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Abstract

Oxidative phosphorylation requires assembly of the protein products of both mitochondrial and of nuclear genomes into functional respiratory
complexes. Cellular respiration can be compromised when mitochondrial DNA (mtDNA) sequences are corrupted. Oxidative damage resulting
from reactive oxygen species (ROS) produced during respiration is probably a major source of mitochondrial genomic instability leading to
respiratory dysfunction. Here, we review mechanisms of mitochondrial ROS production, mtDNA damage and its relationship to mitochondrial
dysfunction. We focus particular attention on the roles of mtDNA repair enzymes and processes by which the integrity of the mitochondrial
genome is maintained and dysfunction prevented.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The mitochondrial proteome has been estimated to
contain approximately 2000 distinct proteins, though pro-
teomic analyses typically only identify a subset of 600–750
of them [1–3]. The vast majority of these mitochondrial
proteins is encoded by nuclear genes and imported into the
organelle through protein import complexes [4]. Human
mitochondrial DNA (mtDNA) encodes just thirteen proteins,
all of which are subunits of the large multimeric respiratory
complexes. Despite this low proportional contribution to the
organelle's protein complement, mtDNA-encoded proteins
are essential for the assembly of competent respiratory
chains. mtDNA-less (ρ0) cells do not respire [5]. Thus, the
mitochondrial genome is essential for normal cell bioener-
getics and physiology.

Oxidative damage and mutations are common in mtDNA
[6], and because mtDNA encodes respiratory complex subunits,
they can manifest directly as dysfunctional respiration [7].
Elevated levels of mtDNA mutations also appear to promote
apoptotic cell death, cardiomyopathies and premature aging [7–
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10]. In all eukaryotic cells, mitochondria contain enzymes that
recognize and repair oxidative and other nucleotide and base
modifications present in DNA. These enzymes intervene to
prevent mutation following events that damage mtDNA. This is
particularly important because mtDNA contains relatively high
levels of pre-mutagenic modifications [11] and, even in post-
mitotic tissues, continues to replicate throughout the lifespan of
an organism. Mitochondrial genomic maintenance may there-
fore play a pivotal role in preventing cellular dysfunction and
degeneration in disease and aging [12].

In this review, we discuss mechanisms and characteristics of
mitochondrial reactive oxygen species (ROS) production and
the effects of ROS on mitochondrial genomic stability. We
review the important enzymes and pathways responsible for
maintaining the integrity of mtDNA in the face of oxidative
damage, particularly the DNA base excision repair (BER)
pathway. We discuss the physiological regulation of BER and
the contribution it and other repair pathways make to the
maintenance of mitochondrial and cellular functions.

2. Respiration and ROS production

Superoxide is produced as a byproduct of mitochondrial
respiration (reviewed in [13]), at complexes I and III, via single
electron reduction of oxygen. Superoxide is also produced by
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the electron transfer flavoprotein during fatty acid oxidation
[14], by α-ketoglutarate dehydrogenase complex [15], by
complex II [16] and by glycerol-3-phosphate dehydrogenase
[17]. The quantitatively most important site(s) have not been
agreed upon and may differ in specific tissues, species or
physiological contexts.

There is also as of yet no consensus on the magnitude of
mitochondrial superoxide production under baseline physio-
logical conditions in vivo. However, contexts in which elements
of the respiratory chain are highly reduced are typically
associated with enhanced superoxide production (reviewed in
[18]). Thus, superoxide production is particularly high under
non-phosphorylating conditions [19], and is reduced in the
presence of uncouplers [20]. The rate of superoxide formation is
also proportional to oxygen tension [21]. Superoxide produc-
tion is enhanced by redox cycling drugs such as paraquat and
doxorubicin (adriamycin) [21].

