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proteases that survey the organelle for misfolded or unfolded proteins and toxic aggregates.
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Protein translocation with a marked decline in the effectiveness of mitochondrial protein quality control. Here, we

present an overview of the chaperones and proteases involved in the initial folding and
maturation of new, incoming precursor molecules, and the subsequent repair and removal of
oxidized aggregated proteins. In addition, we highlight the link between mitochondrial protein
quality control mechanisms and the aging process.
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1. Introduction mitophagy. Mitochondrial dynamics and mitophagy are impor-

Mitochondria are key determinants of life and death in eukaryotic
cells. They participate in, or directly execute, a number of
essential cellular processes such as, ATP production through
the TCA cycle and oxidative phosphorylation, p-oxidation of
lipids, iron/sulfur cluster biogenesis, calcium buffering, apopto-
sis regulation, etc. All these functions are carried out by a
limited number of proteins (~1500 in humans) that are, in their
majority, encoded by nuclear genes. Mitochondrial proteins are
targeted either post-translationally or co-translationally to the
specific mitochondrial sub-compartment where they are des-
tined. Mitochondria are also responsible for the generation of
deleterious highly reactive free radicals. Lesions in mitochon-
drial or nuclear DNA, or the mitochondrial proteins themselves
can cause pronounced mitochondrial dysfunction, which has
been linked in several cases to aging and disease. To safeguard
against such faults, cells evolved quality control mechanisms
that continuously survey for dysfunctional mitochondrial com-
ponents and ensure their repair or degradation and removal.
The surveillance mechanisms that control the quality and
functionality of mitochondria are crucial for the survival and
integrity of the cell and the whole organism.

The first line of defense against mitochondrial dysfunction
includes the mitochondrial chaperones and proteases. However,
already in the cytosol, a nascent polypeptide chain destined for
mitochondria needs to bind a cytosolic chaperone to remain in an
unfolded import-competent conformation. Translocation across
the outer and inner mitochondrial membranes is mediated by
conserved protein complexes that function in close collaboration
with mitochondrial chaperones [1]. After they have reached their
destination mitochondrial precursors usually undergo proteolytic
maturation catalyzed by soluble and membrane-bound pro-
cessing peptidases. Final folding and assembly in the native
functional form are facilitated by highly conserved chaperone
systems. Given that mitochondria are oxidatively challenged,
mitochondrial proteins are commonly subjected to oxidative
damage. Chaperones and proteases involved in the repair and/or
removal of damaged proteins are part of the mitochondrial
protein quality control mechanisms (mtPQC) [2].

When the load of protein damage exceeds the capacity of the
above protein quality control systems, other organelle quality
control mechanisms may intervene to overcome the burden
of accumulating misfolded or misassembled proteins. Mito-
chondrial fusion and fission are such processes that facilitate
the mixing and redistribution of mitochondrial components,
allowing functional repair mechanisms of one organelle to act
on damaged components of another. However, when damage
accumulates beyond the threshold capacity of these mecha-
nisms, the damaged organelle is flagged for destruction. It is first
cut off and isolated from the rest of the mitochondrial network
and then removed through a specific autophagic process called

tant mechanisms of organelle quality control that act in concert
with the protein translocation and protein quality control
machineries to regulate proteostasis and mitochondrial function
[3]. Disruption of these processes leads to mitochondrial stress,
which has been closely associated with the aging process [4].
In this review we focus on the network of chaperones and
proteases that facilitate mitochondrial protein maturation,
folding and quality control, highlighting their involvement in
combating oxidative stress and aging.

2. Mitochondrial protein import and maturation

The vast majority of mitochondrial proteins are imported into
mitochondria in an unfolded conformation, through conserved
membrane-bound translocases that reside on the outer and inner
mitochondrial membranes. The preproteins destined to mito-
chondria are translated by either free cytosolic or mitochondria-
associated ribosomes. The transport to the final destination as
well as the final folding and assembly into the functional form are
mediated by a pool of chaperones and proteolytic enzymes
(Tables 1 and 2).

2.1. Chaperones

Precursors translated by free ribosomes travel through the
aqueous cytosol bound to the cytosolic chaperones Hsp70 and
Hsp90 [5]. These chaperones shield the hydrophobic segments
of the polypeptides, to keep them in an unfolding conforma-
tion and protect them from aggregation. Cytosolic chaperones
bind to tetratricopeptide (TPR) motifs of the mitochondrial
surface receptors and this interaction prepares the receptors
for the subsequent binding of their cargo [5,6]. In yeast and
mammals the mitochondrial outer membrane receptors are
subunits of the Translocase of the Outer Membrane (TOM)
complex, namely Tom20, Tom22 and Tom70 [1,7]. Precursors
with N-terminal targeting sequences are preferentially bound
by the cytosolic Hsp70 and delivered to Tom20 and Tom22
[8,9]. Mammalian Hsp90, together with Hsp70,delivers pre-
cursors to the Tom70 receptor, which recognizes internal
targeting signals in membrane-targeted precursors [5].

