the mitochondrial proteome is remarkably 
stable at least under normal conditions, these experiments revealed a set of novel 
protease substrates  [  91  ] . Depending on their behaviour these proteins could be 
sorted into three different groups: (i) proteins that were protease substrates under all 
conditions tested, (ii) proteins that remained stable at normal temperatures but 
became degraded at elevated temperatures, and (iii) proteins that were degraded 
only at normal temperatures. Proteins in the second group probably represent clas-
sical Pim1 substrates, conformationally labile polypeptides that become (partially) 
unfolded at elevated temperatures and need to be removed. However, the behaviour 
of group (iii) was counterintuitive at  fi rst glance. Later, experiments revealed that 
proteins of this group had a high tendency to aggregate at elevated temperatures. 
Typically, under stress conditions a competition between degradation and aggrega-
tion takes place (see below). Since aggregated polypeptides are essentially resistant 
to Pim1-dependent proteolysis, certain aggregation-prone polypeptides are appar-
ently stabilized at higher temperatures although they have of course lost their 
activity. Interestingly, this hypothesis correlates well with the observation that the 
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accumulation of electron-dense inclusions in the matrix compartment of  Δpim1  
mitochondria  [  77  ]  most likely represent aggregated damaged polypeptides that 
could not be removed due to the absence of the protease.  

   Role of Pim1 Under Oxidative Stress 

 Apart from elevated temperatures, mitochondria are also vunerable to another stress 
condition: oxidative stress. Mitochondria themselves are major generators of reactive 
oxygen species (ROS). In particular, ROS are produced by non-speci fi c electron trans-
fer reactions from components of the mitochondrial respiratory chain to molecular 
oxygen. Typical examples are superoxide radicals or hydrogen peroxide and its related 
reaction products  [  92,   93  ] . Mitochondrial ROS production is a normal side-reaction of 
ATP-production by oxidative phosphorylation but can be drastically elevated in cer-
tain pathological situations. Due to their high non-speci fi c reactivity, ROS molecules 
tend to modify and thereby inactivate any type of macromolecule; nucleic acids, lipids 
and polypeptides. Hence, a major question concerning the role of the mitochondrial 
PQC system with its core component Pim1 is the impact of its protective function 
under oxidative stress conditions. This is of particular importance with regard to the 
multitude of human pathologies that involve some form of mitochondrial oxidative 
stress, most prominent examples are neurodegenerative diseases  [  94  ] . 

 The consequences of oxidative stress conditions on the mitochondrial proteolytic 
system were studied using a quantitative proteomic approach, identifying proteins 
that were degraded after treatment of isolated mitochondria with different forms of 
ROS  [  95  ] . Here, three conditions were distinguished: elevated superoxide concen-
trations, treatment with external H 

2
 O 

2
  and the arti fi cial inhibition of the respiratory 

chain. An important observation of this study, was that the sensitivity of the various 
proteins to the different types of ROS stress was relatively speci fi c. This implies that 
each of the various conditions leading to oxidative stress can have very different 
consequences on cellular functions. One class of mitochondrial proteins that have 
been identi fi ed as prominent substrates of ROS-induced proteolysis are enzymes 
that contain an Fe-S cluster as a cofactor. The Fe-S cluster seems to be very sensi-
tive to modi fi cations by ROS molecules and is likely to be destroyed under these 
conditions. As a consequence of the loss of their cofactor, the affected polypeptides 
become conformationally destabilized and will be recognized by the quality control 
proteases like Pim1. For example, the soluble and Fe-S containing enzyme aco-
nitase (Aco1 in yeast), a component of the citrate cycle, was found as one of the 
most ROS-sensitive and degradation-prone proteins in the mitochondrial matrix 
 [  95,   96  ] . However, one has to take into account that the presence of a Fe-S cluster 
does not automatically turn a protein into a protease substrate. This is exempli fi ed 
by subunit 2 of the succinate dehydrogenase complex (Sdh2), which did not show 
any alterations in protein levels after ROS stress. 

 ROS modi fi cations represent covalent, and in most cases irreversible alterations 
in the affected molecules. Since refolding of ROS-damaged polypeptides, even with 
the help of chaperones, would not be possible, ATP-dependent proteases like Pim1 
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have to play a decisive role in the removal of ROS-modi fi ed proteins. Their removal 
is a key response of the cellular PQC system to many different pathological condi-
tions  [  97,   98  ] . Interestingly, Pim1 is the only ATP-dependent protease in yeast that 
is signi fi cantly up-regulated under oxidative stress conditions  [  95  ] . In contrast, the 
main chaperones like Hsp70 and Hsp60 show only slightly elevated levels under 
heat stress but not after ROS treatment. The important protective function of Pim1 
under oxidative stress is corroborated by an enhanced sensitivity of  Δpim1  cells to 
elevated levels of H 

2
 O 

2
  in the growth medium.  

   Pim1 Cooperates with Molecular Chaperones 

   Substrate Capture 

 In general, protein degradation in the cellular context is governed by a  fi ne-tuned 
interplay or cooperation of protease enzymes and molecular chaperones. Instead of 
focusing on the functions of the individual protein components, it is rather more 
appropriate to view this system as a functional network for PQC  [  67,   99  ] . Chaperones 
play important roles in recognising and binding to damaged (at least partially 
unfolded) polypeptide chains. The interaction with a chaperone component is there-
fore often the  fi rst step in preparation of the substrate for recognition by the protease. 
Cooperation of proteases with chaperones can be either very direct, i.e. the ClpP 
protease complexes with chaperones (e.g. ClpA or ClpX) to generate the ATP-
dependent proteolytic machine or more indirect, when chaperones and proteases act 
in an independent but coordinated fashion. The latter case applies to the Pim1 pro-
tease. It has to be noted that the intrinsic chaperone-like activity of Pim1 is disre-
garded in this context (see also below). It has been demonstrated that Pim1 closely 
cooperates with the mitochondrial Hsp70 system in the matrix compartment  [  79,   80  ] . 
Ef fi cient Pim1-dependent degradation of imported reporter proteins that tend to mis-
fold is assisted by mtHsp70. The Hsp70-cochaperone Mdj1, a member of the DnaJ-
like protein family, was shown to be closely involved in this function. The primary 
function of chaperones in this context seems to be the maintenance of the misfolded 
non-aggregated state of the substrate increasing the time available for safe removal.  

