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Abstract

Lon, ClpXP and m-AAA are the three major ATP-dependent proteases in the mitochondrial
matrix. All three are involved in general quality control by degrading damaged or abnormal
proteins. In addition to this role, they are predicted to serve roles in mitochondrial DNA functions
including packaging and stability, replication, transcription and translation. In particular, Lon has
been implicated in mtDNA metabolism in yeast, fly and humans. Here, we review the role of Lon
protease in mitochondrial DNA functions, and discuss a putative physiological role for
mitochondrial transcription factor A (TFAM) degradation by Lon protease. We also discuss the
possible roles of m-AAA and ClpXP in mitochondrial DNA functions, and the putative candidate
substrates for the three matrix proteases.

1. Overview of the AAA+ proteases in the mitochondrial matrix

Lon, ClpXP and m-AAA are the three major proteases in the animal mitochondrial matrix
(Fig. 1) [1-3]. All are derived from bacterial ancestors and are highly conserved in
eukaryotic cells. Lon and CIpXP localize in the mitochondrial matrix per se, whereas the m-
AAA protease is membrane anchored to expose its catalytic site to the matrix space. All
three proteases belong to the super family of ATPases associated with diverse cellular
activities (AAA+ ATPases) and are involved in protein degradation, in which ATPase
hydrolysis is utilized to unfold the substrate proteins and transfer them into the proteolytic
chamber. The Lon and ClpP proteases contain serine protease domains, whereas the m-AAA
protease belongs to the metalloprotease family.

The matrix proteases form homo- or hetero-oligomeric, ring-shaped structures. Each subunit
of Lon and m~AAA contains domains for ATPase activity and proteolysis (Fig. 2). Lon
protease forms a homo-oligomeric ring-shaped structure. As with bacterial Lon, human
mitochondrial Lon protease likely forms a hexamer [4], whereas Saccharomyces cerevisiae
(S. cerevisiae) mitochondrial Lon forms a heptamer [5]. In contrast, m-AAA comprises two
subunits, paraplegin and an ATPase family gene 3-like 2 polypeptide (AFG3L2) and in
humans, can form homo-hexameric structures of AFG3L2 only, or hetero-hexamers of
AFG3L2 and paraplegin [6]. Notably, mutations in paraplegin cause hereditary spastic
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paraplegia, whereas mutations in AFG3L2 cause hereditary spinocerebellar ataxia (SCA28)
[7, 8]. Differing from Lon and m-AAA, CIpXP is composed of a proteolytic subunit, CIpP,
and a chaperone-like subunit, ClpX, which carries a AAA+ domain. CIpXP is a barrel-
shaped, hetero-oligomeric complex in which CIpP forms a two-stack heptameric ring-shaped
structure to which two hexameric ClpX rings bind on each side [9]. Interestingly, the CIpP
subunit is absent in some fungi such as S. cerevisiae and Schizosaccharomyces pombe (S.
pombe) [10]. Surprisingly, the ClpX subunit is present in S. cerevisiae though not in S.
pombe, and the ClpX polypeptide, known as Mcx1p (mitochondrial ClpX), lacks the
interaction domain with CIpP [11]. The function of Mcx1p is not clear, but it is proposed to
serve as a chaperone in the mitochondrial matrix. The matrix proteases are encoded in the
nuclear genome as are most proteins in mitochondria, and function to degrade misfolded or
damaged proteins (e.g., oxidized) to protect the cell from accumulating defective proteins
[1-3]. There is some apparent overlap in their substrate specificities, though each of the
three major proteases has a number of highly-specific substrates [12].

2. Functions of the mitochondrial Lon protease

2.1. Quality control of mitochondrial proteins by Lon protease

Lon is well conserved among species from bacteria to man. It comprises three domains, an
N-terminal domain, central ATPase domain, and a C-terminal protease domain (Fig. 2) [13,
14]. The N-terminal domain is involved in oligomerization and protein substrate binding.
The AAA+ domain that contributes ATP binding and hydrolysis localizes in the central
domain and consists of two sub-domains, an a/p domain and an a domain. The a/f domain
is involved in ATP binding and the a. domain contributes to ATP hydrolysis. The C-terminal
domain carries the protease domain, which contains a serine and lysine dyad in the active
site. Protease activity is dependent on ATP hydrolysis in the AAA+ domain [15]. In
Escherichia coli (E. coli) and S. cerevisiae, mutations in the ATP binding site of Lon result
in loss of protease activity, and those in the protease catalytic site abolish ATPase activity
[15-17].

