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Abstract
The protein quality control system, composed of molecular chaperones and proteases, is of vital
importance for the maintenance and function of the proteome and the health of the cell. To achieve
this, the cellular proteostasis network integrates the protein folding machinery across all
compartments of the eukaryotic cell to enable efficient communication and coordinate a rapid
response of folding capacity. Quality control in the mitochondria, however, differs from its
cytosolic counterpart due to its prokaryotic origin, and is entirely encoded by the nuclear genome.
The control and regulatory cross-talk of mitochondrial function in cellular proteostasis is essential
for cellular metabolism, organismal development, and lifespan. Consequently, mitochondrial
dysfunction has dramatic effects on the development and progression of a number of
neurodegenerative diseases, such as Friedreich’s ataxia and Parkinson’s disease. Studies using
Caenorhabditis elegans as a model system have greatly contributed to our current knowledge of
inter-compartmental proteostasis on the cellular and organismal levels.
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INTRODUCTION
Subcellular compartmentalization in eukaryotes led to enhanced metabolic efficiency, which
in metazoans resulted in an increase in cell size and cell number. This compartmentalization
established a precise and rapid cross-talk between the cytoplasm and organelles to maintain
cellular proteostasis and to ensure that the biosynthetic activity of the folding machinery is
in balance with the folding load. Equally important was the response to diverse stress
conditions that imbalance this cross-talk, and the adjustment achieved by reducing the
folding load through attenuation of protein synthesis or by activating the protein quality
control network. The cell encodes organellar-specific responses to these imbalances referred
to as the unfolded protein response in the ER and mitochondria (UPRER/mt) and as heat
shock response (HSR or UPRcyt) in the cytosol (Kaufman, 1999; Ron and Walter, 2007).
The integration of the organellar UPR’s into the cellular proteostasis network is depicted in
Figure 1.
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In this review, we will address the role of mitochondria in the inter-compartmental
proteostasis network through the use of C. elegans as a tool to provide a cellular and
molecular systems approach. Imbalance of cellular protein homeostasis, or proteostasis,
affects mitochondrial function with dramatic consequences for the health of the cell and the
organism (Wallace, 2005). Mitochondria have been associated with aging, oxidative stress,
and neurodegenerative diseases. The mitochondrial protein quality control system monitors
and safeguards the mitochondrial proteome and, thereby, maintains the function of the
mitochondria (Voos, 2009). This protein quality control system, however, is entirely
encoded by the nuclear DNA, thus an up-regulation of the mitochondrial proteostasis system
upon proteotoxic challenge requires retrograde signaling to the nucleus and a subsequent
translocation of the chaperones into the mitochondria. An intriguing question, therefore, is
how the mitochondrial protein quality control system senses perturbations of the folding
environment and rebalances proteostasis via a signaling pathway that extends beyond its
boundaries.

Mitochondria are highly dynamic organelles that constantly alter their shape and structure in
response to different stimuli and metabolic demands of the cell. Mitochondria are the site of
many metabolic pathways including the citric acid cycle, fatty acid oxidation, ATP
generation via oxidative phosphorylation, ion homeostasis, and Fe-S cluster formation.
Mitochondria originated in ancestral eukaryotic cells through endosymbiosis of
proteobacteria. Thus, it is not surprising that mitochondria have a unique protein quality
control system retaining many of the ancestral characteristics of prokaryotes. The outcome
for the eukaryotic cell was to evolve a system in which the mitochondrial chaperone and
proteolytic machinery was integrated into a coherent cellular proteostasis network. Because
the majority of the mitochondrial proteins are encoded by the nucleus, proteins destined to
the mitochondria undergo multiple rounds of unfolding and folding events to translocate
through the mitochondrial membranes (Hartl and Neupert, 1990). These folding steps
require the cooperation of the translocation machinery and multiple chaperones of the Hsp70
and Hsp90 families to facilitate the unfolding, the translocation, and the subsequent
refolding and assembly on both the cytosolic interface as well as in the mitochondrial matrix
(Voos and Rottgers, 2002). Molecular chaperones have multiple functions in the
maintenance of cellular proteostasis, by assisting the folding of de novo synthesized
proteins, during translocation into the ER or the mitochondria, or refolding of misfolded or
aggregated proteins. Achieving this balance is critical, because the expression and
accumulation of aggregation prone proteins or exposures to a plethora of stress conditions
can lead to an enhanced progression of aging and the development of neurodegenerative
diseases such as Huntington’s and Parkinson’s disease. The cellular proteostasis network
affects all compartments and thus it is not surprising that neurodegenerative diseases are
associated with organellar dysfunction.