Mitochondrial superoxide production has been estimated to
be as high as 2% of all molecular oxygen reduced during
respiration [19]. However, this is likely to be an overestimate, as
the measurements from which they are derived have been made
under conditions in which oxygen tensions were at least an
order of magnitude higher than those found within most animal
cells in vivo [22]. As mitochondrial production of superoxide
increases proportionately with oxygen tension, the true rate of
production is likely to be at least 10-fold lower than these
estimates. In addition, many studies have employed respiratory
chain inhibitors to accentuate the rate of superoxide production
during respiration and thus facilitate its measurement [23]. In
the absence of inhibitors of respiratory complexes, superoxide
production of isolated rat liver mitochondria is less than 0.15%
of total electron flux [14]. Thus, the rate at which mitochondria
produce superoxide under normal conditions in vivo is probably
less than 0.1% of the respiratory rate. Nonetheless, given the
vast throughput of electrons through mitochondrial respiration,
even this fraction of a percent could be biologically significant.

A long-standing hypothesis suggests high levels of mtDNA
mutations may increase mitochondrial ROS production leading
to cell degeneration or death (e.g., [12]). Some mtDNA
mutations are indeed associated with elevated ROS production.
For example, human fibroblasts from patients with complex I
deficiencies produce superoxide at greater rates than those from
healthy individuals [24]. Similarly, Caenorhabditis elegans
harbouring a mutation in a subunit of succinate dehydrogenase
cytochrome b show evidence of oxidative stress [25]. Another
strain of C. elegans, with a complex I mutation, is also short-
lived and hypersensitive to elevated oxygen levels, suggesting a
connection between mtDNA mutations and ROS production
[26]. However, in the two strains of mtDNA mutator mice
recently produced [7,8], no increase in mitochondrial ROS
production was observed in cultured fibroblasts [27] or isolated
tissue mitochondria [8], despite accelerated rates of aging in
these mice [7,8]. Additionally, no evidence for elevated levels
of oxidative damage was found in heart or liver tissue [8]. Thus,
while ROS mediates mtDNA oxidative damage and mutagen-
esis, relatively high loads of randomly distributed mtDNA
mutations do not appear to propagate a ‘viscious cycle’ of ROS
overproduction. While these mtDNA mutations interfere with
mitochondrial and cellular functions, the specific mechanisms
by which this occurs remain to be elucidated.

3. Oxidative DNA modifications

Oxidative damage to DNA can result in base or sugar
adducts, single and double strand breaks, as well as cross-links
to other molecules [28,29]. Many of these DNA modifications
are mutagenic, and thought to contribute to cancer, aging and
neurodegenerative diseases [28]. ROS induces single and
double strand breaks in the DNA backbone and crosslinks
with other macromolecules. In the event that HO·abstracts a
proton from the deoxyribose, strand breaks may occur due to the
production of a sugar radical which promotes the release of the
affected DNA base [30]. When whole cells or isolated
chromatin are exposed to ionizing radiation, cross-links can
occur between DNA bases and amino acid residues in nuclear
proteins [31,32].

More than 20 base lesions have been identified as resulting
from hydroxyl radical attack on the double bonds of the DNA
bases and/or the abstraction of a proton from the methyl group
of thymine and each of the C\H bonds of the sugar backbone.
Chemical modifications of both pyrimidine and purine bases
have been characterized in detail (as reviewed in [33]). The
most common pyrimidine lesion, thymine glycol [34] has been
determined to block replication and transcription rather than
cause mutagenesis [35]. Generally, HO· radicals add to the C4,
C5 and C8 position of purines, thereby generating HO· adduct
radicals. By far the most common and extensively studied
purine modification is 8-oxodeoxyguanine (8-oxodG). 8-oxodG
is formed by the addition of HO· to C-8 of guanine. In the syn
conformation 8-oxodG has been found to cause GC→TA
transversions [36]. The mitochondrial polymerase γ also
introduces this signature mutation at high frequency when
replicating past 8-oxodG [37]. 8-oxodG in mtDNA also results
from mis-incorporation of 8-oxodGMP opposite adenine, and
this may be a quantitatively more significant mechanism [38].

Damage to mtDNA has been suggested to have a greater
impact on cellular function than damage to nuclear DNA,
despite the presence of multiple copies of mtDNA per
mitochondrion and per cell [39,40]. Levels of 8-oxodG in
mtDNA are several times higher than in nuclear DNA [11]. It is
likely that other oxidative lesions are also higher in mtDNA
than in nuclear DNA. Elevated levels of mtDNA oxidative
damage have been identified in aging, neurodegenerative
diseases and several other pathophysiological conditions
(summarized in [41]), and may contribute to mitochondrial
dysfunction.