   Role in Aggregation Prevention 

 The matrix compartment of fungal mitochondria, like yeast, contains a chaperone 
that is typical for bacteria but not found in higher eukaryotic species  [  100  ] . This 
chaperone, named Hsp78, is a homolog of the bacterial ClpB protein that has been 
implicated in the cellular repair of protein aggregates  [  101  ] . Enzymes of the ClpB 
family are able to resolubilise aggregated polypeptides in a reaction that requires 
ATP and a close cooperation with the respective Hsp70 chaperone system  [  102  ] . 
Hsp78 has been shown to perform a similar role in the mitochondrial matrix  [  103, 
  104  ] . However, when analysing the degradation rates of imported reporter proteins 
it was observed that  Δhsp78  deletion mutants exhibited a signi fi cant defect in Pim1-
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dependent protein degradation  [  105  ] . This unprecedented cooperation between 
Hsp78 and Pim1 during degradation takes place independent of the aggregation 
state of the substrates and was also observed with destabilised mutants of an abun-
dant endogenous substrate protein named acetohydroxyacid reductoisomerase 
(Ilv5)  [  106  ] . In support of this conclusion it was observed that the yield of disag-
gregated polypeptides was signi fi cantly increased in  Δpim1  mutant mitochondria 
 [  103  ] , again indicating a close functional relationship between Hsp78 and Pim1. 
This relationship between a ClpB-type chaperone and a Lon-type protease seems to 
be a special feature of fungal mitochondria. It could be speculated that single cell 
eukaryotes are subjected to more extreme environmental temperature changes than 
multicellular eukaryotes and hence require a more ef fi cient removal system for 
heat-denatured polypeptides. 

 All the intricate activities of the chaperone-protease network forming cellular 
PQC systems have two ultimate goals. One is the refolding of damaged or mis-
folded polypeptide chains in order to regain their enzymatic activities. A second 
equally important goal is the prevention of the accumulation of misfolded protein 
species that would otherwise form insoluble toxic aggregates  [  107  ] . In a recent 
study, the aggregation propensity of mitochondrial proteins under heat stress condi-
tions was tested on a proteome scale  [  108  ] . In this context it is of particular interest 
that Pim1 was identi fi ed as a major mediator of mitochondrial aggregation reac-
tions, exhibiting an even more signi fi cant protective impact than the chaperone pro-
teins from the Hsp70 family. It was shown that the amount of aggregated polypeptides 
under heat stress was signi fi cantly increased in  Δpim1  mitochondria. Overexpression 
of Pim1, on the other hand, exhibited a pronounced protective role under these con-
ditions. In the absence of a ClpP protease in yeast mitochondria, Pim1 is the only 
ATP-dependent protease that is able to degrade soluble substrate proteins in the 
mitochondrial matrix. Taken together, Pim1 ful fi ls a key role in the mitochondrial 
PQC system by removing misfolded proteins in the matrix compartment.   

   Recognition Motifs and Mechanism of Targeted Degradation 

 A major general question concerning the degradation of substrate polypeptides by 
ATP-dependent proteases is the mechanism of substrate selectivity. In principle, the 
substrate speci fi cities of these proteases are very broad, enabling the proteolysis of 
any kind of protein substrate. However, in this case it is required that the proteolysis 
is restricted to short-lived or damaged proteins. As already described, substrate degra-
dation is mainly regulated by the selective entry of polypeptide chains into the prote-
olytic chamber of the protease complex. The main proteolytic enzyme of the cell, the 
proteasome recognises a molecular tag on the substrate, a polyubiquitin chain, which 
mediates engagement of the target substrate with the protease and hence its subse-
quent degradation  [  109  ] . A related tagging system exists in Mycobacteria, where pro-
teins can be tagged for degradation by an ubiquitin-like molecule known as prokaryotic 
ubiquitin like protein (pup) (for a recent review see  [  110  ] ). Also, a different type of 
tagging system exists in bacteria whereby stalled translation products are tagged with 
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an 11 amino acid sequence known as the SsrA tag that targets the abnormal protein for 
degradation by the ClpXP protease system  [  53,   111,   112  ] . Interestingly, a molecular 
tag system, as a means of substrate recognition, has not been identi fi ed for proteolytic 
reactions in mitochondria. In contrast, current evidence points to a mechanism where 
the conformational state of a polypeptide chain serves as the main criterion for its 
selection as a protease substrate. Since it was well established that newly imported 
reporter proteins containing a dihydrofolate reductase (DHFR) domain are “standard” 
substrates of the protease Pim1 in the matrix compartment, it was surprising that 
imported DHFR fusions with only a small N-terminal extension failed to be degraded 
 [  113  ] . A detailed analysis revealed that Pim1 requires an unstructured N-terminal seg-
ment of 50–60 amino acid residues in front of the DHFR domain to commence deg-
radation. Pim1 is also able to recognize internal segments as long as they are exposed 
on the surface of the substrate protein  [  88  ] . In addition, it was observed that Pim1 was 
unable to degrade a folded DHFR domain despite its relatively low thermodynamic 
stability. Full degradation of DHFR fusion proteins was only possible if the folding 
state of DHFR was compromised by higher ambient temperatures or destabilizing 
mutations  [  113  ] . Hence, the substrate selectivity of Pim1 (Fig.  9.4 ) is based on the 
combination of two properties, (i) the requirement for an unstructured segment in the 
substrate for initiation of proteolysis and (ii) the low or even absent intrinsic unfolding 
capacity of Pim1. Taken together, these properties restrict proteolysis to unfolded or 
damaged polypeptide chains while folded and active enzymes remain largely resis-
tant. Similar properties have been observed in the case of the bacterial protease FtsH 
 [  114  ]  and also for the proteasome  [  115  ] , suggesting that this mechanism represents a 
basic and probably evolutionary ancient process for substrate selectivity.  

 This principle of substrate selectivity has been con fi rmed by the identi fi cation of 
endogenous mitochondrial substrate proteins  [  91  ] . A proteomic screen identi fi ed 
proteins containing cofactors or prosthetic groups as main degradation-prone tar-
gets of Pim1. In particular, enzymes with Fe-S cluster cofactors, like aconitase and 
its relatives, were susceptible to degradation. It is conceivable that an absence or the 
loss of a cofactor would lead to a conformational destabilization of either a part of, 
or the whole apoenzyme, which could then be recognized by the protease as a poten-
tial substrate. Another group of proteins found as potential degradation substrates 
were single subunits of larger oligomeric complexes. Best examples were the homo-
oligomeric chaperone Hsp60 or the dimeric citrate cycle enzyme succinate thiolase. 
In this case the argument that applies is, that subunits without the respective partners 
most likely expose unstructured segments that become recognition sites for Pim1.  

