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A decline in mitochondrial activity has been associated with aging and is a hallmark of many
neurological diseases. Surveillance mechanisms acting at the molecular, organellar, and cel-
lular level monitor mitochondrial integrity and ensure the maintenance of mitochondrial
proteostasis. Here we will review the central role of mitochondrial chaperones and proteases,
the cytosolic ubiquitin-proteasome system, and the mitochondrial unfolded response in this
interconnected quality control network, highlighting the dual function of some proteases in
protein quality control within the organelle and for the regulation of mitochondrial fusion

and mitophagy.

n all cellular compartments, correct protein

folding is critical to maintain cellular homeo-
stasis. In cases where proteins become mis-
folded or damaged, it is imperative that they
are turned over and removed to prevent the for-
mation of toxic folding intermediates or the
accumulation of aggregates to levels that can
be deleterious for the cell. Several neurode-
generative diseases share a common pathogenic
mechanism, which involves the formation of
fibrillar aggregates of a particular protein that
can accumulate in the cytosol, the nucleus, or
the mitochondria. Examples of this include
accumulation of the amyloid-3 peptide in Alz-
heimer’s disease (Kayed et al. 2003; Tanzi and
Bertram 2005), accumulation of a-synuclein
in Parkinson’s disease (Spillantini et al. 1997;
Zarranzetal. 2004), and aggregation of a mutant
form of the huntingtin protein caused by

extended polyglutamine stretches in Hunting-
ton’s disease (DiFiglia et al. 1997). Although
the exact mechanism of pathogenesis for these
diseases remains unresolved, mitochondrial
dysfunction is implicated in their progression,
which may in turn be responsible for the loss
of neurological cell populations because of their
sensitivity and requirement for functional mito-
chondria (Rodolfo et al. 2010).

The evolution of mitochondria began ap-
proximately 1.5 billion years ago after an a-pro-
teobacterium was engulfed by a preeukaryotic
cell (Gray et al. 1999). Since that time, mi-
tochondria have retained two phospholipid
bilayers that segregate two aqueous compart-
ments, the mitochondrial intermembrane space
(IMS) and the mitochondrial matrix (Palade
1953). Mitochondria are found in essentially
all eukaryotic cells and play integral roles in a
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number of the cell’s metabolic pathways. For
example, mitochondria are the key players in
cellular ATP production through an elaborate
respiratory chain network found in the organ-
elles inner membrane (IM) (Mitchell 1961;
Leonard and Schapira 2000). Mitochondria
are also required for the (-oxidation of fatty
acids, Fe-S biosynthesis, and Ca’" homeostasis
(Pinton et al. 1998; Rizzuto et al. 2000; Lill 2009;
Modre-Osprian et al. 2009). Moreover, mito-
chondria are key regulators of programmed
cell death and they participate in developmental
processes as well as aging (Singh 2004; Green
2005).

In contrast to early depictions of mitochon-
dria as singular kidney bean shaped entities, it is
now well established that mitochondria form
elaborate, reticular networks in many tissues
(Bereiter-Hahn 1990). The ability of mitochon-
dria to form such networks arises from two
major factors: (1) Specialized machineries in
the mitochondrial outer membrane (OM) and
the IM allow mitochondria to fuse and divide
and (2) mitochondria are able to be shuttled
along cytoskeletal elements (Anesti and Scor-
rano 2006; Hoppins et al. 2007). This plasticity
of mitochondria ensures that they are able to
respond to different cellular cues, which is
potentially important for their numerous func-
tions. In different cell types, mitochondria
adopt varying morphologies (Kuznetsov et al.
2009). For example, in cultured fibroblasts
mitochondria form extensive reticular net-
works, whereas in neuronal cells, mitochondria
can be found enriched at areas of high-energy
demand, including presynaptic termini, axon
initial segments, and growth cones. Further-
more, in muscle cells, mitochondria adopt a
very uniform intermyofibrillar conformation
(Vendelin et al. 2005). The dynamic nature of
mitochondria provides an explanation as to
how they adopt varying organizations in differ-
ent cell populations. The importance of mito-
chondrial networks is highlighted by the fact
that mutations in components involved in
maintaining mitochondrial dynamics results
in neurodegenerative diseases (Chan 2006; Oli-
chon et al. 2006; Knott et al. 2008; Martinelli
and Rugarli 2010; Winklhofer and Haass 2010).

MITOCHONDRIAL QUALITY CONTROL

A decrease in mitochondrial activity is closely
linked with cellular dysfunction and aging,
highlighting the importance of functional mi-
tochondria for cell survival (Lin and Beal 2006;
Rodolfo et al. 2010; Seo et al. 2010). Neuronal
cell populations rely heavily on correct mito-
chondrial function because of their increased
requirement for Ca®" buffering and ATP at their
synaptic termini. Therefore, it is not surprising
that impaired mitochondrial function results in
neurodegenerative diseases. Mitochondria have
developed several mechanisms that act to survey
and maintain organelle homeostasis (Fig. 1)
(Tatsuta and Langer 2008). The first line of de-
fense occurs on the molecular level and involves
conserved intraorganellar protein quality control
machinery. This includes chaperones that have
been conserved from bacteria to higher eukar-
yotes as well as various proteolytic enzymes. In
addition, recent studies have shown that mito-
chondrial protein quality control is also influ-
enced by the ubiquitin-proteasome system
(UPS) and that a mitochondria-specific un-
folded protein response (UPR) is also operating
in higher eukaryotes to attenuate build up of mis-
folded proteins in the organelle (Haynes and
Ron 20105 Livnat-Levanon and Glickman 2010).