4. Mitochondrial respiratory dysfunction and
mitochondrial genomic instability

Mitochondrial genomic instability can affect respiration. ρ0

cells without mtDNA do not respire [5]. Specific mutations in
mtDNA can abolish or severely compromise the activities of
respiratory complexes when they are present in a sufficiently
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high proportion of mtDNA molecules (see [42] for overview).
Surprisingly, given the presence of multiple copies, the random
accumulation of mutations in mtDNA due to the targeted
disruption of polymerase γ exonuclease (proofreading) activity
also causes respiratory dysfunction [7].

A number of studies have shown a rapid onset of
mtDNA instability following oxidative stress. Cultured cells
exposed to chemical oxidants [43] or ionizing radiation [44]
rapidly accumulate mtDNA mutations. Respiratory poisons
like adriamycin, which generates matrix superoxide via
interaction with complex I, also cause mtDNA mutagenesis
in S. cerevisiae [45,46]. Similarly, farnesol stimulates ROS
production by interference with respiration and mtDNA
mutagenesis [47]. These latter studies appear to demonstrate
the ability of respiration-derived ROS to compromise
mitochondrial genomes. The enhancement of this process
in mitochondrial SOD null cells [46] also suggests that this
is specifically a ROS-mediated effect. However, ROS-
independent mechanisms cannot be completely excluded.
Interference with respiration may alter the import or
synthesis of nucleotides needed for mtDNA replication
[48,49]. Faithful mtDNA replication is dependent upon the
maintenance of these pools [50,51]. Also, dysregulation of
matrix ATP levels may affect the integrity of ATP-
consuming mtDNA maintenance processes. Thus, functional
mitochondrial respiration, including ADP phosphorylation,
membrane potential and relatively low rates of ROS
production, may all be necessary to maintain the stability
of the mitochondrial genome.

5. Repair and maintenance of mtDNA

Given the potential for oxidative mtDNA damage to
compromise function, processes that remove and/or repair
damage are potentially capable of preventing catastrophic
declines in respiratory competence and/or cellular degeneration.
A number of DNA repair activities and pathways have been
identified and characterized in both vertebrate and yeast
mitochondria. Perhaps, the most studied DNA repair pathway
in mitochondria is the base excision repair (BER) pathway,
present in all eukaryotic cells studied to date. However,
evidence for mismatch and recombinational repair of mtDNA
in S. cerevisiae is strong. Some recent studies have suggested
that both pathways could operate also in vertebrate mitochon-
dria, though this is much more equivocal.

A mitochondrial uracil DNA glycosylase was identified in
mitochondrial fractions of human cells in 1980 [52], but failure
of mammalian mitochondria to remove UV-induced pyrimidine
dimers [53] and certain other adducts [54,55] suggested that no
active DNA repair was present in mammalian mitochondria.
Subsequently, however, enzymatic removal of O6-ethylguanine
from rat mitochondria was documented [56], and a mitochon-
drial endonuclease specific for apurinic/apyrimidinc sites was
identified and characterized [57]. This was followed by the
identification of other DNA glycosylases, including Ogg1
which excises 8-oxodG [58] and Nth1 which excises oxidized
pyrimidines [59,60]. A mtDNA ligase [61,62] has been
identified in mitochondria. One of the first studies indicating
that mammalian mitochondria exhibit a BER capacity involved
studying the removal of alkali-labile sites in rat insulinoma cells
following treatment with streptozotocin, an alkylating antibiotic
[63]. Complete repair of abasic sites has been demonstrated in
vitro with enzymes isolated from mitochondria of the frog
Xenopus laevis [64]. Complete repair and resynthesis of a
uracil-containing oligonucleotide by mammalian mitochondrial
lysates can be accomplished in vitro [65]. It has thus become
widely accepted that mitochondria are capable of base excision
repair (BER). Indeed, repair of some forms of oxidative DNA
damage occurs more efficiently in mitochondria than in the
nucleus of cultured hamster cells [66], suggesting that the
mitochondria capacity for BER is comparable to that of the
nucleus.