   Additional Cellular Processes Involving Pim1 Function 

   Association with Mitochondrial DNA (mtDNA) 

 One of the main effects of a Pim1 mutation in yeast is the loss of mtDNA integrity 
resulting in a rho – , respiratory de fi cient phenotype. Elucidation of the biochemical 
mechanism underlying the lack of respiratory activity in  Δpim1  cells remains one of 
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the more enigmatic phenomena concerning the cellular function of the protease 
Pim1. Interestingly, the general effect could be separated into two independent 
aspects by the identi fi cation of a suppressor mutation that retained the integrity of 
the mtDNA but still rendered the mitochondria respiratory de fi cient  [  116  ] . Using 
this tool, it could be shown that the proteolytic activity of Pim1 is required for the 
function of mRNA maturases that are required for the splicing of mitochondrially 
encoded transcripts, in particular for the expression of the respiratory chain compo-
nents CoxI and Cob  [  116  ] . The precise involvement of Pim1 in this process has not 
been de fi ned so far but it is conceivable that Pim1 might be required in a processing 
step during biogenesis of the respective enzymes. Another aspect of Pim1 function, 
contributing to the respiratory de fi cient phenotype, was the observation that Pim1 
also assists the assembly of respiratory chain components through its chaperone 
activity, independent of its role in proteolysis  [  89  ] . 
 Although these functions would readily explain the respiratory de fi cient phenotypes 
of  pim1  mutants, Pim1 has also been shown to play a direct role in mtDNA mainte-
nance. Several lines of evidence show a direct physical interaction of human LONM 
with the mitochondrial genome  [  117  ] . The accumulation of mtDNA lesions was 
also correlated with a role of LONM under oxidative stress conditions  [  118  ] , 
although the details remain unclear. In this context it should be noted that many 
identi fi ed substrate proteins of Pim1 were also shown to be components of the mito-
chondrial nucleoid, Aco1 being one of the most prominent examples  [  119  ] . Integrity 
of the mitochondrial genome is also maintained if  E. coli  Lon is expressed in mito-
chondria instead of Pim1 at normal temperature, but not under mild heat stress 
conditions  [  120  ] , suggesting that the role in mtDNA maintenance is connected to its 
proteolytic activity. Although many open questions remain, it can be stated that 
Pim1/Lon is a multifunctional protein contributing more to mitochondrial mainte-
nance than just PQC.  

   Lifespan Regulation in Fungi 

 An important consequence of a successive accumulation of mitochondrial defects 
seems to be cellular ageing. There is an ongoing discussion on the molecular pro-
cesses underlying the mitochondrial contribution to ageing processes, summarized 
under the key terms “mitochondrial free radical theory of aging”  [  121,   122  ] . This 
hypothesis states that during the lifespan of an organism, mitochondria-generated 
ROS leads to accumulated mitochondrial and cellular damage, resulting in a gradual 
decline in important functions like ATP synthesis, which usually contribute to cel-
lular survival. Elevated ROS levels lead to various covalent modi fi cations of poly-
peptide chains, negatively in fl uencing enzyme activities or conformational states. 
Hence, it can be postulated that the effectiveness of the mitochondrial PQC system 
may have a signi fi cant in fl uence on the lifespan determination of a cell. A direct 
connection between PQC and aging could be demonstrated in the fungal organism 
 Podospora anserina   [  123  ] , which is used as a model system for studying cellular 
aging processes. Here, overexpression of Lon resulted in a decreased amount of 
ROS-modi fi ed proteins, consequently a higher resistance against oxidative stress, 
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essentially correlating with a longer lifespan of the cells. Also in  P. anserina  
mitochondria, one of the major mitochondrial proteins affected by ROS-related pro-
teolysis was the citrate cycle enzyme aconitase. Although there are many supporting 
observations for an involvement of mitochondrial PQC in aging processes, the 
cause-and-effect relationships in particular at a molecular level remain to be clari fi ed.    

   AAA+ Proteases of the Yeast Mitochondrial Inner Membrane 

 Whereas the quality of yeast mitochondrial matrix proteins is controlled by Pim1, a 
different type of proteolytic machine is required for the quality control of inner 
membrane proteins. In fact, this function is performed by two structurally related 
inner membrane anchored ATP-dependent proteases, with catalytic domains on 
opposite sides of the membrane (Fig.  9.3 )  [  14,   18–  21,   124,   125  ] . These are known 
as  i -AAA and  m -AAA proteases, and belong to the M41 (FtsH family) of ATP-
dependent metalloendopeptidases found in a wide range of bacteria, and chloroplast 
and mitochondria of eukaryotes  [  126  ] .  E. coli  FtsH and yeast mitochondrial  i -AAA 
and  m -AAA proteases serve as the typical representatives of the bacterial and 
eukaryotic members of this family. There are however unique oligomeric combina-
tions of  m -AAA protease in mammalian mitochondria and multiple FtsH proteases 
in plants  [  5,   127  ] . 

   Structure-Function Relationships 

 All subunits of FtsH family proteins have the same core modular structure. They 
contain at least one transmembrane anchor in their N-terminal region, a conserved 
AAA domain followed by a C-terminal protease domain. The AAA domain, con-
served in the AAA+ superfamily of proteins, contains the Walker A and Walker B 
motifs for ATP binding and hydrolysis respectively  [  14,   19,   21,   74,   125,   128–  131  ] . 
They are also characterised by a consensus zinc-binding motif HEXXH in the pro-
tease domain where Glu is the predicted catalytic residue of the peptidase and the 
two His residues are expected to coordinate zinc. Indeed, mutation of the conserved 
Glu in subunits of  i -AAA and  m -AAA proteases abolished peptidase activity 
 [  14,   125,   128  ] . The active proteases are ring-shaped oligomeric assemblies of six 
subunits. The oligomeric arrangement creates a central translocation pore in the 
ATPase domain, which provides an aqueous path to the internal proteolytic chamber. 
Like all ATP-dependent proteases the ATPase activity of the protein is not required 
for peptidase activity  per se , but rather to present the substrate to the peptidase 
domain via energy-dependent translocation into the internal proteolytic cavity 
where hydrolysis of peptide bonds occurs. 

 Despite a number of common features, the  i -AAA and  m -AAA proteases have 
unique quaternary and topological structures with respect to each other. The  i -AAA 
protease is a homo-oligomeric ring-shaped protein anchored to the mitochondrial 
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inner membrane by a single span transmembrane domain situated near its N-terminus 
with its catalytic domains (ATPase and peptidase) projecting into the mitochondrial 
IMS (Fig.  9.3 )  [  18,   19,   125,   130  ] . The protein subunit that makes up the oligomer is 
known as  y east  m itochondrial  e scape 1 (Yme1)  [  130,   132  ] . The  m -AAA protease on 
the other hand is a hexameric hetero-oligomer of polypeptides, composed of  y east 
 t at-binding  a nalogs 10 and 12 (Yta10 and Yta12)  [  14,   129,   133  ]  also known as 
 A TPase  f amily  g ene 3 (AFG3) and  r espiratory  c hain  a ssembly 1 (Rca1) respectively 
 [  14,   128,   131  ] . It is anchored to the inner membrane by two transmembrane domains 
near the N-terminus of each subunit with the catalytic domains protruding into the 
matrix space  [  14,   20  ] . The topology and modular structure of  i -AAA and  m -AAA 
proteases are well adapted for a role in membrane PQC ( see below ). Due to the 
lipid-phase anchor, the ATPase domain of these proteins sit close to the membrane, 
followed by the peptidase domain including a C-terminal coiled-coil region  [  133  ] . 
Thus, the molecular motor (ATPase) of these proteases is in close proximity to tar-
get proteins in the inner membrane where they can extract them for delivery to the 
respective peptidase chambers  [  134  ] . Recent low resolution structural studies 
revealed a space between the ATPase domain and the transmembrane domain of the 
 m -AAA protease, which is proposed to provide suf fi cient room for an unfolded 
substrate to dock onto a surface recognition site within the ATPase domain, allow-
ing engagement with the protease for subsequent degradation  [  133  ] . A detailed 
description of the known structure-function relationships of these ATP-dependent 
membrane proteases can be found in  [  134  ] .  