The second level of mitochondrial quality
control arises because of the dynamic nature
of the organelle itself. Mitochondria are con-
stantly fusing and dividing, mediated by
dynamin-like GTPases in the OM and IM
(Hoppins et al. 2007; Otera and Mihara 2011).
Mitochondrial fusion facilitates quality control
by allowing a damaged mitochondrion, defi-
cient in certain components to fuse with a
healthy neighbor and replenish its stores. Fur-
thermore, mild stresses that inhibit cytosolic
translation have been shown to result in stress-
induced mitochondrial hyperfusion, which
may alleviate the deleterious effects of such
insults (Tondera et al. 2009). The role of fusion
in mitochondrial quality control has been high-
lighted by studies demonstrating that loss of the
fusion mediators result in a decline in respira-
tory chain activity (Chen et al. 2005, 2007). In
cases where the damage becomes too extreme
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Figure 1. Mitochondrial surveillance mechanisms. Low levels of mitochondrial damage are dealt with on the
molecular level by conserved proteolytic machineries. Proteins that are unfolded may be refolded by chaperones
or degraded by proteases. Mitochondrial dynamics contributes to the functional integrity of mitochondria.
Mitochondrial fusion permits content mixing, and stress-induced mitochondrial hyperfusion (SIMH) may
alleviate mild mitochondrial stress. Severe mitochondrial damage or depolarization of the mitochondrial
membrane potential inhibits fusion, and ongoing fission will segregate the damaged mitochondria from the
healthy network, allowing its turnover through mitophagy. Finally, if the level of damaged mitochondria
becomes too high and mitochondrial outer membrane permeablization (MOMP) takes place, cytochrome ¢
is released initiating cell death and thus turnover of the entire cell.

and is accompanied by dissipation of the mito-
chondrial membrane potential, mitochondria
are rendered fusion incompetent, preventing
their fusion with the healthy network, limiting
the damage. Similarly, it has been observed that
when mitochondria divide, some contain a
lower membrane potential across the IM (Twig
et al. 2008). In these cases, the damaged mito-
chondria are turned over through mitophagy
(Wang and Klionsky 2011; Youle and Narendra
2011). Interference with mitochondrial fission
inhibits the autophagic degradation of damaged
mitochondria (Tanaka et al. 2010), illustrating
the intimate relationship of mitochondrial
dynamics and quality control. The third level
of quality control occurs on a cellular level,
whereby extensive mitochondrial damage pro-
motes release of proapoptotic factors, resulting
in turnover of the entire cell through apoptosis
(Wasilewski and Scorrano 2009; Martin 2010).

In this article, we will discuss mechanisms
that govern mitochondrial quality control. We
will focus on the components that ensure mito-
chondrial proteostasis at the molecular level
and maintain the complement of mitochondrial
proteins. Additional functions of some of these
components, in particular mitochondrial pro-
teases, are emerging for mitochondrial fusion,
mitophagy, and apoptosis, pointing to an intri-
cate network of cellular mechanisms maintaining
the integrity and functionality of mitochondria.

MITOCHONDRIAL CHAPERONES —
MEDIATING PROTEIN IMPORT AND
FOLDING

Although mitochondria contain their own ge-
nome, it only encodes for 13 polypeptides in
humans. The vast majority of the mitochondrial
protein complement is actually synthesized in
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the cytosol and subsequently imported into the
organelle (Neupert and Herrmann 2007; Cha-
cinska et al. 2009). For efficient translocation
of proteins across the mitochondrial mem-
branes, mitochondrial precursor proteins are
kept in a relatively unfolded state to squeeze
through the narrow pores formed by tightly
gated translocons (Kovermann et al. 2002;
Paschen et al. 2003; Rehling et al. 2003). In
this unfolded state, precursor proteins have an
increased chance of exposing hydrophobic re-
gions promoting unwanted protein—protein
interactions or cause them to aggregate, however
these unwanted effects are typically overcome
through the action of chaperones (Fig. 2).

Precursor
protein

4+t

TOM

Members of the heat shock family, including
Hsp70 and Hsp90, have been shown to guide
newly synthesized proteins to the mitochon-
drial surface and additional factors are likely
to exist (Young et al. 2003; Fan et al. 2006).
Once proteins enter mitochondria, an addi-
tional set of chaperones must adopt this role.
A member of the heat shock family, mtHsp70
(Sscl in Saccharomyces cerevisiae), has been
shown to mediate the ATP-dependent import
of mitochondrial proteins that contain a
cleavable amino-terminal mitochondrial tar-
geting signal (Kang et al. 1990). Once the pro-
teins have been imported into mitochondria,
mtHsp70 adopts a secondary role, in which it
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Figure 2. Chaperone systems in the mitochondrial matrix. mtHsp70 drives the import of nuclear encoded pre-
proteins through the TOM and TIM (translocases in the OM and IM, respectively). In addition, mtHsp70 facil-
itates protein folding, although some proteins require an additional chaperonin complex, Hsp60/10, to fold.
Stress-induced unfolding renders proteins prone to aggregation. The Hsp78 chaperone acts as a disaggregase
and in conjunction with mtHsp70 can restore a proteins tertiary structure. OM, mitochondrial outer mem-
brane; IMS, mitochondrial intermembrane space; IM, mitochondrial inner membrane; I-V, respiratory chain