The complete mitochondrial BER pathway requires at least
four enzymes: a DNA glycosylase, an AP-endonuclease (or
alternative mechanism for processing abasic sites), DNA
polymerase γ and DNA ligase. During the first step of this
pathway, a DNA glycosylase removes the damaged base
leaving an abasic site. AP-endonuclease recognizes this abasic
site and processes it, producing a 3′OH and 5′ phosphate DNA
break. From this point there are two sub-pathways, short patch
and long patch BER that can occur in the nucleus. However,
only the short patch pathway, which replaces a single damaged
base, has been demonstrated in mitochondria [28]. The
identities of BER enzymes in mitochondria are not yet all
known. For example, two AP endonucleases have been
localized to mammalian mitochondria: APE1 [67–69] and
APE2 [70]. Also, AP endonuclease-independent mechanisms of
BER have been identified in the nucleus [71] and could be
present in mitochondria, though they have not yet been
identified. Thus, more work is necessary to characterize the
nature of the BER pathway in mammalian mitochondria.

In addition to BER, several other DNA repair mechanisms
have been demonstrated in mammalian mitochondria. For
example, removal of 8-oxodGTP, an oxidized form of dGTP,
from the mitochondrial matrix is catalyzed by a mitochond-
rially localized human MutT homolog (MTH1) [72], which
possesses both 8-oxo-dGTPase and 8-oxodATPase activities
[73]. The former activity helps to prevent the accumulation of
8-oxodG in DNA due to the misincorporation of 8-oxo-dGTP
[74]. An isoform of MutY homologue (MYH) has also been
identified in mammalian mitochondria [75]. This activity
removes adenine mispaired with 8-oxodG in DNA, thus
providing another opportunity for correct pairing of cytosine
with 8-oxodG. Other recent evidence suggests that mammalian
mitochondria have a capacity for mismatch repair. Mason et al.
[76] demonstrated removal of GT and GG mismatches by rat
mitochondrial lysates. There are contradictory results as to
whether this and/or other mismatch repair activities are
catalyzed by the protein MSH2 [76,77]. Also, Msh5 and
Mlh1, mammalian MutS and MutL homologues respectively,
have been identified in a proteomic analysis of mouse
mitochondria [2]. Together, these results suggest that mito-
chondria possess one or more mismatch repair activities that
have yet to be identified conclusively.
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While mammalian mitochondria have the ability to effi-
ciently remove sugar and base lesions through the BER
pathway, more complex damage, such as DNA cross-links
and double strand breaks, require recombination repair
mechanisms. However, the existence of recombination repair
in mammalian mitochondria also remains controversial [78–
80]. Initial indications that homologous repair may be present in
mitochondria stem from investigations involving the repair of
cisplatin interstrand crosslinks, which are efficiently removed
from hamster cells [81]. Further support for the presence of
homologous repair was gained through demonstration of
recombination of plasmids by human mitochondrial protein
extracts, thereby proving that mammalian mitochondria possess
the enzymes required to catalyze homologous repair [82].
Indeed, double strand break repair protein Mre11A has been
identified in a proteomic analysis of mouse liver mitochondrial
inner membrane [83], and numerous other proteins involved in
recombination have been reported in mouse mitochondria (see
[84]). In vivo tests for the existence of mtDNA recombination in
mammalian cells have yielded disparate results however,
ranging from absence of recombination [85], to rare occurrence
of recombination [86], to a relatively common recombination of
mtDNA molecules [87,88]. Thus, mtDNA recombination
capacity may be tissue specific or selective recruitment of the
necessary proteins may occur only in some physiological
contexts. Further study seems to be required to determine the
extent and importance of mtDNA recombination repair in the
mitochondria of mammalian cells.