C. elegans is an excellent model for the study of proteostasis systems as it represents among
the best-characterized metazoan model organisms with numerous advantages including a
completed genome sequence, multiple genetic tools to assess function, and a defined cell
lineage with a simple body plan, differentiated tissues, and diverse behavioral and
physiological phenotypes available to study various biological and pathophysiological
processes. For example, multiple C. elegans models of neurodegenerative diseases such as
tissue-specific polyQ and mutant SOD1, have been generated by expression of fluorescently
tagged protein fusions of the aggregation prone and disease causing proteins in C. elegans
(Satyal et al., 2000; Morley et al., 2002; Brignull et al., 2006a; Gidalevitz et al., 2006, 2009).
The transparent body of C. elegans allows visualization of aggregation-prone protein species
and enables biophysical inspection using, e.g., FRAP (fluorescence recovery after
photobleaching), FRET (Foerster resonance energy transfer), and FLIP (fluorescence loss in
photobleaching) to understand the properties of different aggregate states. The neuronal and
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muscle-expression models for polyQ exhibit an age- and polyQ length-dependent
aggregation and the biophysical characterization of the polyQ aggregates is depicted in
Figure 2 (Morley et al., 2002; Brignull et al., 2006b). Additionally, C. elegans is amenable
to genetic analysis such as gene knock-down by RNA interference (RNAi), which has been
employed in genome-wide screens to identify genetic modifiers and pathways involved in
the development and progression of aggregation and toxicity phenotypes (Nollen et al.,
2004). C. elegans has a short lifespan and is, therefore, an attractive model to study aging.
Early in adulthood, there is an accumulation of damaged proteins that occurs in multiple
tissues revealing that proteostasis is already compromised well before other physiological
and morphological markers of aging have been observed (Ben-Zvi et al., 2009).

MITOCHONDRIAL DYSFUNCTION IS LINKED TO AN INCREASE OF ROS
PRODUCTION IN NEURODEGENERATIVE DISEASES AND APOPTOSIS

Mitochondrial functionality is essential for the function of the cell, not only as the source of
energy, but also as the major source of reactive oxygen species (ROS), which are thought to
be causative agents of aging and diseases (Raha and Robinson, 2000). Although
mitochondrial dysfunction has been associated with accelerated aging and the development
of neurodegenerative diseases, little is known about the underlying molecular mechanisms.
In the following sections, we will summarize our current knowledge of mitochondrial
function and its cellular integrity in the light of its connection to ROS production and
defense mechanisms, longevity, apoptosis, and the development of the neurodegenerative
diseases taking advantage of the tools afforded by C. elegans.

ROS
Aging and age-associated damage to macromolecules correlates with increased production
of free radical species and or decreased antioxidant defenses (Finkel and Holbrook, 2000).
ROS are generated as a byproduct during oxidative phosphorylation with mitochondria as
the major source of ROS and the major target of ROS damage. The pathogenic aggregation
of proteins is associated with excessive production of ROS, which can cause oxidation of
amino acid side chains, formation of hydroperoxides, carbonylation of proteins, and
fragmentation of the protein backbone (Levine and Stadtman, 2001). This damage results in
a loss of function associated with misfolding and aggregation, and thus is directly connected
to the susceptibility to pathology and disease (see below). Mitochondrial DNA is also
vulnerable to ROS-induced damage since it is located in immediate proximity to the source
of ROS generation. In C. elegans, the mitochondrial genome expresses 37 genes, of which
13 are components of the respiratory chain, 22 encode tRNA’s, and 2 correspond to rRNA’s
(Hoffmann et al., 2009). Mutation in any of these mitochondrial genes has dramatic
consequences for oxidative phosphorylation and energy production. Therefore, not
surprisingly, accumulation of mtDNA mutations and lesions is associated with many age-
related diseases (Greaves and Turnbull, 2009). To protect themselves, cells have developed
strategies to counteract ROS-induced damage employing antioxidant proteins and free
radical scavengers including superoxide dismutases (SOD), catalases, peroxidases,
thioredoxins, and ferredoxins (Apel and Hirt, 2004; Li et al., 2009). For example, superoxide
is converted by SOD into the less reactive hydrogen peroxide. Hydrogen peroxide levels are
then regulated by glutathione peroxidase and catalases. C. elegans encodes for five sod
genes, each with a specific sub-cellular localization: sod-1 and sod-5 are cytoplasmic, sod-2
and sod-3 are localized in the mitochondria, and sod-4 is localized extracellularly. Mutations
in the sod genes result in a higher sensitivity towards ROS generators such as paraquat or
juglone, suggesting that the different SOD proteins might exhibit distinct substrate
specificities for the detoxification of ROS species. However, mutations in sod genes do not
decrease lifespan. An explanation for this could be that mutation in one sod gene is
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compensated by another sod gene (Van Raamsdonk and Hekimi, 2009). Interestingly,
mutations of sod-2 encoding a mitochondrial SOD lead to an increase of lifespan. It is
assumed that the sod-2 mutant extends lifespan by decreasing mitochondrial function, which
supports the connection between mitochondrial function and longevity (Van Raamsdonk and
Hekimi, 2009).