complexes, ROS, reactive oxygen species.
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maintains proteins in an unfolded conforma-
tion allowing the protein to find its correct
tertiary structure. A subset of mitochondrial
matrix proteins require additional assistance
to fold following their import and interaction
with mtHsp70. These proteins interact with
the chaperonin Hsp60 that, in conjunction
with Hsp10, encapsulates the protein removing
it from the crowded milieu of the mitochondrial
matrix allowing the protein to fold (Horwich
et al. 1999). The role of this chaperone family
is to provide kinetic assistance to proteins in
their quest to fold into their functional form
utilizing energy derived from ATP hydrolysis.
The importance of the Hsp chaperone system
in mitochondria has been highlighted in yeast,
in which loss of Sscl, Hsp60, or Hsp10 results
in a lethal phenotype (Craig et al. 1989; Reading
et al. 1989; Hohfeld and Hartl 1994). Further-
more, mutations in Hsp60 in humans have
been implicated in the pathogenesis of heredi-
tary spastic paraplegia (HSP) 13 (Hansen et al.
2002).

Hsp78, amember of the ClpB/Hsp104 fam-
ily, is an additional chaperone found in the
mitochondrial matrix of yeast but not higher
eukaryotes. It is required at elevated tempera-
tures, conferring compartment-specific ther-
motolerance to mitochondria and is necessary
for the resolubilization of aggregated proteins
in vivo (Schmitt et al. 1996; Doyle and Wickner
2009). Hsp78 also functions in collaboration
with proteolytic enzymes to facilitate protein
turnover (Schmitt et al. 1995; Voos 2009).

MITOCHONDRIAL PROTEASES —
MAINTAINING ORGANELLAR
PROTEOSTASIS

Under nonstress conditions, 5%—10% of the
yeast mitochondrial proteome is degraded per
generation time showing that mitochondrial
proteins are continually recycled (Augustin
et al. 2005). However, additional reasons for a
particular protein becoming a substrate for
proteolysis exist. Unfolded proteins no longer
capable of being refolded by chaperones are
turned over. In addition, proteins that function
as part of the mitochondrial respiratory chain

Mitochondrial Quality Control

are encoded by two genomes. An imbalance in
the expression of nuclear or mitochondrial
encoded subunits leads to an increase in unas-
sembled subunits, which must be turned over
to prevent mitochondrial stress. Furthermore,
an inevitable by-product of the respiratory
chain and ATP generation in mitochondria is
the unwanted production of reactive oxygen
species (ROS) from complexes I and III. Pro-
teins can be modified by ROS, which may result
in loss of protein function (Stadtman and Ber-
lett 1998). Mitochondria have evolved machin-
eries to alleviate the production of ROS such
as manganese superoxide dismutase (MnSOD),
which act to detoxify these free radicals (Miao
and St Clair 2009). However, when ROS causes
protein modifications and incorrect folding,
such damaged proteins must be turned over.

ATP-Dependent Proteolysis in the
Mitochondrial Matrix

The turnover of misfolded or damaged proteins
in mitochondria is accomplished by a specific
mitochondrial complement of proteases (Fig. 3).
The mitochondrial matrix harbors members
of the Lon protease family, which is conserved
among prokaryotes and eukaryotes (Desautels
and Goldberg 1982; Van Dyck et al. 1994; Got-
tesman 1996). Lon (Pim1 in yeast) is required
for the elimination of denatured or oxidatively
damaged proteins (Suzuki et al. 1994; Bota
and Davies 2002). Although Lon can degrade
mildly oxidized hydrophobic substrates, se-
verely oxidized substrates aggregate, rendering
them resistant to degradation (Bota and Davies
2002). Lon functions in collaboration with the
chaperone system, which keeps client proteins
in an unfolded state until their proteolytic re-
moval can be initiated (Wagner et al. 1994;
Bender et al. 2011). The reduced level of unfol-
dase activity in Lon restricts its ability to de-
grade proteins that are folded and functional
in the mitochondrial matrix (Koodathingal
et al. 2009). In general, most substrates of
Lon adopt a complex structural organization
with bulky prosthetic groups such as the Fe/S
cluster. Perhaps such substrates are more prone
to misfolding or to damage in conditions of
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Figure 3. Proteolytic systems in mitochondria. Newly synthesized subunits of the mitochondrial respiratory
chain are inserted into the IM by Oxal and assemble with newly imported nuclear encoded subunits. Unas-
sembled subunits as well as unfolded or damaged IM proteins are turned over by membrane embedded AAA
protease complexes. Proteins that become damaged or unfolded in the mitochondrial matrix are degraded by
Lon or ClpXP (in higher eukaryotes). Peptides that are generated in the mitochondrial matrix are exported
from matrix through the peptide transporter Mdll and eventually out of the organelle. HtrA2 may play a
role in turnover of misfolded or unassembled protein in the IMS. OM, mitochondrial outer membrane; IMS,
mitochondrial intermembrane space; IM, mitochondrial inner membrane; I-V; respiratory chain complexes;

ROS, reactive oxygen species.

mitochondrial stress. In mammalian mito-
chondria, LON has been shown to degrade aco-
nitase, an Fe/S protein, the steroidogenic acute
regulatory protein (StAR), and the mitochon-
drial transcription factor A (TFAM) (Bota and
Davies 2002; Granot et al. 2007; Matsushima
etal. 2010). LON appears to play a role in cellu-
lar aging as in aged mice, the levels of functional
LON decline, concomitant with an increase in
oxidatively damaged mitochondrial proteins
and increased mitochondrial dysfunction
(Bota et al. 2002, 2005). Furthermore, overex-
pression of Lon in the fungal aging model,
Podospora anserina, results in an increased life-
span without affecting respiration, growth, or
fertility (Luce and Osiewacz 2009). It remains
to be shown whether the quality control

function of Lon or its regulatory role in mtDNA
stability is responsible for these effects (Mat-
sushima et al. 2010).