mtDNA repair has been extensively studied in the yeast S.
cerevisiae, which has provided an excellent model system.
Yeast mitochondria also have a BER pathway that participates
in repair of oxidative DNA damage (reviewed in [89]). Uracil
DNA glycosylase (Ung1p), oxoguanine DNA glycosylase
(Ogg1p) and the oxidized pyrimidine glycosylase (Ntg1p)
have all been identified in yeast mitochondria. The apurinic/
apyrimidinic endonuclease Apn1 is the major AP endonuclease
activity in yeast mitochondria [90]. Yeast mitochondria also
possess a robust mismatch repair activity catalyzed by Msh1p,
which repairs G:A mispairs generated by replication past 8-
oxodG, as well as other mismatches [91]. Recombinational
repair appears to be better developed in yeast than mammalian
mitochondria. Mrh1p, involved in recombinational repair, plays
a significant role in maintenance of mitochondrial function in
the face of oxidative damage [92]. The helicase Pif1p is also
involved in repair of oxidative damage in mtDNA [93]. In
addition, several proteins of unknown function have also been
identified as participating in the repair of oxidative mtDNA
damage in yeast. For example, Mgm101p, a DNA binding
component of the mitochondrial nucleoid is important in repair
of oxidative mtDNA damage [94].

6. Physiological regulation of mtDNA BER

By far, the most extensively studied and most conclusively
demonstrated pathway for mtDNA repair is BER. The first step
in the repair of mtDNA base modifications is the recognition
and removal of the oxidized base. Removal of the common
oxidative lesion 8-oxodG is catalyzed by Ogg1. Ogg1 is
encoded in the nuclear genome and mitochondrial- and nuclear-
directed transcripts are produced from the same gene [95]. Thus,
regulation of Ogg1 expression in mitochondria and the nucleus
will share some common features. The Ogg1 gene promoter
lacks TATA and CAAT boxes and, in HeLa cells, its
transcription is invariant throughout the cell cycle [96].
However, a binding site for nuclear respiratory factor 2 (Nrf2)
is also present [97], suggesting expression is sensitive to
oxidative stress [98].

Experimental evidence for induction of Ogg1 expression
by oxidative stress is contradictory. Typically, Ogg1
expression has been found to be relatively unresponsive to
oxidative stress in experiments with cultured cells. Neither
H2O2 nor lipopolysaccharide (LPS) stimulate Ogg1 expres-
sion in HeLa cells [96], and similar results were found for
other cell lines [99]. Low doses of ionizing radiation also
fail to stimulate Ogg1 expression in human lymphoblastoid
cells [100]. Similarly, Ogg1 levels by Western blot change
relatively little in ρ0 143B osteosarcoma cells [67], despite
the much reduced ROS generation in these cells. However,
during in vivo experiments, physiological conditions associ-
ated with intracellular oxidative stress do elevate Ogg1
protein levels and activity. Ogg1 protein levels appear to
increase up to 60% (although not statistically significant) in
humans subjected to long-term hypoxia at high altitude
[101]. Ogg1 protein levels are elevated 2-fold in brain tissue
of mice following an episode of ischemia–reperfusion,
presumably due to intracellular oxidative stress induced by
this treatment [102]. Ogg1 protein levels are also elevated in
the pancreatic islet cells of humans suffering from type II
diabetes [103], another disease associated with intracellular
oxidative stress. Interestingly, a recent study has shown that,
although cultured human HCT116 cells do not upregulate
Ogg1 protein levels in response to 100 μM H2O2, the
alkylating agent methylmethane sulfonate (MMS) elicits an
up to 4-fold increase [97]. Two interpretations of these
disparate results are that: (1) regulation of Ogg1 expression
in rapidly dividing cells (e.g., in culture) is controlled
primarily by factors other than ROS, whereas in post-mitotic
cells in vivo ROS plays a more important role in regulation,
and (2) that H2O2 is not a physiological regulator of Ogg1
expression, though some other ROS may be. However,
taken together the results to date suggest the importance of
developing in vivo animal models for investigating physi-
ological regulation of mitochondrial BER.