Longevity
The biogenesis and function of mitochondria are primary determinants of longevity. Energy
production, via oxidative phosphorylation, generates a mitochondrial membrane potential
ΔΨm across the inner membrane. Multiple longevity pathways converge on mitochondria
and lead to a decreased ΔΨm, which is associated with increased lifespan in C. elegans
(Lemire et al., 2009). Membrane potential and the generation of the membrane potential
drive three important cellular processes: (1) ATP synthesis, (2) active transport of ions and
metabolites, and (3) increased ROS production. Long-lived C. elegans mutants daf-2
(human ortholog: IGF1R), age-1 (PI3K), clk-1 (COQ7/CAT5), isp-1 (UQCRFS1), and eat-2
(CHRFAM7A) all exhibit lower ΔΨm. Lower membrane potential of daf-2 is daf-16
(FOXO3) dependent (Lemire et al., 2009), indicating that the insulin-like signaling pathway
not only regulates lifespan, but can also affect mitochondrial energetics. Lifespan can also
be extended by uncoupling the electron transport chain using CCCP (carbonyl cyanide m-
chlorophenylhydrazone), which dissipates ΔΨmand diminishes ROS levels (“uncoupling to
survive” theory). Mitochondrial uncoupling could also extend lifespan by changes in ion
homeostasis and signaling molecules such as ATP, Ca2+, and succinate. Moreover, long-
lived mutants could shift their metabolism towards alternative energy–generating pathways
such as fermentation upon uncoupling. As a molecular basis for defense against ROS, the
expression of molecular chaperones is up-regulated in long-lived mutants (Hsu et al., 2003;
Murphy et al., 2003; Kuzmin et al., 2004).

Disruption of the electron transport chain (ETC) by knock-down of ETC components in C.
elegans, which results in a lower ΔΨm, can result in life extension in C. elegans, whereas
mutations that disrupt ETC function in humans shorten lifespan (Rea et al., 2007). These
apparently contradictory observations are based on the extent of the dysfunction of the ETC.
Using an RNAi dilution strategy, it was shown that knock-down of ETC components in C.
elegans, such as atp-3 (ATP5O), nuo-2 (NDUFS3), isp-1 (UQCRFS1), cco-1 (COX5B), and
frh-1 (FXN), have a gradual influence on lifespan. Moreover, partial inhibition of these
genes extends lifespan, whereas complete inhibition shortens lifespan (Rea et al., 2007). Life
extension in these RNAi mediated knock-down animals depends on a specific L3/L4 stage
of development, characterized by the last somatic cell divisions and substantial
mitochondrial DNA expansion. These observations suggest that cell-cycle checkpoints of
somatic cell proliferations are critical to activate compensatory mitochondrial pathways that
regulate longevity (Rea et al., 2007).

Reduced ΔΨm also affects the vital process of mitochondrial translocation. The membrane
potential with its negative charge in the mitochondrial matrix drives the initial transport of
the positively charged pre-sequence before the matrix-localized Hsp70 facilitates the import
by ATP-dependent cycles of transient binding of the incoming polypeptide (Martin et al.,
1991; Voos et al., 1999). Consequently, a decrease of membrane potential will likely impair
the mitochondrial import of those pre-proteins with a higher dependence on a membrane
potential and thus contribute to a reduced mitochondrial function. Consistent with this,
knock-down of components of the mitochondrial import machinery, tomm-7 (TOMM7),
ddp-1 (TOMM8B), tin-9.1 (TIMM9), tin-9.2 (EXOSC4), and tin-10 (TIMM10) encoding for
the Tim/Tom translocation complex, results in a defective formation of the gonad, reduced
numbers of progeny, small body size, partial embryonic lethality, and thus precludes
development (Curran et al., 2004). How does a reduced mitochondrial membrane potential
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result in an increase in lifespan when, at the same time, it impairs the translocation of
mitochondrial pre-proteins? Perhaps the key here is to achieve a minimal level of
mitochondrial function sufficient for basal translocation events without interfering with the
overall flux of translocation.

