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Abstract
Progressive mitochondrial failure is tightly associated with the onset of many age-related human
pathologies. This tight connection results from the double-edged sword of mitochondrial
respiration, which is responsible for generating both ATP and ROS, as well as from risks that are
inherent to mitochondrial biogenesis. To prevent and treat these diseases, a precise understanding
of the mechanisms that maintain functional mitochondria is necessary. Mitochondrial protein
quality control is one of the mechanisms that protect mitochondrial integrity, and increasing
evidence implicates the cytosolic ubiquitin/proteasome system (UPS) as part of this surveillance
network. In this review, we will discuss our current understanding of UPS-dependent
mitochondrial protein degradation, its roles in diseases progression, and insights into future
studies.
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Introduction
Mitochondria play fundamentally important roles in various cellular processes including
ATP production, ion storage, apoptosis and critical anabolic and catabolic metabolism.
Many studies have indicated that mitochondrial dysfunction is central to the development of
most age-related human diseases including neurodegenerative diseases, cancer, and type 2
diabetes [1]. Accordingly, a comprehensive understanding of the mechanisms that enable
preservation of functional mitochondria would inform the prevention and treatment of those
diseases.

While mitochondria have their own genome, about 99% of the roughly 1000 mitochondrial
proteins are encoded in the nuclear genome [1–2,4]. Most mitochondrial proteins are
therefore synthesized in the cytoplasm, unfolded, transported across one or both
mitochondrial membranes, then refolded and/or assembled into complexes [3]. Failure of
this complex series of events generates unfolded or misfolded proteins within mitochondria,
often disrupting critical functions [3].
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Mitochondrial oxidative phosphorylation generates usable cellular energy in the form of
ATP, but also produces reactive oxygen species (ROS) as a byproduct [1–4]. ROS tend to
react quickly, so their predominant sites of damage are mitochondrial macromolecules that
are localized nearby the source ROS production. Exposure to oxidative stress facilitates
misfolding and aggregation of these mitochondrial proteins, leading to disassembly of
protein complexes and eventual loss of mitochondrial integrity [3].

Because of this inherent source of damage, clearance of misfolded and aggregated proteins
is constantly needed to maintain functional mitochondria. There are several systems
promoting this turnover. Mitophagy, a selective mitochondrial autophagy, mediates a bulk
removal of damaged mitochondria. The detailed mitophagic process will be discussed in
more detail below. In addition to mitophagy, mitochondria intrinsically contain proteases in
each of their compartments and these proteases recognize misfolded mitochondrial proteins
and mediate their degradation [5]. Interestingly, accumulating evidence shows that the
ubiquitin proteasome system (UPS) plays an important role in mitochondrial protein
degradation. At various cellular sites, the UPS is involved in protein degradation. With the
help of ubiquitin E1-E2-E3 enzyme cascades, target proteins destined for destruction are
marked by conjugation of K48-linked poly-ubiquitin chain. This poly-ubiquitinated protein
is then targeted to the proteasome for degradation [4].

In this review, we will discuss recent advances in our knowledge of mitochondrial protein
quality control systems, specifically focusing on UPS-dependent protein degradation.

The UPS and mitochondrial protein degradation
Increasing evidence shows that the UPS is a part of the mitochondrial protein quality control
system. One of the first observations connecting the cytoplasmic proteasome and
mitochondrial protein degradation was the detection of ubiquitin-conjugated proteins in
purified mitochondria by mass spectrometry [4]. Moreover, cells treated with proteasome
inhibitors exhibit elevated levels of ubiquitinated mitochondrial proteins, suggesting the
potentially important roles of the proteasome on mitochondrial protein degradation [6].
Consistent with this, many studies have identified mitochondrial substrates of the UPS.
Fzo1, an outer mitochondrial membrane (OMM) protein involved in mitochondrial fusion, is
partially dependent on the proteasome for its degradation in yeast [4]. The F box protein
Mdm30 mediates ubiquitination of Fzo1 by Skp1-Cullin-F-boxMdm30 ligase, which leads to
proteasomal degradation [4]. The UPS has also been implicated in mitochondrial protein
degradation in higher organisms. In mammals, the OMM proteins mitofusin 1 and 2
(Mfn1/2; the mammalian orthologs of Fzo1) and Mcl1 are polyubiquitinated and degraded
by the proteasome [7-9] (See Table 1). VDAC1, Tom20 and Tom70 were also suggested as
targets of proteasomal degradation as they are stabilized by proteasome inhibition [8].
Additionally, inactivation of the proteasome induces accumulation of intermembrane space
(IMS) proteins and, consistent with this, the proteasome plays a role in degradation of the
IMS protein, Endonuclease G [10].