Lon contributes to protein quality control surveillance in mitochondria by degrading
preferentially oxidatively-modified or misfolded proteins before they aggregate [18].
Knockdown of Lon in human and Drosophila cultured cells results in the increase of
oxidized mitochondrial proteins [19, 20]. In S. cerevisiae, a number of oxidized
mitochondrial proteins, including stress-related proteins, metabolic enzymes and respiratory
chain subunits, have been identified as substrates for Lon using proteomics approaches [21,
22]. In animal mitochondria, aconitase, the steroidogenic acute regulatory protein, and
mitochondrial transcription factor A (TFAM, also called mtTFA) have been identified as
specific substrates [19, 23, 24].

Depletion of Lon shows a variety of cellular phenotypes. In human fibroblast cells, depletion
of Lon over 4 days resulted in apoptotic cell death with highly abnormal mitochondrial
function and morphology [25, 26]. In contrast, Lon knockdown in human colon carcinoma
cells allows survival for at least 15 days [25, 26], and knockdown in Drosophila cultured cell
lines expressing <10% of endogenous levels allows growth for at least six months [19]. In S.
cerevisiae, loss of Lon leads to defects in mtDNA and results in a respiratory phenotype [27,
28]. Moreover, Lon is required for the expression of intron-containing mtDNA-encoded
genes in S. cerevisiae [29]. The variable effects observed upon Lon depletion may reflect
species- or cell type- specificity. In that regard, accompanying increases in the levels of
oxidized proteins might suggest that variability in cell viability as a result of Lon depletion
results from variable cellular tolerances for oxidative damage to mitochondrial proteins. In
any case, the molecular mechanisms responsible for these functions remain unclear.
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Lon is also known as a stress protein. In yeast and animals, its gene expression profile
changes under various stress conditions, such as heat shock, oxidative stress, and serum
starvation [28, 30, 31]. Interestingly, the expression of Lon shows age-related decline. In
mouse skeletal muscle, Lon expression declines in an age-related manner, and in rat liver,
Lon protease activity decreases and oxidized proteins accumulate with age [32, 33]. By
contrast, constitutive overexpression of Lon results in an extended lifespan in the fungus,
Podospora anserina [34]. These data argue that Lon and other AAA+ proteases in
mitochondria may be involved in the longevity of various organisms.

2.2.Lon is a conserved DNA- binding protein

Lon protease exhibits a DNA-binding ability that is also conserved from bacteria to man.
Several groups have shown that £. coli Lon binds preferentially to double-stranded DNA
(dsDNA) in a nonspecific manner [35-37]. Interestingly, mammalian Lon protease binds
preferentially to single-stranded DNA (ssDNA) [38-40]. Mammalian Lon recognizes
ssDNA in both mitochondrial promoter regions, and binds specifically to the G- or GT-rich
element in the light-strand promoter (LSP), and also to the RNA produced from LSP; its
binding activity is enhanced or inhibited in the presence of protein substrates or nucleotides,
respectively [38-41]. Moreover, it was reported that Lon interacts with mtDNA in cultured
cells, binding not only to the control region including the mitochondrial promoters, but also
to many regions containing G-rich elements [26].

Although Lon has been shown to bind dsDNA, ssDNA and RNA, there are no reported
studies of the DNA-binding domain in mitochondrial Lon. However, analysis of
recombinant deletion variants of £. co/i Lon localized the DNA-binding domain within the
a/p domain in the AAA+ module (Fig. 2) [42]. Another study identified the a domain
within the AAA+ module as binding DNA using recombinant forms of Brevibacillus
thermoruber Lon (Fig. 2) [43, 44]. From these studies, it appears that the DNA-binding
domain of Lon is located in AAA+ module, but the sub-domain involved may vary among
organisms. Interestingly, a human Lon variant lacking both ATPase and protease activity
still retains DNA-binding activity [39]. Therefore, ATP hydrolysis and protease activity per
seare not critical for DNA binding. Even though the DNA-binding ability of Lon has been
known for 30 years, its physiological role remains elusive.