An additional mechanism of mitochondrial regulation for C. elegans longevity has been
demonstrated in a recent study that prohibitins, ubiquitious conserved proteins, that
assemble at the inner mitochondrial membrane into ring-like high molecular weight
complexes, enhance lifespan by modulating fat metabolism. The function of prohibitins is
not well understood, but they are thought to act as assembly factors and protein scaffolds for
the integrity of mitochondrial membranes (Osman et al., 2009). Depletion of prohibitin
influences ATP levels, fat content, and mitochondrial proliferation in a genetic background
and age-specific manner. Reduced prohibitin activity promotes survival of animals with a
compromised mitochondrial function by triggering the fat metabolism (Artal-Sanz and
Tavernarakis, 2009).

Apoptosis
Apoptosis is essential for the development and survival of most multicellular organisms.
During C. elegans development, over 10% of somatic cells undergo apoptosis (Lettre and
Hengartner, 2006). Mitochondria have a central role in programmed cell death in mammals,
but in C. elegans this is less clear. Genetic studies have identified EGL-1, CED-9 (Bcl-2),
CED-4, and CED-3 (CASP10) as key components of apoptosis (Metzstein et al., 1998). In
living cells, CED-4 is associated with the Bcl-2 homologue, CED- 9. An apoptotic signal
up-regulates the BH3-only protein, EGL-1, which binds to CED-9 and thus leads to a
dissociation of CED-4. Subsequently, CED-4 oligomerizes into a tetramer and forms the
CED-4 apoptosome, which facilitates the autoactivation of the caspase CED-3 (Yan et al.,
2006; Shi, 2008).

The apoptotic mechanism in C. elegans differs from mammals in several aspects: although
there is a functional conservation of CED-9/Bcl-2, C. elegans does not express IAP-like or
SMAC/Diablo and Omi/HtrA2 homologues, and there is little evidence for an essential role
of mitochondria in the induction of cell death in C. elegans. The Bcl-2 homologue CED-9 is
localized to the mitochondrial outer membrane; however, the localization itself does not
appear to be important for its function. Artificial tethering of CED-9 to the cytosolic face of
the ER membrane rescues a ced-9 mutation (Tan et al., 2007), which suggests that
mitochondrial localization of CED-9 may be required for alternate non-apoptotic functions.

Friedreich’s Ataxia
Friedreich’s ataxia is the most common heritable ataxia and is caused by the defective
expression of frataxin, e.g., due to a GAA triplet repeat expansion in intron 1. The function
of this mitochondrial localized, nuclear encoded protein is not well understood and frataxin-
deficient cells exhibit impaired biosynthesis and function of Fe-S cluster-containing proteins
(Rotig et al., 1997). Since several proteins of the electron transport chain contain Fe-S
clusters, it is therefore not surprising that frataxin deficiency results in impaired
mitochondrial respiration and lower ATP levels, reduced mitochondrial membrane potential,
ΔΨm, and an impaired Ca2+ buffering. The failure of Fe-S cluster biosynthesis leads to iron
accumulation, which causes free radical damage. Although knockdown of frataxin (frh-1,
FXN) in C. elegans using RNAi results in a reduced body and brood size, lifespan is
enhanced by 25% (Pastore et al., 2003; Ventura et al., 2005; Condo et al., 2006). However,
retaining some lower level of expression of frh-1 seems to be critical as a strong knockdown
results in reduced lifespan (Rea et al., 2007; see above).
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Parkinson’s Disease
Parkinson’s disease (PD) is characterized by the degeneration of dopaminergic neurons. C.
elegans has been used as a model system for PD (Schmidt et al., 2007; van Ham et al., 2008)
and the relationship between mitochondria and PD has been supported by (1) a proteomic
study identifying 75 proteins possibly involved in PD, of which more than 90% are subunits
of the five complexes of the respiratory chain (Li et al., 2009), (2) that PD causes a decrease
of complex I activity (Schapira et al., 1989), (3) that inhibition of complex I by the
neurotoxin MPTP (1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine) or rotenone or mutations
in mt DNA causes PD (Betarbet et al., 2000; Fornai et al., 2005), (4) that α-synuclein
immunostaining is observed in degenerating mitochondria (Martin et al., 2006), (5) that pan-
neuronal overexpression of α-synuclein, knock-down using RNAi of DJ-1 orthologue
(B0432.2, encoding for a redox-reactive signaling protein) or deletion of the parkin
orthologue (pdr-1, encoding for an E3 ubiquitin–protein ligase), impairs mitochondrial
function and enhances the toxicity of the complex I inhibitor, rotenone (Song et al., 2004;
Ved et al., 2005), and (6) that several PD-associated proteins are localized in mitochondria
and/or interact with mitochondrial proteins such as: Parkin, DJ-1, and PINK (PTEN-induced
kinase; Dodson and Guo, 2007; Narendra et al., 2008). Mutations in the Leucine-rich repeat
kinase 2 (LRRK-2) are the most common genetic cause of PD, but it was unknown for a
long time how LRRK-2 contributes to the pathophysiology of PD. Using C. elegans, it has
been established that the LRRK-2 orthologue, lrk-1, protects against the complex I inhibitor,
rotenone, suggesting a role for regulating mitochondrial physiology (Wolozin et al., 2008).
In addition, C. elegans PD models were used to identify modifiers of PD based on the
folding of the natively unfolded α-synuclein. Misfolding of α-synuclein was enhanced upon
knock-down of genes encoding for trafficking proteins (endocytic pathway), whereas
suppressors of α-synuclein inclusions are aging-associated genes and genes encoding for the
ubiquitin proteasome system and chaperones (Hamamichi et al., 2008; Kuwahara et al.,
2008; van Ham et al., 2008).