About half of mRNAs encoding for mitochondrial proteins
are enriched in the vicinity of mitochondria. The peptides
produced are translocated co-translationally [10]. In mammals,
ribosomes bind to mitochondria via protease-sensitive compo-
nents on the mitochondrial surface [11]. Factors that control the
preferential, asymmetric localization of mRNAs close to mito-
chondria include; i) the translational machinery, ii) the mito-
chondrial targeting signal (MTS) located in the N terminus of
newly synthesized polypeptides, as well as two elements in
their coding region, iii) the outer membrane receptor Tom20
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Table 1-Mitochondrial chaperones and chaperone-like proteins. Co-chaperones are separated from their cognate

chaperones by a slash. Subunits of protein complexes are separated by a dash. The sub-mitochondrial localization and
function of each protein is indicated.

Saccharomyces Homo sapiens Localization Function
cerevisiae

Ssc1/Pam18 HSPA9/DNAJC19 Matrix Protein import and folding

Ssc1/Mdj1 HSPAY/TID1

Ssql/Jacl -/DNAJC20 Matrix Assembly of iron/sulfur clusters into proteins

Hsp60/Hsp10 HSPD1/HSPE1 Matrix Folding and assembly of newly imported mitochondrial
proteins

Hsp78 - Matrix Disaggregation activity

Mcx1 CLPX Matrix Unknown

Tim9-Tim10 TIMMO9-TIMM10 Intermembrane space Chaperoning of unfolded hydrophobic precursors through
the intermembrane space

Tim8-Tim13 TIMMS8A-TIMM13 Intermembrane space Chaperoning of unfolded hydrophobic precursors through
the intermembrane space

Mia40 CHCHD4 Intermembrane space Oxidative protein folding of cysteine-rich substrates

Cesl CCS Intermembrane space Copper chaperone of SOD1

Cox11 COX11 Inner membrane Copper delivery to CcO

Scol SCO1 Inner membrane Copper delivery to Cco

- SCO2 Inner membrane Copper delivery to Cco

Cox17 COX17 Intermembrane space Copper delivery to Scol and Cox11

Cox19 COX19 Intermembrane space Unknown

Cox23 COX23 Intermembrane space Unknown

Pet191 COA5 Inner membrane Unknown

and iv) the RNA-binding protein Puf3 [12-15]. Mitochondria-
destined proteins translated in the vicinity of the organelle are
further divided into two groups, those that depend on the
mitochondrial RNA-binding protein Puf3p for their import and
those that do not [14,15]. It has been suggested that asymmetric
localization of mRNA is a mechanism that allows cells to
respond promptly to environmental cues by adapting the rates
of mitochondrial protein import and biogenesis [16]. In addition,
it ensures that precursor peptides do not become misfolded or
aggregated, by facilitating their immediate delivery to mito-
chondria upon translation.

Delivery of the polypeptides to the receptors of the TOM
complex initiates their traversal through the outer membrane
and their targeting to a specific mitochondrial sub compart-
ment. After crossing the TOM40 channel in the outer mito-
chondrial membrane, import into the matrix is mediated by the
Translocase of the Inner Membrane, TIM23, and is driven by
inner membrane potential and the multisubunit import motor
PAM. This process is performed in a tightly regulated manner
that keeps precursors in an unfolded conformation and ensures
their proper folding and maturation as soon as they reach their
destination [1]. Translocation is achieved through a sequence of
binding events between the unfolded preprotein and specific
subunits of the translocases of the inner and outer mitochon-
drial membranes. The increasing affinity of these interactions is
thought to promote the translocation of the precursor molecule
inwards [1,17,18].

Each one of the two aqueous mitochondrial subcompart-
ments (matrix and intermembrane space), possesses its own
pool of chaperones to assist the folding of incoming precursor
molecules. The major chaperone of the matrix is the mitochon-
drial Hsp70 (mtHsp70, Sscl in yeast), a member of the Hsp70
family of chaperones, and a homolog of the bacterial Dnak
(Table 1). The human homolog of mtHsp70 is commonly referred
to as mortalin or Glucose-Regulated Protein 75 (GRP75). mtHsp70

is the central chaperone of the import motor PAM (Presequence
translocase Associated Motor). Apart from mtHsp70, PAM
contains the nucleotide release factor for mtHsp70, Mgel
(Mitochondrial GrpE-like protein 1), and four membrane bound
co-chaperones [19-21]. The J-domain protein co-chaperone
Pam18, which stimulates the ATPase activity of mtHsp70
[22,23], Pam16, a J-related protein that forms a complex with
Pam18 and regulates its activity [24,25], the adaptor protein
Tim44 that tethers mtHsp70 together with the ] complex to the
import channel Tim23 [26], and Pam17 that regulates the
TIM23-PAM interaction. Polypeptides that arrive in the matrix
are trapped by the mtHsp70 while still in transit [27]. The exact
function of mtHsp70 during translocation is not completely
understood. It has been suggested that trapping of incoming
polypeptides by the mtHsp70 chaperone prevents their back-
ward movement into the channel, while a conformational
change of the chaperone, in conjunction with ATP hydrolysis,
actively pulls the substrates across the inner membrane into
the matrix [26,28]. This movement likely unfolds the C-terminal
part of the precursor, which is still in the outer membrane,
allowing its linearization, which is prerequisite for transloca-
tion through the outer and inner membrane channels [29,30].
Precursors of transmembrane mitochondrial proteins are
typically polypeptides with multiple hydrophobic segments.
These polypeptides need to travel through the aqueous inter-
membrane space in an unfolded state, suitable for delivery to
the respective translocases. To avoid misfolding and aggrega-
tion upon their exit from the TOM channel, they are captured by
oligomeric chaperone complexes that reside in the IMS. Two
such complexes have been identified; the Tim9-Tim10 complex
and the Tim8-Tim13 complex. The subunits of these complexes
belong to the small Tim family of proteins, conserved from
yeast to humans. Each complex comprises three molecules of
each protein partner. Tim9 and Tim10 are essential for the
survival of yeast cells, while Tim8 and Tim13 are dispensable.
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Table 2 - Mitochondrial proteases involved in protein maturation and quality control. The sub-mitochondrial localization