While overall cellular expression levels of Ogg1 are likely to
be important in regulating its activity in mitochondria, the
import and specific activity of Ogg1 are also effective means for
regulating its activity within this compartment. Mitochondrial
Ogg1 activity increases with aging, independent of nuclear
Ogg1 activity ([104]; but see also [105]). One possible
explanation of this observation is altered subcellular distribution
of Ogg1 in older animals. Szczesny et al. [106] demonstrated
defective Ogg1 import into mitochondria in aging mice and also
in senescent human fibroblasts. This would effectively lower
the intramitochondrial activity of the enzyme, despite



83J.A. Stuart, M.F. Brown / Biochimica et Biophysica Acta 1757 (2006) 79–89
apparently unchanged protein levels. Ogg1 is also post-
translationally modified by reversible phosphorylation of
serine/threonine residues, and this modification alters its
specific activity [107]. However, no information is yet available
on the relationship between Ogg1 phosphorylation state and its
mitochondrial activity. Ogg1 activity is also modulated by its
interaction with nitric oxide (NO) via direct nitrosylation of the
enzyme [108]. As NO is produced within the mitochondrial
matrix ([109]; but see also [110]), this could also represent a
mechanism for regulating Ogg1 activity. In conclusion, various
physiologically relevant effectors might regulate mitochondrial
Ogg1 activity independently of transcriptional regulators, thus
allowing specific control of its activity in mitochondria.
However, much work is required to determine whether such
regulatory mechanisms are active and physiologically relevant
in mitochondria.

While little information is available regarding the regulation
of other DNA glycosylase activities in mitochondria, more is
known about the regulation of subsequent steps in the BER
pathway. The second step in the pathway is believed to be
catalyzed by an apurinic/apyrimidinic endonuclease (APE)
which may be APE1, though this has not been definitively
demonstrated. APE1 is strongly regulated by intracellular redox
[111]. Its translocation to mitochondria is altered in ρ0 cells,
which have a substantially decreased APE activity and lowered
APE1 protein levels by Western blot [67]. Exposure of ρ0 cells
to H2O2 increases APE activity in both cellular and mitochon-
drial lysates to normal (wild type ρ+) levels. Also, in wildtype
cells oxidative stress induces translocation of APE1 into
mitochondria [67]. However, the significance of upregulating
mitochondrial APE1 in response to oxidative stress is not
known. Addition of pure recombinant APE1 to an in vitro assay
of BER in ρ0 mitochondria does not stimulate repair of a uracil-
containing oligonucleotide [63]. This probably indicates that
mitochondrial APE activity is in great excess and has little
control over total BER activity. Most of the control over BER
pathway activity probably lies with polymerase γ.

Polymerase γ has two activities relevant to BER. In addition
to its polymerase activity, the catalytic subunit of the enzyme has
a 5′-deoxyribose phosphate lyase (dRPase) activity that may be
‘rate-limiting’ for the BER pathway [112,113], as has been
suggested for polymerase β in nuclear BER [114]. Therefore,
Fig. 1. Physiological regulation of mtDNA repair activities. Shown are various sites
regulation of DNA repair activities in mitochondria.
overall BER pathway activity may be largely controlled by
polymerase γ. Polymerase γ expression is strongly regulated by
factors that increase intracellular oxidative stress. For example,
administration of adriamycin, an anti-cancer drug that is
sequestered in mitochondria where it interacts with complex I
to produce superoxide, elicits an increase in polymerase γ
activity in rat hearts [115]. Similarly, γ-ray irradiation of rats
increases polymerase γ activity 3-fold [116]. Injection of LPS,
which generates intracellular oxidative stress via tumour
necrosis factor (TNF)-stimulated pathways, induces polymerase
γ expression in rat heart and liver [117,118]. Thus, polymerase γ
expression and activity is upregulated by oxidative stress.
Presumably, this involves an upregulation of polymerase γ
protein levels in mitochondria, such that dRPase activity would
also be increased. A likely model for regulation of BER pathway
activity therefore involves the ROS-mediated regulation of
dRPase activity. This would make mtDNA BER responsive to
oxidative stress but, as polymerase γ is both the replicative and
repair polymerase in mitochondria, it may simultaneously
stimulate mtDNA replication. It is not clear whether the
replication and repair of mtDNA can be differentially regulated.
In replicating cultured cells, the enzymes of BER and replication
can be isolated in the same insoluble fraction [119], and may in
fact be physically associated with each other. Thus, interactions
amongst BER proteins and other mitochondrial components
could allow a differential regulation of repair and replication. In
summary, there is evidence for pre- and post-translational
modulation of the expression levels and activities of mtDNA
BER enzymes (Fig. 1). The physiological importance of these
various mechanisms of regulatory control remain to be
elucidated.