3. Potential roles for Lon in mtDNA transactions

3.1. Regulation of TFAM by Lon protease

TFAM was originally identified as a mitochondrial transcription factor, and is an abundant
high mobility group (HMG) DNA-binding protein [45]. In transcriptional initiation, TFAM
was proposed to bind mitochondrial promoters to stimulate mitochondrial transcription by
mitochondrial RNA polymerase and mitochondrial transcription factor B2 (mtTFB2, also
called TFB2M) [46]. However, recent studies argue that TFAM might not be a core
transcription factor, because a mtTFB2/mitochondrial RNA polymerase complex can
interact directly with mitochondrial promoters, and mtTFB2 is required for promoter
melting /in vitro [47]. Two additional /n vitro studies extend this finding, showing that only
mitochondrial RNA polymerase and mtTFB2 form the core transcription initiation complex,
although TFAM stimulates transcription [48, 49].

In addition to its promoter binding activity, TFAM also binds DNA nonspecifically, a
property that is essential for mtDNA packaging [50]. mtDNA is packaged with specific core
proteins in a complex called the mitochondrial nucleoid [51, 52]. The major protein
components of the animal mitochondrial nucleoid are DNA replication and transcription
factors such as TFAM, the mtDNA helicase Twinkle, mitochondrial DNA polymerase (pol
), mitochondrial single-stranded DNA-binding protein (mtSSB), mitochondrial
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transcription factor B1 (mtTFB1, also called TFB1M), and mtTFB2 [53-55]. Additionally,
some mitochondrial metabolic enzymes, e.g., subunits of NADH dehydrogenase and ATP
synthase, have been identified as components of the mitochondrial nuceloid [55]. Notably,
mitochondrial Lon protease has also been demonstrated to be a component of mitochondrial
nucleoids [55].

Although more than 30 proteins have been identified as components of mitochondrial
nucleoids, TFAM is the key component and serves a crucial role in mtDNA maintenance.
mtDNA copy number in cells changes in parallel with the relative levels of TFAM protein
[56-59]. Moreover, mtDNA and TFAM levels are interdependent, such that knockdown of
TFAM results in mtDNA depletion, and reduction of mtDNA copy number results in
degradation of TFAM (Fig. 3) [19, 60]. Degradation upon mtDNA depletion is specific for
TFAM, whereas the protein levels of other nucleoid factors including mtDNA helicase, the
catalytic subunit of pol y, and mtTFB2 are unchanged [19].

We recently demonstrated that the Lon protease is responsible for degradation of TFAM
upon mtDNA depletion in Drosophila cells [19]. In Lon knockdown cells, the relative levels
of TFAM protein are not reduced upon by mtDNA depletion, in contrast to the depletion of
TFAM protein upon mtDNA depletion in control cells (Fig. 3, Fig. 4A and 4B), implying
that Lon degrades unbound TFAM. Moreover, Lon may be also responsible for TFAM
turnover under normal conditions, because the levels of TFAM and mtDNA inversely relate
to the amount of cellular Lon. Furthermore, the elevation of TFAM protein results in
increased mtDNA copy number, and TFAM down-regulation leads to mtDNA depletion.
Hence, the TFAM: mtDNA ratio is nearly constant regardless of the specific mtDNA copy
number in a cell. In contrast, the induction of mtDNA depletion in Lon depleted cells does
not result in degradation of TFAM, and as a result there is a dramatic increase in the TFAM:
mtDNA ratio (Fig. 4B) [19]. Thus, Lon stabilizes the TFAM: mtDNA ratio in mitochondria
by selective degradation of TFAM.