and function of each protein is indicated. ND: not determined.

Saccharomyces Homo sapiens Localization Function

cerevisiae
Pim1 LONP1 Matrix Quality control
- CLPP Matrix Quality control, degradation of regulatory proteins
MPP MPP Matrix Processing of presequences
(Mas1-Mas2 (o-MPP—3-MPP)
Oct1 (MIP) MIPEP Matrix Octapeptide removal of MPP-processed substrates
Icp55 ND Matrix N’ amino acid removal from MPP-processed substrates
Cym1 (Mop112) PREP Matrix Peptide/presequence degradation

m-AAA
(Yta10-Yta12)

i-AAA YME1L1 Inner membrane, substrate released in
(Ymel) intermembrane space

Pcpl PARL Inner membrane, intra-membrane cleavage
IMP IMMP1L-IMMP2L Inner membrane, substrate released in

(Imp1-Imp2)

Omal OMA1 Inner membrane, substrate released in both
sides of the membrane

ND HtrA2 (Omi) Intermembrane space

Atp23 XRCC6BP1 Intermembrane space

Prdl Neurolysin Intermembrane space

AFG3L2-SPG7

Inner membrane, substrate released in matrix

intermembrane space

Quality control, processing, autocleavage
Quality control

Processing
Processing of presequences

Processing
Quality control?

Processing and assembly of Atp6
Peptide degradation

The Tim9-Tim10 complex serves as a chaperone for the
hydrophobic precursors of metabolite carriers and other inner
membrane proteins as well as precursors of p-barrel proteins of
the outer membrane [31-34]. The Tim8-Tim13 complex has a
function similar to Tim9-Tim10 but different substrates [35,36].
All members of the small Tim family of proteins contain
conserved twin cysteine motifs and form intramolecular
disulfide bonds that drive their oxidative folding in vivo [32].
The mitochondrial intermembrane space possesses a catalytic
machinery specific for the introduction of disulfides in such
precursors. The central oxidoreductase of this machinery
is Mia40 [37]. Except for the small Tim family of proteins
numerous other substrates of this disulfide relay system have
been identified so far. Recently it was shown that Mia40 also
functions as a molecular chaperone, assisting a-helical folding
of the internal targeting signal of its substrates and preventing
their aggregation [38,39].

2.2. Mitochondrial processing peptidases

Mitochondria-targeted precursors carry sequences that serve as
localization signals to each of the four mitochondrial subcom-
partments. These targeting signals can be classified into three
different groups. The cleavable signal sequences that are located
at the N terminal part of the precursor molecule and are often
referred to as presequences, the non-cleavable internal signals,
that are scattered in different parts of the precursor, and the
signals that contain cysteine motifs [1]. Precursors that bear the
cleavable presequences are typically targeted to the mitochon-
drial matrix, the inner membrane or the intermembrane space,
and their translocation involves the translocases TOM and
TIM23 of the outer and inner membrane respectively [40].
The non-mature form of the precursors targeted to the inner
membrane or intermembrane space usually contains a hydro-
phobic sorting signal after the N terminal presequence that
guides lateral sorting into the inner membrane. After incorpo-
ration of the preprotein into the membrane, one or two cleavage

steps produce the mature form of the protein, which is either
transmembrane or released into the intermembrane space,
respectively [41,42]. These maturation steps are a prerequisite
for the proper folding and stabilization of the protein, required
for its function [43,44].

Several mitochondrial peptidases have been identified so far
(Fig. 1; Table 2) [45]. Most presequences are removed in one
cleavage event by the dimeric Mitochondrial Processing Pepti-
dase (MPP), located in the mitochondrial matrix [46]. MPP is
a heterodimeric zinc-metallopeptidase that consists of two
essential and highly conserved subunits, «-MPP and p-MPP.
The «-MPP subunit recognizes and binds the presequence,
while subunit 3-MPP is responsible the catalytic activity of the
complex. In plants, MPP is membrane-bound and incorporated
in the complex III of the respiratory chain, which exerts a dual
function, presequence processing and electron transfer [47,48].
The general ATP-dependent protease m-AAA (see below) can
also perform the first processing step on the incoming precursor
of cytochrome c peroxidase (Ccp1l) in yeast [41].