Surprisingly, turnover of some inner mitochondrial membrane (IMM) proteins is also
dependent upon the proteasome. Uncoupling proteins (UCPs) 2 and 3 exhibit an unusually
short half-life compared with other IMM proteins, and Brand and colleagues showed that
inactivation of the proteasome prevents their turnover in vivo and in a reconstituted in vitro
system [11]. Finally, mitochondrial matrix proteins can also be degraded by the proteasome.
For example, OSCP, oligomycin sensitivity conferral protein, is stabilized upon inactivation
of the proteasome [6]. When import of newly synthesized OSCP was blocked, inhibition of
the proteasome induced accumulation of OSCP in the OMM, suggesting that matrix-
localized OSCP was exported to the OMM for proteasomal degradation. Taken together, the
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evidence is compelling that the UPS participates in protein quality control in all
mitochondrial compartments.

How does the cytosolic UPS recognize and degrade mitochondrial proteins, particularly
those that are not exposed to the cytosol? It has been reported that the proteasomal subunit
Rpt4 can directly dislocate and degrade an ER-associated protein degradation (ERAD)
substrate in the absence of other cofactors [12]. By analogy, one possibility is that the
proteasome per se can directly detect and degrade mitochondrial substrates without the need
for cofactors. A second possibility would be the existence of factor(s) that retrotranslocate
substrates from the mitochondria to the cytoplasm for delivery to the proteasome. Consistent
with this idea, several studies have shown that Cdc48 (the yeast ortholog of p97 or VCP in
mammals) participates in such an activity [7,9,13]. Cdc48 is a component of the UPS
involved in protein degradation at a variety of cellular sites. Its role has been extensively
studied in ERAD, where it mediates the dislocation of ER membrane-localized proteins to
the cytoplasm for presentation to the proteasome using energy from ATP hydrolysis [4,13].
Interestingly, the association of Cdc48/p97 and mitochondria has been reported in several
studies. Xu et al. (2011) and Tanaka et al. (2010) have shown that p97 mediates the
proteasomal degradation of polyubiquitin-conjugated Mfn1/2 [7]. Dissipation of the
mitochondrial membrane potential causes p97 translocation to ubiquitin-rich mitochondria
and a p97 mutant lacking ATPase activity shows impaired degradation of Mfn1/2. Xu et al.
provided further evidence for the involvement of p97 in proteasome-mediated degradation
of two OMM proteins, Mfn1 and Mcl1 [9]. Depletion of p97 as well as inhibition of the
proteasome stabilizes these proteins. Further, a p97 mutant exhibits impaired
retrotranslocation of Mcl1 from mitochondria to the cytoplasm as well as stabilization of
Mcl1. Taken together, it is clear that Cdc48/p97 is a crucial component bridging
mitochondrial substrates and the cytoplasmic proteasome.

Cdc48/p97 is involved in many cellular processes through its role in protein degradation and
is targeted to different subcellular sites by adaptor proteins. For example, Cdc48/p97 is
recruited to the endoplasmic reticulum with the help of two adaptor proteins, Npl4 and Ufd1
[14]. This implies the existence of specific adaptors that recruit Cdc48/p97 to mitochondria.
Consistent with this notion, we recently identified a mitochondrial adaptor protein for
Cdc48, which we named Vms1 (VCP/Cdc48-associated mitochondrial stress responsive 1)
[13]. Interestingly, Vms1 interacts with Cdc48/p97 and Npl4, but not with Ufd1. This
implies that the Cdc48/p97-Npl4-Ufd1 complex functions in ER protein degradation while
the Vms1-Cdc48/p97-Npl4 complex acts in mitochondria. In agreement with this notion,
overexpression of Cdc48 or Npl4 rescues the vms1 mutant phenotype while Ufd1 has no
effect.

Normally, Vms1 is cytoplasmic. Upon mitochondrial stress, however, Vms1 recruits Cdc48
and Npl4 to mitochondria. In agreement with the role of Cdc48/p97 in OMM protein
degradation, loss of the Vms1 system results in accumulation of ubiquitin-conjugated
proteins in purified mitochondria as well as stabilization of Fzo1 under mitochondrial stress
conditions. Accumulation of damaged and misfolded mitochondrial proteins disturbs the
normal physiology of the mitochondria, leading to mitochondrial dysfunction. As expected,
the vms1 mutants progressively lose mitochondrial respiratory activity, eventually leading to
cell death. The VMS1 gene is broadly conserved in eukaryotes, implying an important
functional role in a wide range of organisms. The C. elegans Vms1 homolog exhibits a
similar pattern of mitochondrial stress responsive translocation and is required for normal
lifespan. Additionally, mammalian Vms1 also forms a stable complex with p97. Combining
these observations, we conclude that Vms1 is a conserved component of the UPS-dependent
mitochondrial protein quality control system. This system senses mitochondrial stress,
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recruits Cdc48/p97 to damaged mitochondria, and mediates proteasomal degradation of
damaged mitochondrial proteins.