3.2. The TFAM: mtDNA ratio is critical for mtDNA transcription

Why is it important that Lon stabilizes the TFAM: mtDNA ratio? The molecular ratio of
TFAM relative to mtDNA has been reported to be ~900:1 in human placental mitochondria
[53, 61]. Because a dimer of TFAM binds at 35-40 bp intervals, ~900 molecules of TFAM
is just sufficient to coat the 16.6 Kbp circular human mtDNA [62]. Thus, any TFAM in
excess would not bind mtDNA directly under normal conditions. Indeed, overexpression of
TFAM results in a dramatic increase in the TFAM: mtDNA ratio and as a result,
mitochondrial transcription is suppressed severely (Fig. 4C) [19]. In cultured human and
Drosophila cells, a >2-fold increase in the TFAM: mtDNA ratio causes a reduction in both
mitochondrial transcription and mtDNA replication [19, 63]. Similarly, /n vitro experiments
also show that excess TFAM inhibits mitochondrial transcription [49, 64]. The inhibitory
effect on mitochondrial transcription upon TFAM overexpression in cells likely results from
overpackaging of mtDNA (Figure 4).

3.3. Mitochondrial Lon (Lon1/ PIM1) in S. cerevisiae and S. pombe

In S. cerevisiae, PIML1 is the ortholog of animal Lon protease and is also localized in the
mitochondrial matrix [27, 28]. As in animal cells, induction of PIM1/ Lon is observed under
stress conditions [28]. In contrast, S. cerevisiae does not have the ClpP subunit of the ClpXP
protease [10]. Loss of PIM1/ Lon causes mtDNA deletion, impairs mitochondrial gene
expression and results in respiratory deficiency. Interestingly, PIM1/Lon is essential for the
splicing of introns contained in the mtDNA-encoded mRNAs for cytochrome ¢ oxidase
subunit I and cytochrome b [29]. In addition, a role for PIM1 has been postulated in mtDNA
replication, gene expression, and/ or maintenance, but this has not yet been demonstrated.
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The yeast homologue of TFAM, Abf2, is an abundant protein whose primary role is to
stabilize and compact mtDNA.. Yeast mitochondria are estimated to contain one molecule of
Abf2 protein for every 15 bp of mtDNA, similar to the molecular ratio of TFAM to mtDNA
in human mitochondria [53, 61, 65]. Excess overexpression of Abf2 also causes mtDNA
depletion in yeast [66]. However, it is not clear that Abf2p is a substrate for PIM1.
Surprisingly, unlike TFAM, Abf2 is not essential for either maintenance or transcription of
yeast mtDNA, although it does serve a role in mtDNA maintenance [65]. Indeed, abf2A
cells can maintain mtDNA when grown on a non-fermentable carbon source, but mtDNA is
rapidly lost from abf2A cells grown on a fermentable carbon source. This establishes a role
for Abf2 in mtDNA metabolism, though different from that of TFAM in animal cells.
Aconitase (Acol) and acetohydrogenase reductoisomerase (I11v5) can substitute for Abf2
function in mtDNA maintenance in S. cerevisiae [67-69]. Acolp and llv5p are metabolic
enzymes in mitochondria and also exhibit DNA-binding activity [68, 70]. Interestingly,
these proteins are known substrates for PIM1/ Lon [21, 22, 71, 72]. As with animal DNA-
binding proteins in the mitochondrial nucleoid, excess overexpression of Acolp and Ilv5p
might cause impairment of mtDNA transcription and/ or replication and as a result, PIM1
may degrade these proteins to sustain appropriate mtDNA function. Additional novel protein
substrates for PIM1/ Lon have also recently been identified among the mitochondrial
nucleoid proteins. These include subunits of pyruvate dehydrogenase, dihydrolipoyl
transsuccinylase, mitochondrial aldehyde dehydrogenase, efc. [21, 22]. Thus, regulation of
mitochondrial nucleoid proteins by PIM1/ Lon may represent an important level of control
in S. cerevisiae.

In S. pombe, Lonl is the ortholog of animal Lon protease and is localized in the
mitochondrial matrix space. As in S. cerevisiae, S. pombe lacks the ClpXP protease in
mitochondria [10]. Very recently, it was reported that S. pombe lacking the Lon1 gene
shows respiratory deficiency due to mitochondrial dysfunction as in S. cerevisiae [73]. In
contrast to the Apim1 mutant in S. cerevisiae, the Alonl mutant retains mtDNA and normal
mitochondrial transcription in S. pombe. In addition, because there are no introns within the
mtDNA-encoded genes, Lon1 is not essential for the splicing process in S. pombe
mitochondria. Thus, in this organism it appears that Lon1 is essential for some
mitochondrial functions, but not for mtDNA metabolism. Surprisingly, S. pombe lacks a
gene for Abf2, so other nucleoid proteins such as Acolp and llv5p may sustain mtDNA
functions [74]. Altogether, the multi-faceted roles of the Lon protease may differ among
fungi and also from those in animal mitochondria.