As noted above, many precursors need a second processing
step to become fully mature. In some cases MPP carries out
this sequential cleavage step to conclude maturation [49-51].
However, typically this second cleavage is the task of other
processing peptidases that are either soluble or membrane-
bound. These peptidases release their products in the matrix
or the intermembrane space. The inner membrane peptidase
(IMP) is an integral inner membrane hetero-oligomer that
comprises two catalytic components of non-overlapping speci-
ficities, Imp1 and Imp2, and one non-catalytic component, Som1
[52-54]. The catalytic subunits of IMP face the intermembrane
space, where their proteolytic products are released [42,55,56].
The octapeptidylaminopeptidase 1 (Octl) is a soluble matrix
metalloprotease, initially named MIP (Mitochondrial Intermedi-
ate Peptidase) [S57]. Unlike IMP, which cleaves presequences
independently of MPP, Octl functions only on MPP-processed
substrates. Octl removes an octapeptide from the N-terminus of
already processed precursors. Initially it was suggested that the
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Fig. 1 - Processing peptidases. Mitochondrial precursors with cleavable N’ terminal presequences are imported in the matrix
via the TOM and TIM23 translocases. While still in transit the N’ terminal presequence is cleaved by MPP. In several cases a
second cleavage event takes place, which is mediated by peptidases such as IMP, MIP/Oct1 and Icp55. Precursors with bipartite
signal peptides enter the organelle via translocases TOM and TIM23. When their hydrophobic sorting signal reaches the inner
membrane, vectorial translocation stops and the protein is laterally sorted in the inner membrane. The N’ terminal
presequence is cleaved by MPP. A second cleavage step by IMP in the intermembrane space releases the mature protein. An
alternative processing pathway involves the m-AAA and Pcp1 proteases (for example in the case of cytochrome c peroxidase).
Finally, mitochondrially encoded proteins are introduced in the inner membrane via Oxa1 (cytochrome oxidase activity 1)
translocase. In the case of Atp6, maturation is achieved through processing by the Atp23 peptidase at the intermembrane
space. The Saccharomyces cerevisiae nomenclature is used for the proteins shown here.

role of Octl is to remove the MPP cleavage site [58]. Recently, a
systematic study of the sequences of all the known substrates
of Octl revealed that they carry N-terminal destabilizing amino
acids, according to the N-end rule of protein degradation [59].
Processing by Octl converts the destabilizing N-termini of
preproteins into stable N-termini of mature proteins, thus,
acting as a quality control mechanism for MPP-processed pre-
cursors [43]. Pcp1/PARL (Processing of cytochrome c peroxidase-
Presenilin-associated rhomboid-like protease) is an integral
inner membrane serine protease which belongs to the
rhomboid-GlpG superfamily. Pcpl is necessary for the second
processing step in Ccpl maturation, after the first cleavage by the
m-AAA protease complex [41]. Moreover, Pcpl is involved in the
proteolytic maturation process of Mgm1/OPA1, an integral inner

membrane protein facing the intermembrane space, required
for mitochondrial fusion [60]. Therefore, Pcpl is important for
mitochondrial morphology and genome maintenance [61,62].
Atp23 is a conserved serine metallopeptidase of the
intermembrane space with a dual function; it possesses a
processing peptidase activity specifically for its substrate Atpé6,
and substrate-specific chaperone activity that promotes the
assembly of Atp6 with the F1-Atp9 oligomeric subcomplex.
Atp23was found to genetically interact with prohibitins [63].
Recently, a novel matrix aminopeptidase (Icp55; intermediate
cleaving peptidase), involved in precursor processing has been
identified [44]. Icp55 is peripherally attached to the inner mem-
brane and cleaves single phenylalanine, tyrosine or leucine
residues at the N-terminus of MPP-processed precursors [44].
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Nsfl is the only known substrate, with Icp55 removing three
amino acids from its N-terminus [64]. Similar to Octl, the
proposed role of IcpSS is the stabilization of the mitochondrial
proteome.

Cleavage releases the polypeptide and presequence in an
extended conformation. Accumulation of cleaved presequences
may interfere with the inner membrane potential and inhibit
the catalytic activity of MPP. Cleaved presequences, as well as
protein degradation-derived peptides are extruded from the
matrix into the intermembrane space and then diffused to the
cytosol [65]. Peptide export is mediated by the mitochondrial
ABC transporter Mdl1 (TAP in mammals, HAF-1 in Caenorhabditis
elegans). Proteolytic breakdown of presequences or other small
unfolded peptides is undertaken by oligopeptidases [66]. Two
such oligopeptidases have been identified in mitochondria.
PreP (Mop112/Cyml1 in yeast) has homologs in yeast, plants
and humans. Analysis of PreP homologs from Saccharomyces
cerevisiae, Arabidopsis thaliana and humans revealed their func-
tional conservation and their localization in the matrix [67]. The
human homolog of PreP is an amyloid-beta-degrading enzyme,
which was found to have reduced activity in brain mitochondria
from Alzheimer’s disease patients [68,69]. Saccharolysin (or Prd1)
is a metallopeptidase that exerts similar functions in the
mitochondrial intermembrane space, degrading peptides pro-
duced by the i-AAA protease [70].