A second protease exists in the mitochon-
drial matrix, ClpP, which is conserved from bac-
teria to higher eukaryotes (de Sagarra et al.
1999; Santagata et al. 1999). Interestingly, no
homolog of ClpP has been detected in yeast.
ClpP functions in a complex with ClpX, a
AAA™ chaperone protein in the mitochondrial
matrix and it is postulated that ClpX is required
for substrate recognition (Kang et al. 2002,
2005). The function of ClpXP within mito-
chondria is not yet clearly defined, however,
ClpP is able to degrade a folding impaired
mutant of the mitochondrial enzyme, medium
chain acyl-CoA dehydrogenase (Hansen et al.
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2005). Moreover, a role for ClpP in the mito-
chondrial UPR has been proposed recently
and will be discussed later in the article (Haynes
et al. 2007).

Protein Quality Control across the
Mitochondrial IM

The mitochondrial IM is a very proteinaceous
environment and considered the most protein
rich biological membrane. It houses respiratory
chain complexes required for oxidative phos-
phorylation, numerous carrier proteins that
facilitate the transfer of small metabolites across
the IM and the machinery that is required for
the import of many mitochondrial proteins.
The assembly of the respiratory chain com-
plexes requires the coordinated expression of
proteins from two genomes, therefore these
proteins can accumulate without their partner
subunits. In addition, mitochondrial IM pro-
teins are prime targets for oxidative damage
because of their proximal location of ROS pro-
duction. This means that quality control across
the IM is critical, as there are many opportuni-
ties for protein misfolding or damage in this
compartment. Unlike all other membranes in
the cell, the mitochondrial IM is the only mem-
brane that is not exposed to the cytosol, there-
fore proteins of the mitochondrial IM are not
easily accessible to and most likely not directly
turned over through the UPS.

The mitochondrial IM harbors two AAA™
metalloprotease complexes to ensure protein
quality control (Koppen and Langer 2007). The
two-protease complexes expose their cata-
lytic domains to opposing faces of the mito-
chondrial IM with the m-AAA protease
exerting its activity in the mitochondrial matrix
and the i-AAA protease being active in the IMS
(Leonhard et al. 2000). First structural infor-
mation for a eukaryotic AAA" protease was
recently obtained for the yeast m-AAA protease
using single particle electron cryomicroscopy
(Lee et al. 2010). The m-AAA protease forms a
hexamer in solution, resulting in a large, ring-
like molecular machine, with a central pore
for substrates to enter into a proteolytic cham-
ber. In humans, there are two subunits that

Mitochondrial Quality Control

comprise the m-AAA protease, Afg312 and para-
plegin. Although both assemble into a heteroo-
ligomer, it has also been shown that Afg312 is
capable of assembling into an additional homo-
oligomeric isoform (Koppen et al. 2007). The
situation is more complicated in mouse as there
is an additional subunit, Afg311, which can also
form a homooligomeric complex as well as
heterooligomeric complexes with Afg312 and/
or paraplegin (Koppen et al. 2007). The i-AAA
protease on the other hand, is composed of
only a single subunit, YMEIL (or Ymel in
yeast). Mgrl and Mgr3 have been proposed to
act as substrate adaptors of the yeast i-AAA pro-
tease, required for the turnover of misfolded
substrates (Dunn et al. 2008). The importance
of quality control across the IM is highlighted
by the finding that mutations in both of the
genes encoding for paraplegin and Afg312 lead
to the neurological diseases hereditary spastic
paraplegia (HSP) and spinocerebellar ataxia
type 28 (SCA28), respectively (Rugarli and
Langer 2006; Martinelli et al. 2009; Di Bella
et al. 2010; Martinelli and Rugarli 2010).
Substrates of the i-AAA and m-AAA pro-
tease include various nonassembled IM proteins
that are peripherally associated or integrated
into the mitochondrial IM (Arlt et al. 1996;
Leonhard et al. 1996; Korbel et al. 2004). In
yeast, the m-AAA protease has additional roles,
including processing of the mitochondrial ribo-
somal subunit Mrpl32 to the mature form.
Maturation of Mrpl32 is required for its assem-
bly into the mitochondrial ribosome and the
subsequent translation of mitochondrial en-
coded proteins (Nolden et al. 2005). Notably,
impaired Mrpl32 maturation was identified as
the primary cause of the respiratory deficiency
of yeast cells lacking the m-AAA protease (Nol-
den et al. 2005). The m-AAA protease also
mediates the dislocation of Ccpl from the IM
to allow its maturation by the rhomboid pro-
tease Pcpl, a function that does not require pro-
teolytic activity of the m-AAA protease (Esser
et al. 2002; Tatsuta et al. 2007). Specific sub-
strates of the i-AAA protease have remained
more elusive. Recently however, yeast Ymel
was shown to degrade two IMS proteins that
are involved in maintenance of mitochondrial
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phospholipid levels, Upsl and Ups2 (Potting
et al. 2010). Both proteins are intrinsically
unstable and degraded by Ymel under physio-
logical conditions, controlling their accumu-
lation within mitochondria. Furthermore, in
higher eukaryotes, YMEIL affects cleavage of
the fusion mediator OPA1 and controls mito-
chondrial morphology (Griparic et al. 2007;
Song et al. 2007).