An increasing amount of evidence suggests a correlation of the PD-associated proteins,
Parkin and PINK, with the autophagy of mitochondria (mitophagy) (Whitworth and
Pallanck, 2009). PINK rapidly accumulates on damaged mitochondria and specifically
recruits Parkin from the cytosol to damaged mitochondria and thereby promotes mitophagy
in D. melanogaster and mammalian cell culture (Narendra et al., 2010; Vives-Bauza et al.,
2010). It remains to be shown if these observations extend to C. elegans.

Huntington’s Disease
A number of observations suggest a link between Huntington’s disease (HD) and
mitochondrial function: (1) HD patients exhibit an increased lactate production, which
indicates a compromised mitochondrial function (Jenkins et al., 1993), (2) mitochondria
from HD patients have reduced levels of complex II and II–III activity (Mann et al., 1990),
(3) mitochondria from HD patients display a polyQ-length-dependent perturbation of the
mitochondrial membrane potential and in Ca2+ homeostasis (Panov et al., 2002), and (4)
over-expression of Htt proteins with extended polyQ stretches increases oxidative stress-
induced mitochondrial fragmentation in Hela cells, correlating with increased caspase-3
activation and cell death (Wang et al., 2009). It is assumed that the polyQ expansion that
interacts with mitofusin (Mfn) proteins located on the outer mitochondrial membrane is
required for mitochondrial fusion. This interaction is thought to compromise Mfn function,
causing enhanced mitochondrial fragmentation and hence loss of function. C. elegans was
used to test the hypothesis that polyQ expansion proteins interfere with the fusion and
fission of mitochondria. RNAi-mediated knock-down of drp-1 (DNM1L), which is required
for mitochondrial fission, indeed reduced the polyQ-induced motility defects in C. elegans
(Wang et al., 2009).
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MITOCHONDRIAL PROTEOSTASIS NETWORK
The importance of the mitochondrial proteostasis network in C. elegans has been established
by genetic and proteomic studies that have identified members of the major chaperone
families Hsp70/40, Hsp60/10, Hsp90, and Hsp100/AAA+, proteases, and assembly factors
homologous to their bacterial or mammalian counterparts (Heschl and Baillie, 1989; Li et
al., 2009; Wormbase: www.wormbase. org). These are listed in Table 1. The protein quality
control system is essential to maintain the functionality of the mitochondrial proteome by
facilitating the translocation of mitochondrial proteins, assisting in their refolding and
assembly into functional multi-subunit complexes in the matrix, and to maintain the
functional folded state or directing damaged proteins to the clearance machinery. Decreased
expression of mitochondrial chaperones results in severe developmental defects, for
example, knockdown of hsp-6 (mt Hsp70), which is essential for the import of all nuclear
encoded mitochondrial proteins that leads to abnormal mitochondrial morphology, lower
ATP levels, defects in embryogenesis, and shorter lifespan (Kimura et al., 2007). Similarly,
knock-down of hsp-60 (mt chaperonin) causes severe growth defects and embryonic and
early developmental arrest (Yoneda et al., 2004), and likewise down-regulation of clpp-1
(ClpP) has effects on embryonic viability, growth, and locomotion (Simmer et al., 2003).
These findings underscore the importance of the mitochondrial proteostasis network for the
development and health of the organism.

The expression of a single mt Hsp70 and multiple Hsp40 proteins (encoded by dnj-10,
dnj-15, and dnj-21) (Li et al., 2009) suggests that these interactions could expand the range
of substrate interactions and, therefore, be important for regulated responses to diverse
cellular or environmental stimuli. Likewise, C. elegans mitochondria express two ClpX
ATPase orthologs, ClpX1 and ClpX2, which could interact with the proteolytic subunit,
ClpP, to form the complete ClpXP protease essential for clearance of damaged
mitochondrial proteins. It is not known whether both ClpX proteins can bind simultaneously
to ClpP to form a mixed complex or whether interactions with ClpP is mutually exclusive
and separately whether both have either a similar or different substrate spectrum. The amino
acid sequence identity between ClpX1 and ClpX2 is less than 55%, which suggests the latter
possibility. This speculation is further supported by the evidence that their N-termini, which
are used as binding sites for either adaptor proteins or their direct interaction with substrates
in Hsp100/AAA+ homologues, show the highest variation (Kirstein et al., 2009). No
substrates for ClpXP and no potential adaptor proteins for either of the two ClpX proteins
have been yet identified.