3. Mitochondrial protein maintenance

Within the challenging mitochondrial environment mito-
chondrial proteins may experience misfolding or unfolding
events that could lead to aggregation. Chaperones lie at the
core of the repair mechanism. However, proteins that fail to
mature, fold, or assemble properly as well as those that
become irreversibly oxidized and denatured are degraded by
mitochondrial proteases.

3.1. Chaperones

Besides its role in protein translocation, mtHsp70 is also one of
the two major chaperones that assist protein folding into the
matrix under normal conditions [71]. Both nascent polypeptides
that have entered the matrix and stress-induced denatured
proteins interact primarily with mtHsp70 to acquire their
correct conformation [72]. This function of mtHsp70 relies on
its ability to bind to hydrophobic segments of the substrate
protein. This binding shields aggregation prone segments of the
protein, while controlled release from the chaperone allows it to
fold (or refold) to the mature and active conformation. When
engaged in protein folding, mtHsp70 interacts with a different
J-domain co-chaperone, the homolog of bacterial DnaJ and
member of the Hsp40 protein family, Mdj1 (Mitochondrial DnaJ
1), as well as the nucleotide exchange factor Mge1l [73]. Lack of
Mdjlp in S. cerevisiae mitochondria does not affect protein
import but instead impairs folding of newly imported protein
precursors, and refolding after incubation at elevated temper-
ature [72]. The human homologs of Mdj1 and Mgel are known
as Tid1l and hMgel respectively. The two spliced versions of
Tid1, the long Tid1;, and the short Tid1s have opposing effects
on the regulation of apoptotic signals in the matrix [74]. Mdj1,

similar to its cytosolic counterparts, targets protein substrates
and stimulates the ATPase activity of mtHsp70, converting it to
the ADP-bound form, which has high affinity for substrate. In S.
cerevisiae mitochondria, a second member of the Hsp70 family,
Ssq1, cooperates with the J-domain protein Jacl to mediate iron
homeostasis and promote the activity of iron/sulfur (Fe/S)
cluster proteins [75,76]. Most higher eukaryotes employ one
mtHsp70 which cooperates with a Jacl homolog to promote Fe/
S cluster protein maturation [76]. The human mitochondrial
Hsp70 system, that comprises mortalin and Tid1, has the ability
to function as a disaggregating machine, a capacity also shown
for bacterial systems [77,78]. Folding and maintenance of the
mtHsp70itself is assisted by the chaperone Hep1, also known as
Zim17, and Tim15 [79-81].

Folding of newly imported polypeptides in the matrix is often
assisted by the Hsp60/Hsp10 chaperonin system [82,83]. Hsp60 is
a eukaryotic homolog of the bacterial GroEL chaperone. Its
characteristic structure dictates a mode of function different
from other Hsp70 chaperones. Hsp60 oligomerizes into two
stacked heptameric rings. Each ring forms a large internal cavity
which accommodates unfolded polypeptides. The cofactor
Hsp10 covers the opening of the ring. ATP hydrolysis induces a
conformational change that renders the cavity more hydrophilic
and allows the substrate to fold without interference from other
protein factors. Substrate interaction with Hsp60 takes place
after release from the mtHsp70, the first chaperone precursors
meet during their crossing the inner membrane (Fig. 2) [84]. Loss
of Hsp60 function leads to accumulation of protein aggregates in
the matrix [82].

Severe stress conditions may cause denaturation of mito-
chondrial proteins to an extent beyond the capacity of chaper-
one repair systems. Unfolded proteins tend to form insoluble
aggregates that generate an additional burden for the organelle.
Many cell types contain specialized chaperones that are involved
in reactivating these aggregates. These chaperones belong to
the Heat-shock protein 100/Caseinolytic peptidase (Hsp100/Clp)
subfamily of the AAA + (ATPases Associated with various cellular
activities) protein family and are essential for thermotolerance.
They form a hexameric ring structure with an internal channel,
and catalyze protein unfolding, disassembly and disaggregation
in bacteria, plants, fungi [85]. For many of their disaggregating
activities, these enzymes cooperate with the Hsp70 system
forming a bi-chaperone network [85,86]. Hsp78 and Mcx1/ClpX,
are two matrix-located, mitochondrial members of the Hsp100/
Clp family. S. cerevisiae Hsp78 has been shown to oligomerize into
hexameric ring-shaped complex in an ATP-dependent manner
in vitro [87]. Hsp78 disaggregation activity depends on its in-
teraction with Hsp70 system (Fig. 2) [88]. Although not essential
for viability under normal conditions, Hsp78 is essential for
respiratory competence and mitochondrial genome integrity
under severe stress [89]. Deletion of the HSP78 gene significantly
inhibits the ability to restore the fragmented mitochondrial
network after heat stress [90]. It has been proposed that the
disaggregation activity of Hsp78 is mediated mainly by main-
taining mtHSP70 in a soluble and functional state, following
heat stress [91]. Metazoan organisms appear to lack Hsp100
disaggregases. Their function is likely taken over by the Hsp70
system, possibly through interaction with members of the
Hsp70-related protein family, Hsp110 [92,93]. Finally, it has
been shown that Hsp78 is also involved in mitochondrial
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Fig. 2 - Mitochondrial protein quality control pathways. Newly imported or misfolded proteins in the matrix are treated by the
main chaperone systems Sscl1 (mtHsp70) and Hsp60. Disaggregation is mediated by Ssc1 and Hsp78 chaperones. If proper
folding is not achieved, degradation follows by the matrix quality control proteases Lon, ClpXP and m-AAA. The resulting
peptides are further degraded to amino acids by the aminopeptidase Cym1. i-AAA protease degrades misfolded proteins in the
intermembrane space. Peptides are further degraded by the oligopeptidase Prd1. The Saccharomyces cerevisiae nomenclature is
used for the proteins shown here. Components that do not exist in S. cerevisiae are indicated with an asterisk (see text for

details).

proteolysis mediated by the main matrix protease Lon/PIM1, a
property that is absent from its bacterial and cytosolic counter-
parts [94].