A number of additional proteases are local-
ized to the mitochondrial IM. Although some
proteases appear to exert regulatory functions
during mitochondrial biogenesis, a role for
others in quality control is just emerging. These
include the metallopeptidase Omal, which was
originally discovered in yeast to cleave a mutant
IM protein in the absence of the m-AAA pro-
tease and was thus termed Omal because of
its overlapping activity with the m-AAA pro-
tease (Késer et al. 2003). Omal is evolutionarily
conserved and is also found in higher eukar-
yotes, although a role in turnover/processing
of misfolded proteins substrates has not yet
been assigned. Instead, mammalian OMALI
has been shown to be the protease responsible
for induced cleavage of OPA1 and will be dis-
cussed in more detail later (Ehses et al. 2009;
Head et al. 2009). Atp23 represents yet another
conserved peptidase in the IM that may contrib-
ute to the maintenance of protein quality con-
trol. Yeast Atp23 acts not only as a peptidase
for the maturation of Atp6 but also as a chaper-
one for its assembly into the F,Fo-ATP synthase
(Osman et al. 2007; Zeng et al. 2007). More
recently, Atp23 was also shown to play a role
in concert with Ymel in the turnover of Upsl
(Potting et al. 2010). Although a mammalian
Atp23 homolog does exist, its function remains
uncharacterized.

Protein Quality Control in the
Mitochondrial IMS

Many proteins that perform essential functions
are localized to the mitochondrial IMS, however
the mechanisms of protein quality control in
this subcompartment remains poorly under-
stood. IM peptidases like the i-AAA protease,
which expose their proteolytic domains to the

IMS, can degrade nonnative IMS proteins in
proximity to the IM, yet additional peptidases
exist in this compartment. HtrA2/Omi is a
highly conserved serine protease originally
identified as the homolog of the Escherichia
coli  stress-responsive protease HtrA/DegP
(Pallen and Wren 1997). Bacterial HtrA proteins
play key roles in protein quality control in the
periplasm at elevated temperatures (Kim et al.
1999). The HtrA2 homolog, DegP, has a role
of channeling unfolded proteins into repair,
assembly, or degradation pathways independ-
ently of ATP (Spiess et al. 1999; Krojer et al.
2008). Interestingly, loss of HtrA2 produces a
large number of damaged mitochondria and
increased levels of unfolded respiratory chain
subunits, indicating that HtrA2 may represent
an important component that maintains pro-
teostasis in the IMS, however, its precise role
remains unclear (Martins et al. 2004; Moisoi
et al. 2009). HtrA2 levels increase in response
to various stresses and it has been proposed to
play a role in autophagy (Li et al. 2010). More-
over, HtrA2 was proposed to be involved in the
progression of apoptosis, in which the active
form of the protease is released into the cytosol
to cleave antiapoptotic proteins (Martins et al.
2002; Suzuki et al. 2004). However, this role
was challenged when a mouse lacking HtrA2
did not display decreased levels of apoptosis
but instead displayed neurological defects with
Parkinsonian features (Jones et al. 2003; Mar-
tins et al. 2004; Strauss et al. 2005).

TURNOVER OF MITOCHONDRIAL OM
PROTEINS —EXPLOITING THE UPS

Proteins of the mitochondrial OM play impor-
tant roles in the regulation of metabolism,
apoptosis, and other signaling events. There-
fore, quality control of mitochondrial OM pro-
teins is of very high importance. However,
information regarding how the quality control
of proteins in the mitochondrial OM is main-
tained is just beginning to emerge. The UPS is
a primarily cytosolic multicomponent system
responsible for the removal of proteins from
multiple cellular compartments (Finley 2009).
Several proteomic screens have identified a
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number of ubiquitinated mitochondrial pro-
teins (Sickmann et al. 2003; Jeon et al. 2007).
Mistargeting of mitochondrial precursor pro-
teins may partially explain the ubiquitination
of mitochondrial proteins, however, it is con-
ceivable that continual proteasomal degrada-
tion of mitochondrial precursor proteins takes
place (Fig. 4). This was recently observed for
the dynamin-like GTPase OPAIl in the IM,
in which addition of the protease inhibitor
MG132 stabilized the precursor forms of newly