   General Functions of  i -AAA and  m -AAA Proteases in Inner Membrane PQC 

 The discovery of energy-dependent degradation of mtDNA-encoded inner mem-
brane proteins  [  9,   12,   13  ]  was suggestive of a membrane associated ATP-
dependent protease  [  19  ] . This indeed turned out to be the case with both  i -AAA 
and  m -AAA proteases mediating the degradation of incompletely synthesised 
and unassembled mtDNA-encoded subunits of respiratory complexes  [  14,   19–  21, 
  128  ] . For example, the  fi rst substrate of  i -AAA protease to be identi fi ed was 
Cox2. When this integral inner membrane protein fails to assemble with nuclear-
encoded co-subunits it is rapidly degraded  [  19,   135  ] . Likewise,  m -AAA protease 
can degrade unassembled mtDNA encoded subunits Cox1, Cox3, Cob, Atp6, 
Atp8 and Atp9  [  14,   124  ] . This activity of the FtsH family of mitochondrial inner 
membrane proteases means they help regulate the required stoichiometry of inner 
membrane protein complex subunits (the respiratory complexes). Thus, post-
translation regulation of protein concentration ensures the inner membrane 
remains free of super fl uous proteins thereby contributing an important PQC 
function. The  i -AAA proteases Yme1 and PalAP of  S. cerevisiae  and  P. anserina  
respectively, both play temperature-related roles in mitochondria, which may be 
linked to their PQC functions. Mutations in yeast  yme1  cause a heat-sensitive 
respiratory growth defect  [  130  ]  while a  palAP  deletion strain of  P. anserina  dis-
plays heat-sensitive developmental defects and a reduced lifespan at elevated 
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growth temperatures  [  136  ] . A detailed description of the role of these proteases 
in protein activity control is provided in the following section.    

   Activity Control of Mitochondrial Proteins by AAA+ Proteases 

 Another important aspect of AAA+ protease function is their contribution to protein 
activity control. This can be the direct activation of proteins or the conditional deg-
radation of non-damaged native proteins in order to positively or negatively modu-
late cellular or organellar pathways. This section describes interconnected processes 
and regulatory pathways in mitochondria in which AAA+ proteases play a role. 

   A Unique and Critical Role of  m -AAA Protease in Mitochondrial 
Ribosome Biogenesis 

 As discussed earlier ( section  “ Maturation of Mitochondrial Proteins ”), most matrix-
destined preproteins that are directed to this compartment are processed by MPP to 
remove the N-terminal presequence. However, a sub-population of yeast mitochon-
drial matrix proteins are processed at the N-terminus but do not appear to possess an 
MPP recognition motif  [  41,   54  ] . One such protein is  m itochondrial  r ibosomal  p rotein 
L32 (MrpL32). As the name indicates, MrpL32 is a component of the mitochondrial 
ribosome, speci fi cally the large subunit. Its proteolytic maturation, which is neces-
sary for its function, is highly specialised and mediated by the  m -AAA protease  [  54, 
  56  ] . Thus,  m -AAA protease can mediate the complete degradation of proteins into 
peptides and the selective maturation of a preprotein to generate the functionally 
active mature form. But how the  m -AAA protease performs multiple and seemingly 
con fl icting functions was a conundrum for a while. The answer however lies with the 
biogenesis pathway and structural properties of MrpL32. Yeast MrpL32 is synthe-
sised as a 183 amino acid preprotein and directed to the matrix compartment by an 
N-terminal presequence. Once it is fully imported, it folds into its unique three-
dimensional structure in a mechanism that requires the presence of the N-terminal 
region of the protein  [  54  ] . Based on comparison to the bacterial homolog, yeast 
MrpL32 is expected to form a globular domain at its C-terminus mediated by the 
metal binding twin Cys motif CxxC-x9-CxxC  [  54  ] . Like the bacterial counterpart, 
the N-terminal region is expected to be in an extended conformation. It is the folded 
state of the mitochondrial protein that is processed to its mature form by the  m -AAA 
protease, which results in the removal of 71 amino acids from the N-terminus  [  54, 
  137,   138  ] . It is anticipated that the extended N-terminal region of MrpL32 is recog-
nised by the  m -AAA protease and feeds into the inner proteolytic chamber where the 
catalytic residues act on the polypeptide chain, hydrolysing it into peptides. The 
folded domain of MrpL32 blocks any further processing of the protein. Thus, the 
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folding of MrpL32 permits maturation of the protein while averting complete degra-
dation (Fig.  9.5 ). In such a mechanism, the middle region of MrpL32 is believed to 
act as a linker bridging the gap between the folded domain butting the external sur-
face of the protease and the proteolytic residues of the inner chamber. Such a sce-
nario is supported by experiments in which the N-terminal region of MrpL32 was 
extended in length (20 and 40 amino acids respectively) between the presequence 
and the middle region. Still these longer variants were cleaved to produce proteins of 
similar length to wild type MrpL32  [  54  ] .  
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  Fig. 9.5     A specialised function of   m  -AAA protease in protein maturation required for mito-
chondrial ribosome biogenesis . Under normal conditions ( Path I ) the  m -AAA protease cleaves an 
N-terminal presequence from folded ribosomal subunit MrpL32 via a partial degradation mecha-
nism. The folded cysteine knot blocks complete processing of this protein and upon release from 
the protease it assembles into the large subunit of the ribosome. To date the route of entry of the 
substrate presequence into the proteolytic chamber has not been determined. In situations where 
the activity of  m -AAA protease is compromised (e.g. gene deletion in yeast) or genetic mutation 
in humans, MrpL32 processing is inhibited and thus ribosome assembly and function is impaired 
( Path II ). In the case that the folding of MrpL32 is disrupted ( Path III ) due to oxidative stress, the 
unfolded substrate is fully degraded and thus ribosome assembly and function is also impaired       
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 Once folded and processed, MrpL32 assembles with the ribosome. Unprocessed 
MrpL32 on the other hand is unable to assemble into the mitochondrial ribosome and 
therefore cannot perform its function – resulting in a protein translation incompetent 
ribosomal complex (Fig.  9.5 )  [  56  ] . Thus, yeast  m -AAA protease plays a critical role in 
activity control, not only of MrpL32, but also of the ribosome. The crystal structure of a 
bacterial large ribosomal subunit provides an explanation for the inability of unpro-
cessed yeast MrpL32 to assemble into the mitochondrial ribosome large complex. The 
N-terminal region (~27 residues) of bacterial ribosome subunit L32 is buried, extending 
into the interior of the ribosome with the Cys metal binding motif residing on the ribo-
some surface  [  139  ] . The 71 amino acid presequence of MrpL32 cannot be accommo-
dated in such a structural arrangement and thus it fails to assemble in the mitochondrial 
large ribosomal subunit. An incompletely assembled mitochondrial ribosome missing 
the MrpL32 subunit is inactive and yeast cannot synthesise mitochondrial-encoded 
polypeptides. Not surprisingly,  mrpl32  null mutants are respiratory de fi cient. As  m -AAA 
protease is responsible for the generation of assembly competent MrpL32, yeast lacking 
active  m -AAA protease are also respiratory de fi cient, unable to synthesise subunits of 
the respiratory complexes encoded by mitochondrial DNA  [  56,   140  ] . 