7. Organization of mtDNA repair

Two kinds of evidence suggest that mtDNA repair occurs in
a complex associated with the mitochondrial inner-membrane:
immunohistochemical localization using electron microscopy
shows Ogg1 and MYH particles at the inner membrane
(reviewed in [103]); also, subfractionation of isolated mito-
chondria identifies all of the major BER activities in an
insoluble particulate fraction that contains inner membrane
proteins [119]. With the exception of AP endonuclease activity,
of pre- and post-translational events shown or thought (=?) to participate in the
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the majority of each individual BER activity was recovered in
the particulate fraction. Complete repair and resynthesis of a
uracil-containing oligonucleotide was also demonstrated in this
fraction. Further, the association of BER proteins with the inner
membrane-containing fraction was dependent upon interactions
with mtDNA, as it occurred also in ρ0 cells but could be
disrupted by low salt concentrations. In the same fraction, other
proteins involved in mtDNA transactions, including mtTFA and
endonuclease G, were also identified. Together, these data are
consistent with the presence of an inner membrane-associated
mtDNA repair complex [120]. The nature of this hypothetical
complex remains to be elucidated, but it could be a component
of the mitochondrial nucleoid. Nucleoids are inner membrane-
associated structures dispersed in mitochondria containing
multiple copies of mtDNA as well as polymerase γ and
numerous other proteins involved in mtDNA maintenance and
replication [121,122].

Nucleoids have been best studied in the yeast, S. cerevisiae
([123] for review). Yeast nucleoids contain multiple copies of
mtDNA and various proteins associated with replication,
maintenance and transcription. They appear to be associated
with the proteins Mdm10p, Mdm12p and Mmm1p, which form
a double membrane-spanning structure that interacts with the
cytoskeleton [124]. Interestingly, the yeast mitochondrial
polymerase Mip1p cosediments with an inner membrane-
containing particulate fraction [125], as polymerase γ does in
human mitochondria [119]. Indeed, Mip1p has been shown to
be present in nucleoids [126]. Thus, it is possible that BER
proteins may also associate with nucleoids. If this is true,
reversible associations/dissociations and interactions may
provide an additional means of regulating BER functions.
Further study will clarify whether this model is correct.

8. Biological significance of mtDNA repair

Various experimental models have been used to study the
physiological significance of mtDNA repair, including over-
expression and underexpression. Careful experiments with
HeLa cells have demonstrated the ability of enhanced
mitochondrial Ogg1 activity to preserve cell viability under
conditions of oxidative stress [127]. In these experiments, the
nuclear Ogg1 isoform was expressed as a chimera with the
MnSOD mitochondrial targeting sequence. Mitochondrial
Ogg1 activity was enhanced approximately 10-fold. Viability
of cells exposed to micromolar concentrations of menadione,
which generates superoxide in the matrix, was significantly
enhanced by overexpression of Ogg1. Similar results have been
obtained with pulmonary artery endothelial cells [128], and
under a conditional expression regime [129]. The enhanced
resistance to cellular oxidative stress is not restricted to Ogg1
overexpression. The Escherichia coli endonucleases III and
VIII, which remove oxidized pyrimidines from DNA, confer a
similar resistance to oxidative stress when expressed in cultured
HeLa cells [130]. Taken together, these studies indicate that
enhanced mtDNA BER confers resistance to cell death caused
by oxidative stress in cultured cells. However, because all three
enzymes are bifunctional, with both glycosylase and AP lyase
activities, it is not clear specifically which activity is responsible
for the enhanced stress resistance. As the authors suggest [130],
experiments with a recombinant lyase activity alone will resolve
this question.