+E1,E2, & E3
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synthesized OPA1 resulting in the accumulation
of mature OPA1 within mitochondria (Ehses
et al. 2009). Proteins that reside in the OM are
accessible to UPS machinery and increasing evi-
dence suggests that certain mitochondrial OM
proteins are ubiquitinated and subjected to
turnover via the UPS pathway (Fig. 4) (Livnat-
Levanon and Glickman 2010). This suggests
that a pathway for mitochondrial OM turnover
exists that is analogous to that observed for
endoplasmic reticulum proteins. In yeast, at
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Figure 4. Mitochondrial proteins and the ubiquitin-proteasome system. Following their synthesis in the cytosol,
mitochondrial precursor proteins follow two pathways. The first (bold line) ensures that the precursor protein is
efficiently targeted to the translocase of the outer membrane (TOM). Some proteins that reside in the mitochon-
drial OM can be ubiquitinated (Ub) by a cascade of E1, E2, and E3 enzymes and subsequently turned over in an
ubiquitin-proteasome-dependent pathway. It remains unclear if mitochondrial OM proteins are first extracted
from the OM and delivered to the proteasome (indicated by the ?). It is possible that components are recruited to
the mitochondrial surface to extract the protein or that the proteasome itself is recruited to the mitochondrial
surface to facilitate protein turnover. The second pathway (dashed line) dictates that a fraction of newly synthe-
sized mitochondrial precursor proteins will be ubiquitinated and degraded by the 26S proteasome in the cytosol
before reaching the mitochondria. Precursor proteins that contain mutations or have been mistargeted may also
be degraded in the cytosol. OM, mitochondrial outer membrane; IMS, mitochondrial intermembrane space.
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least one pathway of Fzol degradation involves
ubiquitination and degradation by the 26S
proteasome, although proteasome-independ-
ent pathways of Fzol degradation have also
been proposed (Neutzner and Youle 2005;
Escobar-Henriques et al. 2006). Mitofusin 1
(Mfnl) and Mfn2 have been shown to be
degraded in a proteasome-dependent fashion
(Tanaka et al. 2010). In line with the concept
of the UPS operating at the mitochondrial
OM, several ubiquitin ligases have been local-
ized to this compartment (Livnat-Levanon
and Glickman 2010).

Although mounting evidence favors the
turnover of mitochondrial OM proteins via
the UPS, the molecular events that govern this
process are poorly understood. In yeast, Vmsl
has been shown to recruit Cdc48/VCP/p97
and Npl4 to the mitochondrial surface in
response to mitochondrial stress (Heo et al.
2010). It is conceivable that Vmsl is required
to link the components of the UPS to mito-
chondria to mediate the turnover of mitochon-
drial OM proteins. Clearly, further studies are
required to define the role and the molecular
mechanism of the UPS in the turnover of
mitochondrial OM proteins. The identification
of mitochondria-specific components of the
UPS, like Vms1, will be instrumental to distin-
guish the degradation of mitochondrial pre-
cursor proteins prior to their targeting to
mitochondria in the cytosol from the turnover
of proteins already inserted into the OM.

PROTEOLYTIC CONTROL OF
MITOCHONDRIAL FUSION AND
MITOPHAGY

The dynamic nature of the mitochondrial
network provides an additional level of quality
control. Mutations in components of the
mitochondrial fusion and fission machineries
are associated with various neurodegenerative
disorders, highlighting the importance of
mitochondrial dynamics and quality control
for neuronal survival (Chan 2006; Chen and
Chan 2010). In addition to maintaining mito-
chondrial proteostasis, some mitochondrial
proteases play central roles in mitochondrial

fusion. It is therefore conceivable that protein
damage within mitochondria impacts directly
on mitochondrial dynamics, pointing to an
interconnected network of different quality
control mechanisms.

Processing of the Dynamin-like GTPase OPAT

Fusion of the mitochondrial IM requires the
dynamin-like GTPase Optic atrophy 1 (OPA1)
(Olichon et al. 2003) or its homolog Mgm1 in
yeast (Wong et al. 2000). Both proteins are
subjected to proteolytic processing, illustrating
that mitochondrial proteases regulate IM fusion.
Long and short forms of Mgml are required to
maintain the mitochondrial network and cris-
tae morphology (Herlan et al. 2003). In mam-
malian mitochondria, long and short OPAl
isoforms are also observed, which arise because
of alternative splicing as well as posttransla-
tional protein processing of long isoforms at
two sites, S1 and S2 (Fig. 5A) (Delettre et al.
2001; Satoh et al. 2003; Ishihara et al. 2006; Gri-
paric et al. 2007). Similar to Mgm1, long and
short OPAI isoforms are required for mito-
chondrial fusion and normal cristae structures
(Song et al. 2007). Cleavage of OPAl and
Mgm1 as well as the assembly of long and short
isoforms is stimulated by cardiolipin, resulting
in the stimulation of the GTPase activity, which
promotes mitochondrial fusion (DeVay et al.
2009; Ban et al. 2010).