 Another potential post-translation regulatory mechanism involving MrpL32 and 
the  m -AAA protease is oxidative stress sensing  [  54  ] . It appears that the cysteine fold 
of MrpL32 is sensitive to oxidative stress whereby folding is prevented. Unfolded 
MrpL32 is still recognised by the  m -AAA protease but instead of undergoing pro-
ductive maturation controlled by the folded domain, it is completely degraded into 
peptides. Whether this serves only as a PQC activity for the removal of a non-
functional unfolded protein from mitochondria or additionally as a mechanism to 
regulate mitochondrial protein translation in response to the oxidative state, remains 
to be determined. The critical role of the  m -AAA protease in mitochondria is 
exempli fi ed by human diseases such as spinocerebellar ataxia (SCA28) and a form 
of hereditary spastic paraplegia. These diseases are caused by loss of function muta-
tions in AFG3L2 (homolog of Yta10/Afg3) and paraplegin (homolog of yeast 
Yta12/Rca1) respectively, subunits of the human  m -AAA protease  [  141,   142  ] .  

   The Role of  i -AAA Protease in Lipid Homeostasis 

 Recently, the role of  i -AAA protease in quality control of lipid homeostasis pro-
teins in the mitochondrial IMS was revealed  [  143  ] . Three membrane-associated 
IMS proteins Ups1, Ups2, and Ups3 collectively play a role in the metabolism of 
phosphatidylethanolamine and cardiolipin although they seem to contribute unique 
functions  [  144–  146  ] . A loss of these proteins alters mitochondrial lipid composi-
tion and effects the stability of inner membrane protein complexes such as the 
TIM23 complex, as well as mitochondrial morphology  [  144–  146  ] . Each of these 
three proteins forms a stable complex with a small IMS protein known as Mdm35 
 [  143,   147  ] . This protein also acts to drive import of Ups proteins into the IMS upon 
translocation through the TOM complex. In the absence of Mdm35 (i.e. in  mdm35  
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deletion strain), Ups1 and Ups2 are unstable and degraded more rapidly than in its 
presence  [  143  ] . This change in stability is attributed to the action of  i -AAA pro-
tease and Atp23  [  143  ] . In the case of uncomplexed Ups2, its degradation is medi-
ated by  i -AAA protease. Degradation of free Ups1 on the other hand is mediated 
by  i -AAA protease and Atp23. It seems that the degradation of Ups proteins at 
least serves a PQC function to avoid the accumulation of non-functional protein. 
However, it is possible that the  i -AAA protease plays a regulatory role in the activ-
ity control of Ups proteins and hence mitochondrial lipid homeostasis, for example 
by competing with Mdm35 for binding of Ups proteins. In such a situation adaptor 
proteins could play a leading role in the targeted delivery of the substrate, however 
it seems that putative  i -AAA protease adaptor proteins Mgr1 and Mgr3  [  148,   149  ]  
are not involved in  i -AAA protease-mediated degradation of Ups1 and Ups2  [  143  ] . 
A potential role of  i -AAA protease and Atp23 in regulatory control of phosphati-
dylethanolamine and cardiolipin metabolism awaits further analysis. Regulation of 
lipid biogenesis is also required for normal function in  E. coli  and the  i -AAA pro-
tease homolog FtsH plays a critical role. In this case, FtsH-mediated degradation 
modulates the levels of two enzymes, KdtA and LpxC in the lipopolysaccharide 
biosynthetic pathway (for a recent review see  [  126  ] ).  

   Regulation of Metazoan Biosynthetic Pathways by Lon 

 Until very recently it seemed that the mitochondrial matrix protease Lon only contrib-
uted to PQC and not protein activity control. However, recent studies in human cells 
(and other animals) have revealed important contributions of LONM to the regulation 
of mitochondrial biogenesis and metabolic pathways. One of these pathways is the 
heme biosynthetic pathway. Mitochondria are the site of several steps of the cellular 
heme biosynthetic pathway. Heme is generated from substrates glycine and succinyl-
CoA. The enzyme 5- a mino l evulinic  a cid  s ynthase (known as ALAS-1 in humans), 
catalyses the  fi rst of eight enzymatic steps. ALAS-1 activity, the rate-limiting step of 
the pathway, is regulated at many levels through expression and import control by a 
heme-mediated negative feedback mechanism. Heme inhibits transcription and import 
of the ALAS-1 precursor into mitochondria while enhancing mRNA degradation and 
turnover of the endogenous protein in mitochondria  [  150–  153  ] . All of these effects 
lead to a decrease in the steady state levels of ALAS-1, allowing the levels of heme to 
be adjusted according to need. The ability to sense and regulate heme levels is impor-
tant as both an excess or a de fi ciency is toxic. The proteolytic element of regulation 
allows a rapid post-translational adjustment of protein levels. Recently, it was revealed 
that LONM is responsible for the turnover of ALAS-1 in hepatic cells however the 
mechanism by which heme targets ALAS-1 for degradation is currently unknown. At 
this point, partial functional redundancy with other proteases, i.e. the mitochondrial 
ClpXP protease, have not been ruled out  [  152  ] . A regulatory role of Lon has also been 
identi fi ed in  Drosophila  Schneider cells where it degrades  m itochondrial  t ranscription 
 f actor  A  (TFAM)  [  154  ] . A major component of mitochondrial nucleoids, TFAM 



248 W. Voos et al.

contributes to mtDNA maintenance and transcription  [  155  ] . Thus, proteolysis may 
also contribute to the transcriptional expression of the mitochondrial genome. 
 S teroidogenic  a cute  r egulatory protein (StAR) is a protein found in mitochondria of 
mammalian cells in the adrenal cortex, gonads and placenta. It is a key enzyme in 
steroid hormone biogenesis from cholesterol. Due to its high turnover rates after 
import into the matrix compartment of mitochondria it has been suspected to be a 
substrate of LONM, a hypothesis which has been supported by experiments  in vitro  
and  in vivo  examining murine StAR with mammalian LONM  [  156  ] . However, so far 
it is unclear if its degradation represents a PQC process to prevent the accumulation of 
large quantities of unwanted protein in mitochondria or has a more important role in 
regulation of steroid biogenesis. In mammals, LONM has also been implicated in the 
degradation of  c ytochrome  ox idase subunit 4-1 (Cox4-1) under conditions of hypoxia 
permitting exchange with the low oxygen ef fi cient isoform Cox4-2  [  157  ] . However, 
direct degradation of Cox4-1 by LONM was not demonstrated in these studies and the 
addition of MG132, which is known to inhibit LONM as well as the proteasome 
 [  156  ] , didn’t change the steady state levels of the protein  [  157  ] . Thus, further studies 
are required to understand the full contribution of mitochondrial matrix proteases to 
the elimination of hypoxia sensitive Cox4-1 and thus regulation of the cellular response 
to changes in oxygen concentrations.  