The differences in the chaperone and protease machines of the mitochondria relative to the
cytosol lead to questions on folding specificity and capacity. This has been addressed
initially by experiments in which a Huntingtin N-terminal fragment containing 73
glutamines was targeted to the mitochondria. Unexpectedly, despite having a polyQ
expansion that causes cytoplasmic aggregation, this mitochondrial- targeted polyQ protein
was soluble (Rousseau et al., 2004). This suggests that the subcellular compartment can
have a strong consequence on the equilibrium between folding and misfolding, which leads
to the question of whether protein quality control in a specific compartment can influence
proteotoxicity beyond its organellar boundary. Consistent with this possibility, an RNAi
study of modifiers of cytoplasmic-expressed polyQ identified mitochondrial Hsp70 (hsp-6)
and several components of the respiration chain as modifiers of aggregation. Knock-down of
hsp-6 enhances cytoplasmic polyQ aggregation, indicating that the mitochondrial protein
quality control system contributes to the proteostasis and health of the whole cell (Nollen et
al., 2004). How do chaperones in the mitochondria contribute to cellular proteostasis? hsp-6
was the only mitochondrial chaperone identified in this suppressor screen, which suggests
either that Hsp70 specifically contributes to the cellular proteostasis network or that Hsp70,
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as the major mitochondrial chaperone, has the most dramatic effect on the mitochondrial
folding environment. Because mitochondrial Hsp70 provides the driving force for
translocation of proteins targeted to the mitochondria, a reduction in the levels of this
essential protein should abolish import and could, therefore, lead to an accumulation of
mitochondrial pre-proteins in the cytosol. One consequence could be an imbalance of the
folding environment in the cytosol resulting in enhanced cytoplasmic aggregation of polyQ.

Studies of mitochondrial disorders provide additional support that the activity of specific
chaperones is linked to neurological diseases. For example, of the 20 genes linked to spastic
paraplegias, two of these are paraplegin (spg-7) and hsp-60 (Casari et al., 1998; Hansen et
al., 2002; Fink, 2003a,b). Mutation of spg-7 leads to a deficient assembly and hence to a
reduced activity of complex I of the respiratory chain and thus to a higher susceptibility to
oxidative stress (Casari et al., 1998).

Importantly, all components of the mitochondrial proteostasis system are encoded by the
nuclear genome. This leads to questions on the nature of the signaling mechanisms and
regulation of these nuclear encoded components to meet the folding demands in the
mitochondria.

SIGNALLING BETWEEN THE TWO COMPARTMENTS UPON PROTEOTOXIC
CHALLENGES
mtUPR

The observation that perturbation of the folding environment in mitochondria up-regulates
the expression of nuclear genes encoding mitochondrial chaperones led to the discovery of
the mitochondrial unfolded protein response (UPRmt) (Zhao et al., 2002; Kuzmin et al.,
2004; Yoneda et al., 2004). In mammalian cells, the expression of a truncated folding-
deficient form of ornithine transcarbamylase (ΔOTC) specifically up-regulated the
mitochondrial chaperones Hsp60/10, Hsp40, and the protease ClpP. This signaling pathway
likely involves the sensing of mitochondrial stress in the mitochondrial matrix, transduction
of the stress signal to the nucleus, and the specific expression of the genes encoding for
mitochondrial chaperones. It has been demonstrated that the transcription factors CHOP and
C/EBPβ regulate the expression of the mitochondrial chaperones in the nucleus (Zhao et al.,
2002). However, CHOP is conserved only in vertebrates, which led to the suggestion that
other signaling pathways are involved in the UPRmt (Yoneda et al., 2004).