It is presently not understood how a bal-
anced formation of long and short isoforms of
OPAL1 is ensured. The IM rhomboid protease,
Pcpl, is responsible for cleavage of Mgml in
yeast (McQuibban et al. 2003; Sesaki et al.
2003; Herlan et al. 2004). The mammalian
homolog of Pcpl, PARL, has been linked to
the release of short OPA1 isoforms from mito-
chondria during apoptosis and suggested to
play a role in OPA1 processing (Cipolat et al.
2006). However, studies in cell lines lacking
PARL, revealed that it is dispensable for OPA1
cleavage (Cipolat et al. 2006; Duvezin-Caubet
et al. 2007; Ehses et al. 2009). Rather, the
i-AAA protease Ymel has been implicated in
generation of at least one short form of OPA1
by constitutive cleavage at the processing site
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Figure 5. Mitochondrial proteases influence mitochondrial morphology and turnover. (A) OPAL1 is synthesized
in the cytosol and targeted to mitochondria via its amino-terminal mitochondrial targeting sequence. Following
import into the organelle, the targeting signal is cleaved and the hydrophobic transmembrane domain anchors
OPAL in the IM. Following lateral release into the lipid bilayer, OPA1 is subjected to constitutive processing at
site 1 (S1) and by Ymel at site 2 (S2), generating long and short forms of the protein (L and S OPA1) that ensure
mitochondrial fusion. Under conditions of mitochondrial dysfunction, including decreased ATP, mtDNA, or
membrane potential (AW), the long OPA1 isoforms are degraded by OMALI, resulting in mitochondrial frag-
mentation. (B) Pink1 is synthesized in the cytosol with a cleavable mitochondrial targeting sequence. Following
its import into the IM, the mitochondrial targeting sequence is cleaved. Pink1 is then processed by PARL and
turned over. Under conditions of mitochondrial dysfunction, such as a decrease in membrane potential (AW),
Pink1 is alternately sorted to the mitochondrial OM where it can recruit Parkin to the mitochondrial surface and
trigger mitophagy.
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S2 (Song et al. 2007). Loss of Ymel results in
loss of a particular short isoform of OPA1 and
is accompanied by a highly fragmented mito-
chondrial morphology (Griparic et al. 2007;
Song et al. 2007). Components of the m-AAA
protease have also been shown to influence
OPA1 processing. In a heterologous system,
subunits of the mammalian m-AAA protease
were able to cleave OPA1 when coexpressed in
yeast (Duvezin-Caubet et al. 2007). Unexpect-
edly, loss of the m-AAA protease in mammalian
cells results in enhanced processing of the long
OPAL1 isoforms, accompanied by fragmentation
of the mitochondrial network and loss of cristae
structures (Ehses et al. 2009). How the m-AAA
protease affects OPA1 processing therefore re-
mains enigmatic.

Under conditions of mitochondrial dys-
function, including lowered ATP levels, loss of
mtDNA and dissipation of the mitochondrial
membrane potential across the IM, the short
forms of OPAl accumulate at the expense of
the long OPA1 isoforms (Ishihara et al. 2004;
Duvezin-Caubet et al. 2006; Baricault et al.
2007; Olichon et al. 2007; Guillery et al. 2008).
Stress-induced degradation of long OPA1 iso-
forms was found to be mediated by OMA1
(Ehses et al. 2009; Head et al. 2009). This raises
the exciting possibility that OMAL is able to
sense mitochondrial dysfunction and in doing
so, acts to process OPAl to promote mito-
chondrial fragmentation and possibly turnover
through mitophagy. The increased cleavage of
OPA1 by OMAL1 occurs rapidly in response to
different mitochondrial insults, ensuring that
a damaged mitochondrion can be efficiently
segregated from the network and removed
through mitophagy in a rapid fashion.

PARL Processes Pink1 within Mitochondria

Early steps of mitophagy are under proteolytic
control. Two proteins that have been associ-
ated with familial Parkinson’s disease, PTEN-
induced mitochondrial kinase Pinkl and the
E3 ubiquitin ligase Parkin, are required for the
selective removal of dysfunctional mitochon-
dria through mitophagy (Kitada et al. 1998; Va-
lente et al. 2004; Narendra et al. 2008). Although

the precise role of Pink1 is unclear, recent work
has shown that under physiological conditions
Pinkl is imported into mitochondria and
cleaved by the mitochondrial IM rhomboid
protease PARL (Fig. 5B) (Deas et al. 2010; Jin
etal. 2010). Following its cleavage, Pink1 is con-
stitutively turned over by an as yet unknown
protease that is sensitive to MG132. Under
conditions of mitochondrial dysfunction,
Pink1 is not directed to the IM and instead is
alternatively sorted to the OM, where it can
recruit Parkin to the mitochondrial surface
(Deas et al. 2010; Jin et al. 2010; Narendra
et al. 2010). Mitochondrial Parkin activates
the UPS leading to a widespread degradation
of OM proteins including Mfnl and Mfn2
and finally triggers mitophagy (Narendra et al.
2008; Tanaka et al. 2010; Chan et al. 2011).
Thus, stabilization of Pinkl at the OM and
recruitment of Parkin to the mitochondrial
OM is crucial to induce mitophagy (Narendra
et al. 2010; Chan et al. 2011). It will be interest-
ing to define the contribution of blocked OM
protein degradation and mitophagy to the pro-
gression of Parkinson’s disease, especially with
the recent observation that Parkin does not
appear to be recruited to mitochondria in neu-
ronal cells (Van Laar et al. 2011).

A MITOCHONDRIAL-SPECIFIC UNFOLDED
PROTEIN RESPONSE

Although it is clear that a number of conserved
chaperones and proteases are required to main-
tain mitochondrial proteostasis, a mitochon-
drial-specific UPR has evolved to cope with
the increased unfolded protein load in mito-
chondria under stress conditions. In mamma-
lian cells, deletion of mitochondrial DNA
results in increased Hsp60 and Hsp70 levels,
probably because of the accumulation of nu-
clear encoded subunits of the respiratory chain
that are no longer able to assemble with their
partner proteins encoded by the mitochondrial
genome (Martinus et al. 1996). Furthermore,
overexpression of a folding impaired protein
in the mitochondrial matrix results in an
increased expression of mitochondrial Hsp60,
Hsp70, and also ClpP (Zhao et al. 2002).
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Conditions that cause mitochondrial dysfunc-
tion do not result in increased expression of ER
chaperones, demonstrating a mitochondrial-
specific UPR. CHOP was the first component
identified to be required for the up-regulation
of Hsp60 (Zhao et al. 2002; Horibe and Hoo-
genraad 2007). Proteins up-regulated by the
mtUPR are activated through a CHOP element
and transcriptional up-regulation involves the
hetero-dimerization of the C/EBP homology
protein CHOP and C/EBPB (Zhao et al.
2002). CHOP itself is up-regulated in response
to mitochondrial stress, as well as in response
to ER stress, which suggests that additional
transcription factors and promoter elements
must be present to delineate between the two
types of stress. Further analysis of the promoter
region of proteins up-regulated in response to
mitochondrial stress reveals two additional
conserved mitochondrial unfolded response
elements (MURE’s) (Aldridge et al. 2007). The
transcription factors that bind to the additional
MURE’s remain to be identified.