   Mitochondrial Protein Degradation via an N-End Rule Pathway? 

 Some mitochondrial precursor proteins are cleaved by Icp55 or Oct1, following 
MPP processing to generate the mature protein ( see section  “ Maturation of 
Mitochondrial Proteins ”). In the absence of Icp55 or Oct1, intermediate forms of 
the preprotein are unstable relative to mature counterparts and possess either Tyr, 
Phe or Leu at their N-terminus  [  41  ] . This is suggestive of an N-end rule pathway of 
protein degradation being operational in mitochondria. In bacteria, amino acid resi-
dues Phe, Leu, Tyr and Trp can act as destabilising signals when exposed at the 
N-terminus of a protein  [  158  ] . They mediate recognition of the protein substrate 
directly by the pathways degradation machinery and as such are referred to as pri-
mary destabilising residues  [  51,   52,   158  ] . Basic residues Arg and Lys and in a 
speci fi c case Met are classi fi ed as secondary destabilising residues as they act as 
acceptors for the non-ribosomal attachment of primary destabilising residues Leu 
and Phe by the leucyl/phenylalanyl-tRNA protein transferase thereby tagging the 
protein for degradation  [  51,   52,   158,   159  ] . In  E. coli , primary destabilising residues 
bind the adaptor protein ClpS and are directly delivered to the AAA+ protease 
ClpAP for degradation  [  159–  162  ] . In the absence of mitochondrial peptidases Icp55 
or Oct1, substrates retain N-terminal residues Tyr, Leu and Phe and are unstable. It 
is suspected that these proteins are removed by a proteolytic pathway but this has 
not been determined experimentally. Also, it is yet to be determined if this is a PQC 
mechanism to remove immature proteins from mitochondria or it serves as a regula-
tory mechanism whereby the activity of Icp55 and Oct1 or molecular components 
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of the hypothetical degradation pathway are regulated to enable post-translational 
expression control of a subpopulation of mitochondrial proteins. In general the 
N-end rule pathway of degradation contributes to regulatory networks rather than 
PQC tasks  [  52,   163,   164  ] . Thus, it will be interesting to determine if such a pathway 
is present in mitochondria and what role it plays.   

   The Mitochondrial Unfolded Protein Response (UPR mt ) 

 In addition to the contribution that AAA+ proteases make directly to protein quality and 
activity control, some members participate in stress response pathways. In particular, in 
metazoan mitochondria it has been established that the matrix peptidase ClpP is a core 
component of the mitochondrial unfolded protein response ( see later ). This signal trans-
duction pathway allows mitochondria-to-nuclear communication ensuring that the 
capacity of the mitochondrial protein quality control machinery matches demand. 

 The constitutive expression of numerous members of the PQC network ensures 
that cells are under constant molecular surveillance for unfolded, damaged and mis-
assembled proteins. Whilst this may contribute to protein homeostasis under normal 
cellular conditions, imbalances in the protein-folding environment can place addi-
tional demands on the chaperone and protease machinery. For example, when pro-
tein damage is ampli fi ed through stress or other physiological insults, the resulting 
substrate load may exceed the capacity of these systems. This leads to the accumu-
lation of unfolded and aggregated proteins. If the unfolded protein stress is exces-
sive or prolonged, cellular function may be compromised  [  107,   165,   166  ] . Thus, to 
alleviate the additional substrate burden, cells have evolved signalling mechanisms 
to upregulate members of their PQC networks  [  107,   166–  172  ] . By enabling the cell 
to manage unfolded or damaged proteins more effectively, protein homeostasis is 
expected to be restored. 

 Elevated levels of misfolded proteins can arise through a variety of cellular stresses 
including errors in protein biogenesis, exposure to reactive oxygen species, metabolic 
de fi ciencies and thermal stress. Although perturbations in protein folding can occur 
broadly throughout the cell, in some situations, protein damage may be restricted to 
speci fi c organelles. Importantly, cells have dedicated pathways for managing unfolded 
protein stress within their different subcellular compartments. While the mechanisms 
that the cell employs for sensing and responding to unfolded protein stress within the 
cytosol and endoplasmic reticulum are well characterised, the discovery of an equivalent 
regulatory pathway in metazoan mitochondria has been more recent  [  168,   169,   173  ] . 

   Discovery of the Mitochondrial Unfolded Protein Response 

 Early indications of a mitochondrial speci fi c stress response came from studies 
examining the regulation of chaperones in cells depleted of mtDNA. Using cultured 
mammalian cells, Hoogenraad and co-workers demonstrated that the loss of mtDNA 
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resulted in the transcriptional activation and increased expression of mitochondrial 
chaperonins HSP60 and HSP10  [  174  ] . Interestingly, as there were no detectable 
changes in the expression of selected cytosolic chaperones, this response was 
suggested to be compartment-speci fi c. While the primary stress signal was not 
identi fi ed in this study, the authors proposed that the stress response could be linked 
to the accumulation of unfolded protein  [  174  ] . 

 To establish whether the speci fi c upregulation of mitochondrial chaperones was 
connected to protein misfolding within mitochondria, a mammalian cell-based 
model was developed for the overexpression of a folding de fi cient mutant of the 
mitochondrial protein,  o rnithine  t rans c arbamylase (OTC)  [  169  ] . In comparison to 
cells expressing wild type OTC, the expression of the OTC mutant resulted in the 
selective induction of a number of mitochondrial stress proteins including HSP60, 
HSP10, mtDnaJ/Tid-1 (HSP40), and the CLPP peptidase. Consistent with a role in 
PQC, both HSP60 and CLPP co-immunoprecipitated with the OTC mutant, impli-
cating them in the clearance of the substrate. Importantly, like other stress response 
pathways, the removal of non-native protein corresponded with the transcriptional 
attenuation of chaperone genes  [  169  ] . However, the protease responsible for degra-
dation of mutant OTC is yet to be established. 

 Since the initial discovery of this unfolded protein response in mammals, an 
equivalent pathway has been identi fi ed in  C. elegans . Like the observations made in 
mammalian cells, the loss of mtDNA resulted in the upregulation of genes encoding 
HSP60 and mtHSP70, but did change the expression pro fi le of chaperones in other 
subcellular compartments  [  168  ] . A similar response was also observed upon inacti-
vation of genes suggested to function in the biogenesis or turnover of mitochondrial 
proteins  [  168  ] . Taken together, these  fi ndings demonstrate that the selective upregu-
lation of mitochondrial chaperones in both  C. elegans  and mammalian cells is trig-
gered by disturbances in the mitochondrial protein folding environment. This 
pathway has been coined, the mitochondrial unfolded protein response (UPR mt ). As 
yeast appear to lack a mitochondrial speci fi c unfolded protein response, this section 
describes the pathway in metazoa. A key component of this signal transduction 
pathway in the nematode worm is the mitochondrial matrix protease ClpXP.  