To identify the signaling components of the UPRmt, an RNAi screen of C. elegans
chromosome I was performed to identify genes required for activation of the hsp-6 (Hsp70)
and hsp-60 transcriptional GFP fusions. The genes, whose knock-down resulted in up-
regulation of chaperone reporters were either encoding for proteins directly involved in the
mitochondrial biogenesis, processing, and folding, or were components of multimeric
complexes (Yoneda et al., 2004). The modifiers that contribute to the folding environment
would be expected to activate molecular chaperones. By comparison, knock-down of
components of multisubunit protein complexes would be expected to cause an imbalance of
subunits that could result in misfolding and aggregation of the partner proteins and thus
increasing the number of chaperone client proteins. In subsequent genome-wide screens,
eight components of the UPRmt signaling pathway were identified: (1) ubl-5, a ubiquitin-
like protein, (2) dve-1, a homeobox containing transcription factor, (3) clpp-1, encoding the
proteolytic component of the mitochondrial Clp protease, (4 and 5) the AAA+ partner Clp-
ATPases, ClpX1 (K07A3.3) and ClpX2 (D2030.2), (6) haf-1, encoding an ABC transporter,
(7) the bZip transcription factor ZC376.7, and (8) F54C8.5, a GTPase homologous to Rheb
(Benedetti et al., 2006; Haynes et al., 2007, 2010; see Fig. 3). Induction of mitochondrial
stress promotes the accumulation of UBL-5 in nuclei, indicating that UBL-5 acts at a
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nuclear-localized step of the UPRmt (Benedetti et al, 2006). DVE-1 displays a nuclear
redistribution upon mt stress induction and directly binds to the promoter of the chaperone
genes, hsp-6 and hsp-60. In addition, DVE-1 interacts with UBL-5, indicating that both act
together in the transcriptional activation of the mitochondrial chaperone genes. UBL-5
appears to activate its own expression, leading to a feed forward regulation of the signal
transduction. The function of ClpXP can be placed upstream of DVE-1 and UBL-5 since
knock-down of clpp-1 (ClpP), K07A3.3 (ClpX1), and D2030.2 (ClpX2) attenuates the
induction of ubl-5, hsp-6, and hsp-60 and also prevents the redistribution of DVE-1 and its
binding to the promoter regions of hsp-6 and hsp-60 (Haynes et al., 2007, 2010). It was
proposed that the peptides generated by the proteolytic activity of ClpXP are then
transported into the cytosol by the ABC transporter HAF-1 to transmit the UPRmt signal to
the nucleus. Since the degradation of mitochondrial proteins results in an efflux of peptides
in yeast by a homologous transporter (Mdl1p), it was speculated that a potential peptide
efflux by HAF-1 could play a role in the UPRmt (Young et al., 2001; Haynes et al., 2010).
Mitochondria isolated from C. elegans, indeed, exhibited an ATP-dependent release of
peptides, which was abolished upon knock-down of either clpp-1 or haf-1. Down-regulation
of haf-1 also attenuated ubl-5 expression upon mt stress, supporting the role of haf-1 in the
signaling of UPRmt (Haynes et al., 2010). Notably, haf-1 had no influence on the nuclear
redistribution of DVE-1, emphasizing that there are other yet unidentified regulators of the
UPRmt. Additional screens have also revealed, ZC376.7, a bZip transcription factor as a
regulator of the UPRmt. Upon mt stress, ZC376.7 relocated from the cytosol to the nucleus,
which was attenuated by knock-down of clpP-1 and haf-1, thus placing ZC376.7
downstream of the proteolytic signaling cascade (Haynes et al., 2010). Little is known about
the activity of the eighth and last component of the UPRmt, Rheb, but it seems to attenuate
the UPRmt and might gain a role to shut off the UPRmt with cessation of the stress
conditions. Knock-down by RNAi of F54C8.5 (RHEB) promotes the nuclear redistribution
of DVE-1, the induction of ubl-5, and the complex formation of DVE-1 and UBL-5 (Haynes
et al., 2007).

While there has been much recent progress, numerous questions remain: (1) on the initial
sensing of mt stress: Does proteotoxic stress result in general misfolding of proteins, which
are recognized by ClpXP or is there a specific substrate?, (2) characterization of the signal
transduction events from the mitochondria to the nucleus: are there receptors for
mitochondrial-specific peptides/components released by ClpXP-HAF-1 in the cytosol/
nucleus? How are these peptides protected from cytosolic peptidases?, (3) identification of
the specific targets of ZC376.7: Do the number and specificity differ between ZC376.7 and
UBL-5/DVE-1?, and (4) the role of Rheb. A model for the signal transduction pathway of
the UPRmt is summarized in Figure 3.

CONCLUSION AND PERSPECTIVE
C. elegans has proven to be an excellent model organism to study inter-compartmental
proteostasis and has contributed greatly to our understanding of the role of mitochondria and
its integration into the proteostasis network for the health of the cell and organism. The
benefits of using C. elegans are its versatility to address specific questions on the sub-
cellular, tissue-specific, and organismal level. This, combined with genetic and proteomic
studies, has provided insights into the molecular composition of the chaperones and
proteases in the mitochondria and into the biological role of mitochondria within the
compartment and beyond the organellar boundaries. The function of mitochondria affects all
developmental processes and the lifespan of the organism. Dysfunction of mitochondria can
lead to oxidative stress, accelerated aging, apoptotic cell death, the development of
neurodegenerative diseases, or the enhancement of its progression. Thus, the balance of the
mitochondrial folding capacity, which maintains the correct fold and function of the
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mitochondrial proteome and its integrity into the cellular proteostasis network, is of vital
importance for the health of the organism.