3.2 Metallochaperones

Heavy metals like copper, zinc, manganese and iron are
critical cofactors for a number of mitochondrial proteins, and
assist their folding and/or their enzymatic activity. Although
many metalloproteins may bind to more than one metal ions
in vitro, they exhibit selectivity in vivo. This specificity is
conferred by accessory proteins with chaperone-like activity
known as metallochaperones, which bind and deliver the
metal ion to the specific metalloprotein. Biogenesis of the
cytochrome c oxidase (CcO) complex depends on a number of
metallochaperones. In budding yeast delivery of redox-active
copper in the subunits COX1 and COX2 of CcO is achieved by

Cox11 and Scol metallochaperones respectively. Cox17 sup-
plies both Cox11 and Scol [95,96]. In humans, a second Sco
protein, Sco2, participates in metallation of CcO [97]. COX19,
COX23 and PET191 are also copper binding proteins involved
in CcO biogenesis but their role remains to be determined
[98,99]. Sco proteins are redox regulated as they contain
cysteine residues critical for their localization and metal
coordination [100]. Mitochondrial import and maturation of
the ROS-scavenger Cu, Zn-Superoxide Dismutase (SOD1) de-
pends on the copper metallochaperone, CCS (Copper chaper-
one of the superoxide dismutase) [101]. In mammals, X-linked
inhibitor of apoptosis (XIAP) has been identified as a novel
substrate for CCS in the mitochondrial intermembrane space
[102]. Mitochondrial metallochaperones, encoded by essential
genes conserved in humans, ensure proper maturation and
function of mitochondrial metalloproteins thereby protecting
the organelle from oxidative damage.
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3.3. Quality control proteases

When refolding and reactivation of compromised proteins fails
damaged polypeptides need to be removed from the organelle to
prevent proteotoxic stress. Clearance of misfolded proteins is
achieved through protein quality control mechanisms mainly
involving proteolysis. Specialized proteolytic systems, related to
those found in bacterial cells, exist in all the mitochondrial
sub-compartments (Fig. 2; Table 2). Most mitochondrial pro-
teasesinvolved in removal of misfolded and aggregated proteins
belong to the AAA+ protein family. These proteases assemble
into homo-oligomeric ring-shaped complexes. The main mito-
chondrial protease of the matrix in yeast is a homolog of the
bacterial Lon protease, also known as Pim1l (Proteolysis In
Mitochondria 1). Lon family members are ATP-dependent serine
proteases. Lon exhibits both chaperone and protease activities
[103]. However, during its proteolytic function it collaborates
with other mitochondrial chaperones, such as mtHsp70 and
Hsp78 [94,104,105]. In budding yeast deletion of the PIM1 gene
causes respiratory incompetence and loss of genome integrity
[106]. Downregulation of human Lon in WI38 VA-13 human lung
fibroblasts results initially in apoptotic, and finally in necrotic
cell death, while cells that survive display abnormal mitochon-
drial morphology and shift to anaerobiosis [107]. It has been
proposed that Lon/Pim1 acts as a quality control valve, de-
grading proteins that have escaped the refolding efforts of the
mtHsp70 chaperone system [108]. Oxidized proteins often carry
non-reversible covalent modifications and are primary substrates
for Lon/Piml protease [108-111]. Moreover, Lon/Piml binds
mitochondrial DNA preferentially in the heavy and light chain
promoter regions required for transcription and replication, while
it also interacts with DNA polymerase vy and the Twinkle helicase,
both components of the mitochondrial nucleoids [112]. Recently,
the Lon/Pim1 protease was shown to regulate mitochondrial DNA
copy number and transcription by targeting the mitochondrial
transcription factor A (TFAM) for degradation [113].

ClpP (caseinolytic protease) is a protease of the mitochondrial
matrix that belongs to the Clp protein family. Unlike Lon
protease, the ClpP complex consists of two different polypeptide
chains assembled in oligomeric rings. The ClpXP holoenzyme
consists of the CIpP protease that forms the catalytic core and
the Mcx1 chaperone (Mitochondrial ClpX 1). Although ClpP is
absent from yeast it has been found in mammalian mitochon-
dria [114]. The structure of the human ClpP is similar to the
bacterial homolog; it assembles into two face-to-face stacked
heptameric rings with the proteolytic active sites exposed in the
aqueous internal chamber [115]. The chaperone ClpX forms a
hexameric ring-shaped structure and interacts with the ClpP
complex to form the holoenzyme [116]. The ClpX chaperone
initially recognizes, and then unfolds and translocates the
substrates into the proteolytic chamber of ClpP [114]. The ClpP
protease is a central component of the Mitochondrial Unfolded
Protein Response (UPR™"). Similar to the endoplasmic reticulum
UPR, UPR™ is a signal transduction pathway that senses
accumulation of misfolded or aggregated proteins within the
mitochondrial matrix and relays signals to the nucleus for
transcriptional activation of repair mechanisms. ClpP is also a
target of UPR™, since upon activation of the pathway its
expression is increased [117,118]. ClpP deficiency results in
attenuation of the whole pathway.