The UPS regulates mitochondrial dynamics and initiation of mitophagy
Mitochondria undergo continuous fission and fusion events and they utilize this dynamic
procedure to maintain their function [7–8]. When damage is moderate, fusion combines
mitochondrial pools, leading to dilution of damaged structures. If damage is more severe,
fission facilitates removal of impaired portions from the healthy mitochondrial network by
fragmentation, followed by their disposal through mitophagy[15].

Accumulating evidence shows that the UPS plays essential roles in regulating mitochondrial
dynamics. Mfn1/2, Fis1 and Drp1, major players regulating mitochondrial fusion and
fission, are degraded by the proteasome [7–8,16]. MITOL, a mitochondrial E3 ubiquitin
ligase, is required for Drp1-dependent mitochondrial fission as depletion or inactivation of
MITOL blocks mitochondrial fragmentation [17]. Moreover, knockdown of USP30, an
OMM-localized deubiquitinating enzyme, induces an elongated mitochondrial morphology,
suggesting a defect in fission [18]. Although the underlying mechanisms linking the UPS to
the regulation of mitochondrial dynamics remain unclear, these observations demonstrate
that these processes are tightly linked.

Cells mark damaged mitochondria by polyubiquitination of OMM proteins. Parkin, an
ubiquitin E3 ligase, and the PINK1 protein kinase are the most characterized players in this
process [7]. When mitochondria are depolarized, PINK1 is selectively stabilized leading to
recruitment of cytoplasmic Parkin to damaged mitochondria [7,19]. Following recruitment,
Parkin marks the mitochondria with K-63 or K-27-linked, proteasome-independent
polyubiquitination and mediates their transport to the perinuclear region where they fuse to
the autophagosome with the help of p62 and HDAC6 [7,20]. Loss of function mutations in
either Parkin or PINK cause Parkinson's disease, a devastating neurodegenerative disease
characterized by movement disorder [7–8], revealing the importance of this mitochondrial
quality control mechanism in maintaining normal neuronal function.

Increasing evidence links the UPS to the initiation of Parkin-dependent mitophagy [7–8].
Youle and colleagues demonstrated that Parkin is the E3 ligase responsible for K-48
ubiquitination-mediated proteasomal degradation of Mfn1/2 as they are stabilized either by
depletion or inactivation of Parkin [7]. Moreover, degradation of mitofusins was only
observed in the presence of PINK1 and mitochondrial membrane depolarization by
treatment with the mitochondrial uncoupler, CCCP, which are required for Parkin
recruitment. Depletion of mitofusins facilitates mitochondrial fragmentation, a process
required for initiating mitophagy. Lu and colleagues further demonstrated the involvement
of Parkin in modulation of mitochondrial fusion/fission dynamics as overexpression of
Parkin facilitates mitochondrial fission in mammalian primary neurons [21]. Parkin,
therefore, might facilitate mitophagy by altering mitochondrial dynamics. Consistent with
this notion, Parkin-mediated proteasomal degradation of mitofusins is a prerequisite for the
initiation of mitophagy. Stabilization of Mfn1/2 by inhibition of the proteasome abolished
the CCCP-driven mitophagy [7]. Further, blocking K48-linked ubiquitination caused a
deficit in mitophagy [8]. Taken together, it is apparent that the UPS is part of a regulatory
system involved in mitochondrial dynamics and is required for the tight regulation of
Parkin-dependent mitophagy (Figure 1).

Mitochondrial protein quality control and human diseases
Accumulation of aberrant proteins within mitochondria often disturbs mitochondrial
function and threatens cell survival. This has been extensively studied in neurodegenerative
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diseases wherein aberrant pathological proteins accumulate throughout the cell, including
sites in mitochondria (See Table 2). Amyloid precursor protein (APP), a protein associated
with Alzheimer's disease, accumulates within mitochondria and is implicated in blockade of
mitochondrial protein import [22]. Aβ, a neurotoxic APP cleavage product, can also
facilitate the formation of the mitochondrial permeability transition pore (mPTP) by binding
to mPTP components VDAC1, CypD and ANT, which provokes cell death [23–25]. α-
synuclein, a protein associated with the development of Parkinson's disease, is targeted to
the IMM where it binds to the mitochondrial respiratory complex I and impairs its function
[26]. α-synuclein also interferes with mitochondrial dynamics as its unique interaction with
the mitochondrial membrane disturbs the fusion process [27]. Finally, in Huntington's
disease, increased association of the mutant huntingtin protein with mitochondria can impair
mitochondrial trafficking [28–29]. Moreover, accumulation of mutant huntingtin protein
disrupts cristae structure and facilitates mitochondrial fragmentation by activation of Drp1
[28, 30]. These examples demonstrate the crucial importance of prompt removal of
dysfunctional and/or aberrant proteins in maintaining functional mitochondria.