Studies in Caenorhabditis elegans have been
useful in confirming the presence and defin-
ing the mechanism of a mitochondrial-specific
UPR (Yoneda et al. 2004). A genome-wide
RNAI screen revealed three genes involved in
the mtUPR: a transcription factor, DVE-1, a
ubiquitin-like protein, UBL-5, and a homolog
of E. coli ClpP, CLPP-1 (Haynes et al. 2007).
An additional transcription factor, ZC376.7 as
well as the mitochondrial IM peptide exporter,
HAF-1, are also involved in the mtUPR in
C. elegans (Haynes et al. 2010). Identification
of these components has allowed a model to
be proposed for how the mtUPR is sensed,
and the signal transduced to the nucleus for
the up-regulation of mitochondrial chaperones
in C. elegans (Haynes and Ron 2010). Unfolded
proteins in the mitochondrial matrix may accu-
mulate, where they can be degraded by the ATP-
dependent protease ClpXP. In yeast, Mdll was
shown to be required for the release of peptides
from mitochondria generated by proteolysis
(Young et al. 2001). Similar to Mdll, the
C. elegans homolog, HAF-1, is required for the
efflux of peptides generated by ClpXP from
the mitochondria. These peptides may act as a

Mitochondrial Quality Control

signal, which causes the transcription factor
7C376.7 to accumulate in the nucleus (Arnold
et al. 2006; Haynes and Ron 2010). ZC376.7
and CHOP are both leucine zipper proteins
and it is therefore conceivable that they play
similar roles in the mtUPR in mammals and
C. elegans. Upon mitochondrial stress, UBL-5
expression is enhanced and it associates with
DVE-1 and the complex then interacts with
the Hsp60 promoter. How the interaction of
DVE-1 and UBL-5 affects ZC376.7 to facilitate
mitochondrial chaperone expression is unclear
and will certainly be the focus of future studies.
Strikingly, recent studies in C. elegans suggest
that the mtUPR is cell-nonautonomous (Du-
rieux et al. 2011). When mitochondrial pertur-
bation occurs in one tissue, it can be sensed and
acted on in another distal tissue. It will be inter-
esting to see if this is conserved in higher eukar-
yotes and to unravel how signaling is mediated.

CONCLUDING REMARKS —
MITOCHONDRIAL QUALITY CONTROL
IN AGING AND DISEASE

Mitochondria are essential organelles because
of the numerous anabolic and catabolic roles
that they play within the cell. The importance
of functional mitochondria has been high-
lighted by the fact that situations that lead to
mitochondrial dysfunction are often associated
with aging and disease. Many of the diseases
associated with mitochondrial dysfunction are
progressive, manifesting later in life. Examples
of this include Parkinson’s disease and Alz-
heimer’s disease, suggesting that for a period
of time, mitochondria are able to cope with
the challenges imposed on them. What happens
over time for the rapid and in some cases insid-
ious onset of the disease is not clear, however it
is often related to mitochondrial dysfunction.
By looking at the levels of mitochondrial quality
control, we can begin to understand how disease
progression may occur in such a fashion. Over
time, ROS may begin to accumulate in cells,
which results in a vicious cycle as the increased
levels of damage promote increased levels of
mitochondrial dysfunction, further increasing
the production of ROS. At the early stages of
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disease, minor amounts of damage to mito-
chondrial proteins can be dealt with rapidly
and efficiently because of the presence of the
conserved molecular chaperones and proteo-
lytic machineries. As the damage increases,
the molecular quality control machinery may
become overwhelmed and the second level of
defense is put into action, using mitochondrial
fusion and fission as a means to either comple-
ment mitochondrial function or target them
for elimination through mitophagy. If the level
of mitochondrial damage becomes too high,
the pathway of mitophagy is blocked and mito-
chondria begin to release proapoptotic factors
and the entire cell is removed. This may help
to explain the gradual onset observed in neuro-
logical disease, in which the mechanisms that
govern mitochondrial quality control become
overwhelmed, eventually resulting in cell death.
Neurons are postmitotic and depend on func-
tional mitochondria for energy production.
This renders neurons very susceptible to mito-
chondrial dysfunction, which may account for
the large number of neurological diseases asso-
ciated with mitochondrial dysfunction. We are
gaining valuable insight into the mechanisms
that govern mitochondrial quality control,
however there many aspects remain poorly
understood. Although there are distinct levels
of mitochondrial quality control, it is clear
that there is overlap and cross talk between the
machineries. It is critical that we continue to
study and unravel the mechanisms of mito-
chondrial quality control to further our under-
standing mitochondrial dysfunction in disease.
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