The functional emphasis of mitochondria differs between tissues and varies from a
biosynthetic role (e.g., intestine, liver) to a primarily energy-providing organelle (heart and
skeletal muscles). Differential gene expression of the nuclear-encoded mitochondrial genes
and varying the mitochondrial content enables cells to meet tissue-specific demands of
mitochondrial activity (Veltri et al., 1990). Consequently, different tissues exhibit distinct
mitochondrial proteomes (Johnson et al., 2007a,b). How do cells adjust to this variable
folding load? Do the expression levels and/or composition of the mitochondrial chaperones
and proteases differ in various tissues? How does the cellular proteases network adjust to
changes in the compartmental folding machineries?
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Fig. 1.
Balancing the cellular proteostasis by compartment-specific unfolded protein response
(UPR). This cartoon depicts the integration of the organellar UPR’s into the cellular
proteostasis network. The cellular proteostasis is a balance of the folding load of all
organelles and their respective response mechanisms (UPR). Perturbance of the client to
chaperone ratio, e.g., due to proteotoxic stress, could result in an imbalance of the cellular
proteostasis. To rebalance the proteostasis, the cell can activate organelle-specific UPR’s to
cope with the excess of client proteins.
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Fig. 2.
C. elegans polyglutamine model. A: Expression of polyQ in the body wall muscle
(Punc-54Q(n)::YFP; top) and throughout the nervous system (PF25B3.3Q(n)::CFP; bottom).
The expression of both models shows a polyQ length-dependent aggregation pattern. B:
FRAP analysis of poly- Q::YFP in body wall muscle cells to analyze solubility of polyQ
proteins. Images are taken before bleaching (pre-bleach, left), immediately after bleaching
(post-bleach, middle), and after a recovery period (recovery, right). Q0::YFP recovers
rapidly and is soluble, whereas Q40::YFP foci do not recover and are immobile. C:
Quantification of FRAP results. The graphs show the relative fluorescence intensity (RFI)
for each time point (Brignull et al., 2006b).
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Fig. 3.
Model of the mitochondrial unfolded protein response (UPRmt) in C. elegans. Proteotoxic
stress triggers a response of ClpXP, whose proteolytic activity is required to transmit the
signal to the cytoplasm presumably via peptide translocation by HAF-1. Here, the
transcription factors, UBL-5 and DVE-1, which form a complex, and ZC376.7 redistribute
to the nucleus. DVE-1 binds to the promoter region of the mitochondrial chaperone genes,
hsp-6 and hsp-60. The expression of ubl-5 is also up-regulated and probably acts as a feed-
forward regulation to enhance the signal. This activation of the UPRmt results in an
accumulation of HSP-6 (mt Hsp70) and HSP-60 (mt chaperonin) in the mitochondria.
RHEB is thought to act as a suppressor of the UPRmt, probably with cessation of the stress
conditions. Open questions of the regulation of the UPRmt are indicated with question marks
and are further discussed in the text.
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TABLE 1

C. elegans Mitochondrial Chaperones, Proteases, and Assembly Factorsa

Mitochondrial chaperones, proteases and assembly factors

C. elegans gene/sequence name Homologue

Hsp70/40 family

hsp-6 hsp-70

dnj-10 hsp-40

dnj-15 hsp-40

dnj-21 hsp-40

C34C12.8 grpE

Hsp60/10 family

hsp-60 hsp-60/mt chaperonin

hsp-10 hsp-10

Proteases

clpP-1 clpP

C34B2.6 lon/pim1

spg-7 paraplegin/mtAAA

cbn-ymel-1 AAA+ATPase/FtsH

ZK550.3 mip1/metalloedopeptidase

Hsp100 and AAA+ATPases

K07A3.3 clpX (1)

D2030.2 clpX (2)

atad-3 ATAD3

bcs-1 AAA+ATPase

Hsp90 family

R151.7α hsp-75/TRAP1

Specific assembly factors

eat-3 opa-1

phb-1 phb

phb-2 phb

a
The components of the mitochondrial protein quality control were identified using genetic and proteomic studies and are comprised of chaperones

of the Hsp70/40, Hsp60/10, Hsp100, and other AAA+ and Hsp90 family, proteases, and assembly factors. The respective bacterial, yeast or
mammalian homologues are depicted in the right column.
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