4. Do ClpXP and m-AAA proteases affect mtDNA functions?

ClpXP and m-AAA might affect mtDNA function (Fig. 5). However, there is no evidence to
date that 7-AAA and ClpXP regulate mtDNA replication, maintenance or gene expression
by their proteolytic activities. Although ClpXP contributes to the degradation of misfolded
proteins, few of its substrates have been identified [75]. Some substrates have been
identified for m~AAA, and most of them are membrane proteins [6, 76]. These include the
prohibitin proteins (PHB1 and PHB2) in S. cerevisiae that are ubiquitous, highly-conserved
proteins localized in the mitochondrial inner membrane [77]. Prohibitins contribute to
multiple processes including cell cycle progression, apoptosis, and protein stability [78].
Interestingly, prohibitins are also among those proteins associated with mitochondrial
nucleoids [55]. A recent study shows that prohibitin 1 contributes to maintenance of mtDNA
and TFAM levels: depletion of PHB1 results in the reduction of TFAM and mtDNA [79].
Taken together it seems plausible that PHB1 turnover by m-AAA protease plays a role in
mtDNA metabolism. Furthermore, m-AAA protease is essential for the maturation of
mitochondrial ribosomal protein MRPL32 [6, 80]. The N-terminal region of MRPL32 is
removed by m-AAA protease, and this maturation step is well conserved from yeast to man.
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Maturation of MRPL32 is essential for its assembly into mitochondrial ribosomes, which are
essential for translation of the mtDNA-encoded respiratory subunits. Thus in this regard, n+
AAA regulates mitochondrial gene expression by its proteolytic activity.

5. Potential physiological roles of matrix AAA+ proteases in mtDNA

functions

5.1. What is the physiological role of TFAM degradation by Lon protease in mtDNA

function?

Lon is expressed ubiquitously, and is induced transiently up to ~8 fold under stress
conditions [31]. However, a 5-fold increase of Lon results only in a modest reduction of
mtDNA copy number (70% of that in control cells), and this does not influence the levels of
mtDNA transcripts or of the translated proteins [19, 56]. Thus, Lon protein levels per se may
not be a crucial factor in mtDNA function.

Knockdown of DNA replication factors or TFAM results in a dramatic reduction of mtDNA
copy number, and increases in their levels can also result in modest increases in mtDNA
levels. For example, the exogenous expression of TFAM or mtDNA helicase results in
increased mtDNA copy number [58, 59, 81-84]. Notably, co-overexpression of TFAM and
mtDNA helicase show additive effects in increased mtDNA copy number in mice [84]. This
is reasonable because the increases result from their influence at different levels in mtDNA
maintenance: mtDNA helicase increases the mtDNA copy number through increased
replication of mtDNA, whereas TFAM increases mtDNA stability by DNA binding and
packaging. In general, the rate of mtDNA synthesis is controlled by the level and activity of
DNA replication factors, and its overall stability is determined by TFAM levels and perhaps
those of other nucleoid factors. Interestingly, an inverse relationship between mtDNA copy
number and mtDNA size was shown in an earlier study evaluating normal and aberrant
mtDNA molecules containing deletions and duplications, such that a constant mtDNA mass
was maintained [85]. A “‘quantity control’ process such as Lon regulation of TFAM levels
provides a reasonable explanation for this phenomenon.