Apart from the soluble Lon and ClpXP proteolytic machines,
mitochondria possess a third class of AAA proteases that are
incorporated in the inner mitochondrial membrane, and their
targets are primarily membrane-bound proteins. They belong to
the FtsH (Filament forming temperature sensitive) protease
family. Members of this family exist in bacteria, fungi, plants
and animals. At least two members of this family are present in
mitochondria; m-AAA and i-AAA, which expose their catalytic
sites in the matrix and intermembrane space respectively
[119,120]. The m-AAA protease in yeast is a hexamerichetero-
oligomeric complex that consists of two subunits namely Yta10
(Afg3) and Ytal2 (Rcal) [121]. However, mammalian mitochon-
dria incorporate different isoenzymes of m-AAA proteases that
assemble into homo- or hetero-oligomeric complexes [122]. As
mentioned above, m-AAA are not only quality control proteases
involved in the degradation of misfolded polypeptides but also
have a role in specific processing of certain substrates, such as
the ribosomal protein MrpL23, cytochrome c peroxidase and the
dynamin-like GTPase involved in mitochondrial fusion OPA1
[41,123,124]. Mammalian m-AAA is involved in the proteolytic
maturation of its own subunits, Afg3L1, Afg3L2 and paraplegin
after cleavage by MPP. i-AAA protease is the only known
ATP-dependent protease that faces the intermembrane space
and is a hexameric homo-oligomeric complex of Ymel (yeast
mitochondrial escape 1) subunits. The human homolog YME1L1
is required for the proteolytic clearance of non-assembled
respiratory chain complex subunits, for cristae morphogenesis
and for apoptotic resistance in human embryonic kidney 293
cells [125]. Recently Ymel was found to participate in the
clearance of incompletely oxidized, misfolded proteins of the
small Tim family [126]. Ymel participates in the import and
maturation of Polynucleotide Phosphorylase in the mitochon-
drial intermembrane space independently of its proteolytic
activity [127]. Both AAA proteases also display a chaperone
activity and are involved in the assembly of the respiratory
complexes [128-130].

Another inner mitochondrial membrane protease is OMA1, a
homolog of the HtpX protease of the Escherichia coli plasma
membrane. OMAL1 is a metallopeptidase whose catalytic center
faces the matrix and has overlapping activities with m-AAA
[131-134]. The intermembrane space of mammalian mitochon-
dria contains a soluble homo-trimeric serine protease, HtrA/Omi.
HtrA is apparently absent in yeast cells and worms but shares
homology with the Deg proteins of bacteria and plants. Mamma-
lian HtrA2 is strongly induced upon stress. Although its function
is still obscure, it has been suggested that it participates in protein
quality control at the mitochondrial intermembrane space by
clearing excess misfolded proteins [135].