Future outlook
Discoveries regarding the involvement of the UPS in the mitochondrial protein quality
control process provide new insights into normal mitochondrial and cellular physiology.
This linkage also raises several questions. First, several ubiquitin E3 ligases including
MITOL and MULAN have been identified in the OMM [4]. Yanagi and collegues have
shown that MITOL regulates mitochondrial dynamics by ubiquitination-mediated
degradation of mitochondrial fission proteins, hFis1 and Drp1 [31]. While MULAN has
been also implicated in modulation of mitochondrial dynamics [32], its substrates remain
unknown. Therefore, it will be of great interest to determine the specific substrates of these
ligases and the role of ubiquitination in regulating their functions. Second, the involvement
of the UPS in degrading intra-mitochondrial proteins implies the existence of special
machinery involved in the retrotranslocation and export of these proteins (See Figure 2).
One possible explanation is that mitochondrial proteases recognize and dislocate
mitochondrial proteins to the surface. Distinct from their proteolytic activity, some
mitochondrial proteases contain a chaperone-like function. Yme1, an IMM protease, can
mediate the translocation of cytoplasmic PNPase to the IMS without degradation [33].
Yta10 and Yta12, IMM proteases facing the matrix side, are involved in complex assembly
of cytochrome c oxidase [34]. Additionally, a more detailed understanding of the Vms1
system is necessary. What is the signal that recruits Vms1 to mitochondria? What are the
mitochondrial substrates for the Vms1 system? Are there other auxiliary factors involved in
this pathway? Finally, some proteins are targets of the UPS while others are proteolyzed by
intrinsic mitochondrial proteases, but the process for making this decision is not known.

Treatment of diseases that arise from defects in protein quality control will depend on
greater depth in our understanding of this process, which could contribute to the
development of novel therapeutic approaches. For instance, both mutant SOD1, a misfolded
mitochondrial protein associated with the onset of amyotrophic lateral sclerosis, and
polyglutamine expanded ataxin-3, a pathogenic protein causing Machado-Joseph disease,
are ubiquitinated by MITOL and then degraded by the proteasome [35–36]. Facilitating the
proteasomal degradation of these aberrant proteins might therefore efficiently control
diseases progression and, eventually, cure the diseases. Answering these questions would
partially unveil the mysterious physiology of mitochondria, which, in turn, would facilitate
the development of therapeutics to prevent and cure devastating human diseases.
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Figure 1. The UPS regulates mitochondrial dynamics
Major proteins involved in mitochondrial fission or fusion (e.g. Mfn1/2, Drp1 and Fis1) are
degraded by the UPS. Through this regulatory process, the UPS controls mitochondrial
dynamics. Parkin, an E3 ligase involved in mitophagy, utilizes the UPS to enhance
mitochondrial fission through degradation of components of the fusion machinery (blue
arrow). By facilitating fragmentation of damaged mitochondria, which is essential for
initiation of mitophagy, Parkin stimulates mitophagy.
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Figure 2. UPS-mediated mitochondrial protein degradation
Misfolded and/or damaged mitochondrial proteins destined for proteasomal degradation in
the cytosol are recruited to the outer mitochondrial membrane (OMM) from each
mitochondrial compartment by unknown mechanisms (blue arrows). Upon reaching the
OMM, these proteins are presented to the proteasome through a series of events. They are
K48 polyubiquitinated by the cytoplasmic (e.g. Parkin) or mitochondrial ubiquitin E3
ligases. For proteasomal degradation, polyubiquitinated mitochondrial substrate proteins
need to be retrotranslocated to the cytoplasm, probably, either by the proteasome per se or
by the help of UPS components such as Vms1, Cdc48/p97 and Npl4. Following dislocation
to the cytoplasm, these substrate proteins are degraded by the proteasome (red arrows).
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Table 1

List of known mitochondrial ubiquitin E3 ligases and their known substrates

Ubiquitin E3 ligase Localization Mitochondrial protein substrate Reference

Parkin Cytoplasm Mcl-1, Mfn1/2, Drp1 [7–8]

SCF-FBW7 Nuclear/Cytoplasm Mcl-1 [37]

MITOL/MARCH5 Mitochondria hFis1, Drp1, mutant Sod1, polyglutamine expanded ataxin-3 [17, 30, 35–36]

MULAN Mitochondria Unknown [32]
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Table 2

List of human diseases caused by accumulation of proteins in mitochondria.

Human disease(s) Accumulating proteins in mitochondria Reference(s)

Alzheimer's disease Aβ42 [22–25]

Parkinson's disease α-synuclein [26–27]

Huntington's disease Mutant htt [28–30]

Various leukaemias Mcl-1 [37]

Int J Biochem Cell Biol. Author manuscript; available in PMC 2012 October 1.