   Components of the UPR mt  Signalling Pathway in  C. elegans  

 The mitochondrial unfolded protein response (UPR mt ) is de fi ned by the ability of cells 
to selectively alter the level of PQC machinery in response to protein misfolding within 
mitochondria  [  168,   169  ] . Importantly, for target genes in the nucleus to be up-regulated 
in response to an extrinsic mitochondrial stress, a mechanism for communication 
between the two organelles must exist. To dissect this pathway and identify factors 
involved in relaying the stress signal from the mitochondrion to the nucleus, Ron and 
colleagues performed a series of gene silencing and deletion studies in  C. elegans  
 [  165  ] . For these experiments, transgenic  C. elegans  reporter strains harbouring a tem-
perature sensitive mutation (zc32  II ) were used. At non-permissive temperatures, these 
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animals experience unfolded protein stress within the mitochondrion, which leads to 
the transcriptional upregulation of a chaperone-GFP reporter (consisting of a DNA 
fragment containing the promoter region and the coding sequence for the  fi rst few 
amino acid residues of a mitochondrial chaperone)  [  23,   165  ] . Genes whose inactivation 
caused a reduction in reporter activity were predicted to encode proteins that contribute 
to UPR mt  signalling  [  165  ] . Using this model, a number of cellular components that are 
critical for UPR mt  signalling were identi fi ed  [  23,   24,   165  ] . These proteins can be broadly 
classi fi ed into two groups: those that are involved in the sensing and transmission of 
stress signals from the mitochondria (ClpX1, ClpX2, ClpP, HAF-1), and those that 
adjust their nuclear distribution or expression pro fi les to promote chaperone gene acti-
vation (ZC376.7, DVE-1, UBL-5). 

 The mitochondrial matrix ClpP protease together with its anticipated cognate 
partners, ClpX1 (encoded by  KO7A3.3 ) and ClpX2 (encoded by  D2030.2 ),  [  175  ]  
are thought to be responsible for the initial activation of the UPR mt  signalling path-
way  [  23,   24  ] . The  C. elegans  ClpXP machinery has been implicated in the ATP-
dependent proteolysis of unfolded substrates  [  24  ] . While evidence suggests that the 
ClpP homologue forms homo-oligomeric complexes composed of 14 subunits, little 
is known about the composition of the ClpX oligomer  [  23,   24  ] .  In vivo , a hexameric 
form of ClpX is likely to be involved in both substrate recognition and docking to 
the ClpP protease. Thus, different compositions or oligomeric arrangements of 
ClpX1 and ClpX2 could potentially serve as a mechanism for regulating substrate 
detection and delivery. In this regard, it is interesting to note that the loss of either 
ClpX1 or ClpX2 alone, did not inhibit UPR mt  signalling. This functional redun-
dancy suggests that the substrate speci fi city of ClpX1 and ClpX2 is overlapping 
 [  24  ] . Although the substrates of ClpX are currently unknown, their delivery to the 
ClpP protease appears to be critical for transmission of the UPR mt  stress signal. 

 The requirement for ClpP in an upstream regulatory role was established through 
a series of knock-down experiments that examined the position of ClpP relative to 
other components within the signalling network. Consistent with a position near the 
top of the signalling hierarchy, depletion of ClpP in stressed worms prevented the 
activation, recruitment and nuclear redistribution of all known UPR mt  transcription 
factors  [  23,   24,   165  ] . To elucidate the mechanism by which ClpP controls the signal-
ling pathway, a chemical inhibitor of ClpP was employed. These studies revealed 
that the intrinsic proteolytic activity of ClpP was an essential element in UPR mt  signal 
progression  [  23  ] . Not surprisingly, this raised questions regarding the identity of the 
signalling molecules generated by ClpP degradation, and the mechanisms by which 
these molecules transduce the signal. Although a number of scenarios are possible, 
there is evidence to suggest that peptides generated from the proteolysis of matrix 
proteins may be involved in at least one arm of the stress response pathway  [  24  ] . 

 The discovery of HAF-1 as a component of the UPR mt  signalling pathway sug-
gested that peptides generated from ClpXP proteolysis may be involved in signal 
transmission. HAF-1 is a member of the ABC transporter family, which appears to 
be located in the mitochondrial inner membrane  [  24  ] . In a process that is thought to 
be mechanistically equivalent to that reported for the yeast Mdl1p homologue, 
HAF-1 actively transports peptides from the matrix into the IMS. Peptides are then 
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thought to diffuse across the outer mitochondrial membrane into the cytosol  [  176, 
  177  ] . Importantly, in contrast to wild type worms experiencing stress, deletion of 
 haf-1  resulted in reduced mitochondrial peptide ef fl ux and attenuated mitochondrial 
chaperone gene induction  [  24  ] . Based on these  fi ndings, a model that integrates 
ClpP-mediated proteolysis with transmission of the stress signal across the mito-
chondrial membranes has been proposed (Fig.  9.6 ). Although HAF-1 has been 
shown to transport a broad spectrum of peptides derived from a range of mitochon-
drial matrix proteins, the precise nature of the stress signal is currently unknown 
 [  24  ] . It is not known whether signal transmission is dependent upon a unique type 
of peptide, or whether the rate of peptide  fl ux is a contributing factor. Further, a role 
for HAF-1 in the transport of free prosthetic groups cannot be excluded. Although 
additional work is required to elucidate the sensory mechanisms within the cytosol, 
it appears that the introduction of these peptides or prosthetic groups into the signal-
ling pathway results in the activation of downstream transcription factors. 
Speci fi cally, the ZC376.7 (bZIP) transcription factor is recruited into the UPR mt  
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  Fig. 9.6     The mitochondrial unfolded protein response in   C. elegans   . Depicted are the known 
components and model of mitochondria-to-nuclear signalling pathway of the unfolded protein 
response. A disruption to protein homeostasis within the mitochondrial matrix leads to the prote-
olytic processing of an unknown substrate(s) by ClpXP. This might be the promiscuous degrada-
tion of any unfolded protein or the regulated degradation of speci fi c proteins that are conditional 
substrates under stress conditions. The products of ClpXP-mediated protein degradation are pep-
tides ( red and black lines ) but for cofactor-bound substrates, prosthetic groups would also be 
released ( orange square ). These peptides and/or prosthetic groups could act as signals to initiate 
the pathway outside of mitochondria following transport through HAF-1 and pores in the outer 
membrane. Other mechanisms may exist for a signalling path independent of HAF-1. The redistri-
bution of pathway transcription factors initiated by the released signalling molecule(s) leads to the 
transcriptional up-regulation of speci fi c genes, such as those encoding mitochondrial chaperones 
Hsp60 and Hsp70, that act to restore mitochondrial protein homeostasis       
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pathway in a process that is dependent upon both ClpP and HAF-1. Under normal 
cellular conditions, ZC376.7 is located in the cytosol. Upon induction of UPR mt  
however, the protein translocates to the nucleus, where it accumulates. Although the 
gene targets of ZC376.7 are currently unknown, its translocation to the nucleus is 
closely linked to the upregulation of mitochondrial chaperone genes  [  24  ] .  