4. Oxidative stress challenges mitochondrial
proteostasis during aging

Mitochondria are the primary generator of reactive oxygen
species (ROS) in the cell. ROS are produced by incomplete
reduction of oxygen with electrons that have leaked from
respiratory chain complexes. ROS can damage several macro-
molecules such as proteins, lipids and DNA. Extensive oxidative
damage has been linked with premature aging and development
of age-related diseases. Post-mitotic cells accumulate mutations
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as a function of age. The rate of accumulation increases at higher
temperatures [136]or under oxidative stress [137]. Accumulation
of mtDNA mutations in mice that express an error-prone version
of PolgA leads to reduced lifespan and early development of
age-associated phenotypes [138]. Targeting DNA repair enzymes
such as8-oxoguanine DNA glycosylase (OGG1) in mitochondria
enhances mtDNA repair and cellular viability [139]. However, an
age-dependent decline in the import efficiency of mitochondrial
proteins required for repair of oxidatively damaged mtDNA
has been reported [140]. These enzymes become stuck in
the outer membrane of liver mitochondria of aged mice, in
the unprocessed precursor form. By contrast, none remains
in precursor form in mitochondria from young mice. These
findings indicate that impairment of DNA repair enzyme import,
and the resulting accumulation of mtDNA oxidative damage is a
consequence of aging and also contributes to senescent decline.
Conversely, oxidative stress has been shown to inhibit
protein import into mitochondria [141], although the exact
mechanism of this inhibition remains elusive. Defects in
mitochondrial protein translocation often lead to premature
aging. Mice with only one intact copy of TIM23 gene show
reduced lifespan [142]. In contrast, overexpression of mtHsp70
extends lifespan in C. elegans and normal human cells, while
RNAi knockdown leads to shorter lifespan and progeria-like
phenotypes in nematodes [143,144]. Proteomic analysis revealed
reduced levels of mortalin in brain tissues from Parkinson’s
disease patients [145]. Mortalin is a major target for oxidation,
with the oxidized form being more abundant in brains from
older compared with young mice [146]. Mitochondria derived
from mice homozygous for a mutation in the immp2l gene,
encoding a subunit of the mitochondrial inner membrane
peptidase, generate elevated levels of superoxide. These mutant
animals manifest many age-associated phenotypes [147].
Mitochondrial proteins are primarily subjected to oxidative
stress. Oxidatively damaged proteins may become inactivated,
lose their proper tertiary structure and potentially form toxic
aggregates within the organelle. Oxidative modifications cause
reversible or irreversible damage to proteins. Reversible modi-
fications occur in the sulfur-containing amino acids, cysteine
and methionine. Mitochondria have a limited ability to repair
some of the oxidized proteins using the antioxidant systems of
thioredoxin/thioredoxin reductase, glutaredoxin/glutathione/
glutathione reductase and methionine sulfoxide reductase
[148]. Irreversibly oxidized proteins need to be removed by
degradation and this is mediated, as already mentioned, mainly
by the Lon/Pim1 protease in the matrix. Enzymes that carry
oxidation-sensitive prosthetic groups are primary targets for
oxidation and thus degradation by Lon [149]. Lon activity
assayed by the release of fluorescent peptides significantly
decreases in 27-month-old compared with 10-month-old rats,
while oxidized proteins accumulated in the matrix of older
animals [150]. Furthermore, Lon protein levels are reduced in
skeletal muscles of aged versus young mice [151]. Overexpression
of Lon in the fungal aging model Podospora anserina leads to both
lifespan and health span extension. Transgenic strains display
reduced oxidized protein load, reduced production of hydrogen
peroxide and higher resistance to oxidative stress [152]. It has
been proposed that Lon itself is a redox-regulated enzyme
complex, since oxidative stress caused by exogenous addition of
the oxidant peroxynitrite in isolated rat brain mitochondria

markedly decreases Lon activity whereas subsequent treatment
with reduced glutathione can partly restore this effect [153].

Mitochondrial protein import and protein quality control
machineries may also act synergistically to initiate signal trans-
duction pathways that regulate critical aspects of organellar
quality control [154-156]. This is achieved in part by acting on
regulatory proteins that target mitochondria and relay signals
to the cytosol and/or the nucleus of the cell. In nematodes, the
bZip transcription factor ATFS-1 (Activating Transcription
Factor associated with Stress 1) targets both the nucleus and
mitochondria. Under normal conditions, it translocates to the
mitochondrial matrix, where it is degraded by the Lon protease.
Under mitochondrial stress conditions, it accumulates in the
nucleus due to the reduced efficiency of the mitochondrial
import machinery [155]. When in the nucleus, ATFS-1 activates
the UPR™" pathway. Interestingly, it was shown that perturba-
tion of the misfolded protein load in the mitochondria of one
tissue signals the activation of stress response in a different
tissue. This adaptive response has been implicated in lifespan
extension observed in long-lived C. elegans mitochondrial
mutants [157].

Mutations in PINK1 (PTEN induced putative kinase 1), a
serine/threonine kinase, have been linked to the pathogenesis
of recessive familial early-onset Parkinson’s disease [158]. Pink1
is rapidly imported and degraded in healthy mitochondria.
Pink1 processing is mediated by MPP, PARL, m-AAA and ClpXP
proteases [154,156]. According to the current model, PINK1 is no
longer imported to mitochondria upon mitochondrial depolar-
ization. Instead, it accumulates on the outer mitochondrial
membrane and recruits Parkin to promote elimination of the
dysfunctional organelle by mitophagy [159,160]. These findings
emphasize the regulatory role of mitochondrial protein quality
control components in the crosstalk between mitochondria and
cellular physiology, and implicate them in aging and senescent
decline.

5. Concluding remarks

Accelerated accumulation of damage under conditions of envi-
ronmental and genetic stress has been associated with short
lifespan and incidence of age-related phenotypes. Organisms
have evolved elaborate systems to restore or remove damaged
macromolecules under normal and stress conditions. Mitochon-
drial protein translocation and quality control pathways regulate
sorting, folding and assembly of protein precursors as well as
refolding and removal of damaged material. Their role, within the
oxidatively challenged mitochondrial environment, is critical.
Mitochondrial proteins are primary targets for oxidation, whereas
mitochondrial proteome imbalance causes further exacerbation
of oxidative stress. During the last decade, multiple components
of the mtPQC systems have been identified and characterized.
These studies have provided novel insights into mechanistic
aspects of mitochondrial quality control systems and established
them as significant contributors to aging and age-related
diseases. While substantial progress has been made, we have
only just begun to unravel the diverse contributions of mtPQC
mechanisms in the complex interplay between mitochondria
and other cellular compartments. Moreover, information on the
involvement of mitochondria in non-cell autonomous signal
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transduction between cells or tissues and the nature of these
signals remains limited. Further study of mtPQC mechanisms
and their interconnections will be the focus of future research
efforts and should yield important information relevant to
organismal health and longevity.
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