The availability of DNA replication factors and TFAM is regulated by the same or similar
transcription factors (such as nuclear respiratory factors, NRF-1 and 2), and co-activators of
the PCG-family (such as PGC-1a) in mammals, and by the DNA replication-related
element-binding factor (DREF) in Drosophila [46, 86—89]. Despite this coordinate control,
calibration of cellular TFAM levels may require additional mechanisms of regulation.
Indeed in some cases, TFAM expression may be in excess over newly-synthesized mtDNA,
and in other cases, the newly-synthesized mtDNA may be in excess over TFAM. This is the
case in particular when external factors change the balance between the amount of mtDNA,
and the protein levels of TFAM. For example, some anti-viral drugs such as AZT and ddC
inhibit mtDNA replication, such that the ratio of TFAM: mtDNA is increased transiently
[90]. Here, we would propose that Lon monitors and adjusts the TFAM: mtDNA ratio to
sustain appropriate mtDNA transcription levels by selective degradation of TFAM (Fig. 5).

How does Lon recognize and degrade excess TFAM? While the mechanism by which
mitochondrial Lon recognizes its target proteins remains unclear, bacterial Lon was shown
to recognize specific aromatic residue-rich sequences that are hidden in the hydrophobic
cores of native structures, but are accessible in unfolded structures [91]. Notably, the HMG
boxes in TFAM contain four conserved aromatic residues within a hydrophobic core, and
these residues may be masked when TFAM binds mtDNA [50, 57, 58]. When TFAM is not
bound to mtDNA, Lon may recognize the exposed hydrophobic core to degrade it. Our
current hypothesis is that excess, free TFAM is degraded by Lon before it can bind DNA.
Interestingly, both TFAM and Lon bind preferentially to the control region of mtDNA,; it
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seems plausible that Lon may interact with TFAM to form a complex poised for degradation
when TFAM is released from mtDNA. Another possible explanation is that TFAM not
bound to mtDNA becomes exposed to oxidative stress, whereas that bound to mtDNA
comprising part of the core of the mitochondrial nucleoid is stabilized [55]. Because Lon
shows a specificity for oxidatively-damaged proteins, oxidized TFAM would be degraded.

In Drosophila cells, it takes about 6 days to normalize the TFAM: mtDNA ratio after EtBr
treatment [19]. This, and the finding that excess TFAM present after overexpression is not
degraded efficiently to normalize the TFAM: mtDNA ratio [19], suggests that the cellular
capacity for TFAM degradation by Lon is limited. At the same time, this level of regulation
of TFAM is critical for the maintenance of mtDNA transcription.

5.2. Is there a quantity control degradation pathway for other mitochondrial nucleoid

proteins?

Does overexpression of other mitochondrial nucleoid proteins cause impairment of the
replication, maintenance and transcription of mtDNA? In Drosophila cultured cells, a 50-
fold increase in mtTFB1 shows no negative effects on mtDNA copy number or its
transcription, whereas a 40-fold increase in mtTFB2 results in a 2-fold increase of mtDNA
and its transcription levels [82, 92]. Similar results were obtained from HeLa cells
overexpressing human mtTFB1 or mtTFB2 [93]. Moreover, upon 15-fold overexpression of
the wild-type &smtDNA helicase, mtDNA copy number is increased in Drosophila cultured
cells [83]. Similarly, overexpression of either the catalytic core of human mitochondrial
DNA polymerase (pol y—a) or mtDNA helicase shows no negative effects on mtDNA
replication in human cultured cells [94, 95]. Thus, although Lon interacts with mtDNA
helicase and pol y—a in human cultured cells [39], it may function in their degradation but
perhaps not to regulate their relative abundance.

Overexpression of some mitochondrial nucleoid proteins results in defects in mtDNA
replication. For example, overexpression of human mitochondrial transcription termination
factor MTERF (also called mTERF1), which is a component of mitochondrial nucleoid,
increases pausing in mtDNA replication [96]. Mammalian MTERF binds a specific site
located downstream of the 3’-end of the mitochondrial 16S rRNA gene to terminate
mitochondrial transcription [97]. Overexpressed MTERF also binds at other sites in human
mtDNA [96]. Likewise, overexpression of two members of the MTERF family, MTERFD1
(also called mTERF3) and MTERFD3 (also called mTERF2), show similar results in human
cultured cells [98]. Because MTERFD1 and MTERFD3 do not show strong DNA-binding
specificity, it seems likely that overexpressed forms are able to bind multiple regions of
mtDNA [99, 100]. Similarly, excess overexpression of TFAM causes impairment in mtDNA
replication in human cells [63]. In composite, these data argue that increased levels of non-
specific DNA-binding proteins inhibit mtDNA replication, suggesting that the levels of
mitochondrial nucleoid proteins that could inhibit mtDNA replication may need to be
regulated in a ‘quantity control” manner by Lon and/ or other mitochondrial matrix AAA+
proteases (Fig. 5).