 Whilst the incorporation of HAF-1 into the UPR mt  signalling pathway provides a 
feasible model for transmission of the stress signal across the mitochondrial mem-
branes, current evidence suggests that an alternative mechanism for UPR mt  activation 
may also be at play. In what appears to be a separate arm of the response, ClpP has been 
shown to transmit signals independently of HAF-1 (Fig.  9.6 ). While the loss of ClpP 
prevented the nuclear redistribution of the transcription factor DVE-1 under conditions 
of mitochondrial stress, the loss of HAF-1 had no effect  [  23,   24  ] . Although the signal-
ling mechanisms that govern this response are currently unknown, the redistribution of 
DVE-1 within the nucleus correlates with its binding to chaperone gene promoters 
 [  23  ] . Importantly, to enhance the transcription of chaperone genes, DVE-1 is proposed 
to function with a small ubiquitin-like protein called UBL-5  [  23  ] . Upon induction of 
UPR mt , UBL-5 is upregulated and accumulates within the nucleus  [  165  ] . As demon-
strated through pull-down experiments, this enrichment enhances the formation of 
stable UBL-5/DVE-1 complexes  [  23  ] . Interestingly, as DVE-1 redistribution and pro-
moter binding can occur independently of UBL-5  [  23  ] , it is tempting to speculate that 
UBL-5 may be recruited into transcription complexes as a downstream event. 

 The above  fi ndings support a model whereby the stress-induced nuclear reor-
ganisation of DVE-1 and UBL-5 serves as a mechanism for upregulating mitochon-
drial chaperone genes. Importantly however, within this model, the transcriptional 
induction of UBL-5 also requires regulation. In what appears to be an ampli fi cation 
circuit, RNAi knock-down studies revealed that the transcriptional induction of 
UBL-5 is also dependent upon DVE-1. It is currently unclear whether DVE-1 is 
directly involved in  ubl-5  gene activation, or whether it exerts this control via an 
indirect mechanism  [  23  ] . Moreover, in worms experiencing mitochondrial stress, 
the loss of HAF-1 also circumvented  ubl-5  gene activation  [  24  ] . Thus, the upregula-
tion of UBL-5 also requires a mediator that is transmitted via the HAF-1 signalling 
pathway. While the factors that contribute to this event are currently unknown, it is 
possible to speculate that ZC376.7 may ful fi l this role. Further analysis of this tran-
scription factor and the identi fi cation of additional UPR mt  signalling components 
may assist in elucidating this mechanism.  

   What Is the UPR mt  Signalling Factor Generated by ClpXP Action? 

 The ability of cells to selectively respond to protein conformational stress within 
speci fi c subcellular compartments is a conserved paradigm that exists in both prokary-
otic and eukaryotic organisms  [  166,   170,   175,   176,   178  ] . These response pathways are 
underpinned by signalling cascades that are tailored towards sensing unfolded pro-
tein stress and transmitting stress signals to designated transcription factors. 
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Interestingly, a common theme shared by many of these response pathways is the 
participation of cellular proteases in regulating stress signal transmission  [  166,   178  ] . 
The discovery that ClpXP plays a pivotal role in controlling the mitochondrial unfolded 
protein response in  C. elegans  provides yet another example of how proteolytic pro-
cessing contributes to signal transduction  [  23,   24  ] . Although signi fi cant progress has 
been made in identifying components of the  C. elegans  UPR mt  signalling pathway, a 
number of key elements have yet to be de fi ned. In particular, the substrates that 
undergo ClpXP-mediated proteolysis and the type of the signalling molecules that are 
generated through this process require elucidation. Importantly, given that HAF-1 
homologues have been implicated in the transport of both peptides and prosthetic 
groups  [  176,   177,   179  ] , a range of potential signalling mechanisms can be conceived. 
Based on current knowledge of the UPR mt  signalling pathway (Fig.  9.6 ), a number of 
hypothetical models describing the contribution that ClpXP could make to stress sig-
nal transmission have been proposed  [  23,   175,   176,   178  ] . It has been suggested that 
ClpXP could function in the promiscuous degradation of unfolded and/or misfolded 
proteins that arise from perturbations in mitochondrial protein folding. Transduction 
of the stress signal could involve a peptide/cofactor receptor in the cytosol, or may 
rely on a sensor molecule that monitors the rate of peptide ef fl ux  [  23,   175,   176  ] . It is 
also possible that some matrix proteins may be conditional substrates of ClpXP – dis-
playing speci fi c recognition motifs under conditions of stress. In this scenario, a 
speci fi c peptide or prosthetic group could be liberated from the protein following its 
targeted degradation. Again, signal transduction may rely on a speci fi c cytosolic 
receptor that recognises mitochondrially-derived ligands  [  23,   175,   176  ] . 

 The above models not only provide insight into the mechanisms that ClpXP may 
employ, but also pave the way for future studies. The identi fi cation of ClpXP sub-
strates and the molecules involved in downstream signalling may assist in further 
de fi ning the molecular mechanisms that control the  C. elegans  UPR mt  signalling path-
way. In addition, understanding the sensory components within the cytosol may also 
shed light on the mechanism by which ClpP is able to transmit signals independently 
of HAF-1. Whilst it is possible that ABC transporters that are similar to HAF-1 may 
have escaped detection in original screens, the existence of an alternative signalling 
route that also negotiates the mitochondrial membrane barrier cannot be discounted. 

 Despite  C. elegans  and mammalian UPR mt  pathways being functionally equiva-
lent, the transcription factors that control these stress response pathways appear to 
be quite different  [  169,   180  ] . Whilst studies have addressed the mechanisms by 
which UPR mt  gene targets are selectively upregulated in response to mitochondrial 
stress  [  169,   181  ] , the identity of the stress sensor component has remained elusive 
in mammalian mitochondria.   

   Future Perspectives 

 Most of our understanding of mitochondrial AAA+ proteases has been achieved via 
genetic, biochemical and proteomic studies, particularly in relation to PQC func-
tions. A detailed understanding of the recognition motifs in substrates and substrate 
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docking sites on mitochondrial AAA+ proteases will help to re fi ne their substrate 
repertoire. It is anticipated that much will be revealed about the substrates of these 
proteases in higher eukaryotes where cell type dependent processes take place. 
Research on the role of AAA+ proteases in the mitochondrial unfolded protein 
response, cell death and aging are just a few areas that are expected to expand in the 
near future. An understanding of the mitochondrial AAA+ proteases in the context 
of human mitochondrial diseases will be important in the development of successful 
therapies for disease intervention.      
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