6. Concluding remarks

Lon, ClpXP and m-AAA are the major proteases in the mitochondrial matrix and involved
in general protein quality control. Clearly, most proteins involved in mtDNA functions,
including DNA packaging and stability, replication, transcription and translation, are likely
degraded by these AAA+ proteases in their individual guality control roles yet importantly,
their levels may also be regulated by them in specific guantity controlroles (Fig. 5). We
have described here the regulation of TFAM levels by Lon in such a ‘quantity control’
manner, and the potential physiological roles of the three proteases in mtDNA functions.
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Although information on the specific substrates for the matrix proteases remains very
limited, and their roles in mtDNA functions are only beginning to be elucidated, their likely
impact on mitochondrial biogenesis is already apparent, and further investigation is
warranted to unravel their overall contributions to mitochondrial metabolism.

Highlights
We review the structure and function of mitochondrial matrix proteases.
We explore the roles of the matrix proteases in regulation of mtDNA functions.

We propose a physiological role for TFAM regulation by Lon protease.
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Figure1l. AAA+ proteasesin the mitochondrial matrix

Lon, ClpXP and m-AAA are the three major proteases in the animal mitochondrial matrix.
Lon and ClpXP localize in the mitochondrial matrix per se, whereas the m-AAA protease is
membrane anchored to expose its catalytic site to the matrix space. Lon forms a ring-shaped
homo-oligomeric structure, and m-AAA forms homo- or hetero-oligomeric structures.
ClpXP is composed of two subunits, ClpP and ClpX; it is a hetero-oligomeric complex in
which ClpP forms a two-stack heptameric ring-shaped structure to which two hexameric
ClpX rings bind on each side. Some mitochondrial proteins, such as TFAM, mtDNA
replication factors, efc., bind to mtDNA to package it into a structure called the
mitochondrial nucleoid. Lon is also a component of the mitochondrial nucleoid.
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Figure 2. Domain strucure of the Lon protease

Lon comprises three domains, an N-terminal domain, central AAA+ ATPase domain, and a
C-terminal protease domain. The N-terminal domain is involved in oligomerization and
protein substrate binding. The AAA+ domain that contributes ATP binding and hydrolysis
consists of two sub-domains, an a/p domain and an a. domain. The DNA-binding domains
in E. coliand B. thermoruber Lon reside in different regions within the AAA+ module, and
that in mitochondrial Lon has not been localized. The C-terminal protease domain contains a
serine and lysine dyad in the active site.
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Figure 3. mtDNA and TFAM function in an inter dependent manner

Upper panel, Upon mtDNA depletion, TFAM is degraded by the Lon protease; middle
panel, mtDNA and TFAM stabilize each other; fower panel, reduction of TFAM results in
depletion of mtDNA.
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Figure4. Lon protease degrades TFAM to stabilizethe TFAM: mtDNA ratio

A, Upon reduction of mtDNA copy number in normal cells, Lon degrades TFAM to
normalize the TFAM: mtDNA ratio. As a result of this process, mtDNA transcription occurs
normally. B, Upon mtDNA reduction in Lon-depleted cells, TFAM is not degraded,
resulting in a dramatic increase in the TFAM: mtDNA ratio. This results in a severe
inhibition in mtDNA transcription, which is likely caused by mtDNA overpackaging by
TFAM. C, Excess TFAM overexpression leads to an increase in the TFAM: mtDNA ratio,
resulting in a severe inhibition in mtDNA transcription.
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Figure 5. Potential physiological roles of the AAA+ proteasesin mtDNA function

The model shows that the three AAA+ proteases in the mitochondrial matrix regulate
mitochondrial protein levels to sustain proper mtDNA functions, such as mtDNA packaging
and stability, replication, transcription and translation.
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