Despite this apparent ability of glycosylase overexpression to
promote the preservation of mitochondrial function, various
strains of mice null for DNA glycosylases which are known to
operate in mitochondria do not appear to be adversely affected,
and show no signs of mitochondrial dysfunction. For example,
Ogg1−/− mice, which accumulate 8-oxodG in mtDNA to levels
10- to 20-fold higher than wildtype controls [131] develop, grow
and age normally ([132]; but see also [133]) and show no
evidence of mitochondrial dysfunction [41]. Similarly UDG−/−

mice, which lack mitochondrial uracil incision activity, are
apparently unaffected by this deficit under normal conditions
[134]. Data onmitochondrial bioenergetic function in these mice
has not been presented. In yeast (S. cerevisiae) in which
mitochondrial UDG activity has been specifically targeted by an
inhibitor [135] there is no evidence of increased mutagenesis of
mtDNA.

Interestingly however, UDG−/− mice are susceptible to
neuronal injury following ischemia–reperfusion [134]. Cultured
fibroblasts and primary cortical neurons from UDG−/− mice
also have decreased resistance to nitrative stress caused by
exposure to nitroprusside, which produces nitric oxide.
Although the UDG−/− mice are deficient in both mitochondrial
and nuclear activities, the authors suggest that these pheno-
types are due to mtDNA damage, on the basis of apparent
mitochondrial dysfunction and the observation that mitochon-
drial (but not nuclear) UDG activity is dramatically upregu-
lated following exposure. A plausible interpretation of these
studies together is that the DNA glycosylases are not essential
for preservation of mitochondrial function under normal
conditions, but play an important role in enhancing cell
survival under conditions of extreme oxidative stress. It will be
interesting to test this hypothesis, for example, by investigating
the susceptibility of Ogg1−/− mice to ischemia–reperfusion
injury and treatments that augment intramitochondrial ROS
production.

What is the mechanism by which mitochondrial glycosylase
activities rescue cells from death? Overexpression of Ogg1 in
mitochondria provides protection against cell death occurring
within 24 h of exposure to an oxidative stress [127]. While this
is consistent with a mutation accumulation mechanism for
mitochondrial dysfunction, it may also result from effects on
transcription. The T7 RNA polymerase, which bears substantial
sequence similarity to the mitochondrial RNA polymerase
[136], is inhibited by oxidative lesions including 8-oxodG
[137]. Lesions can either block transcription or introduce
mutations into transcripts, and both effects can be substantial.
For example, adenine is misincorporated opposite 8-oxodG
with 70% frequency. Oxidative damage has been shown to
decrease the level of a mitochondrial transcript encoding
subunits of the ATP synthase and cytochrome oxidase [138].
It will be interesting to investigate the effect of mtDNA BER
deficiency in the immediate and short-term following oxidative
stress.



Table 1
Mitochondrial genomic instability caused by deficiencies of BER and other
proteins involved in mtDNA repair and maintenance

mtDNA repair
deficiency

Fold-increase in mtDNA
point mutations

Increased incidence of
petite colonies

Reference

ogg1Δ 10 + [145]
ntg1Δ 2 + [93]
ung1Δ 3 + [143]
apn1Δ 1 n.d. [144]
msh1/MSH1 7 +++ [146]
pif1Δ 29 ++ [93]
pif1Δntg1Δ 56 +++ [93]
abf2Δntg1Δ 50 ++ [93]
mgm101Δ n.d. +++ [94]

‘+’ denotes qualitatively the increase in petite colony formation due to gene
deletions. n.d.=no data.
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The direct impact of deficient mtDNA repair is more readily
addressed in yeast, where the frequency with which specific
mutations occur can be measured using antibiotic selection assays
(see 139 for review). For example, point mutations at specific
nucleotide positions in mtDNA can confer resistance to the
antibiotics erythromycin [139] and chloramphenicol [140], or to
the ATP synthase inhibitor oligomycin [141,142]. This approach
has been used to quantify the incidence of mtDNA point mutations
due to Ogg1p [91], Ung1p [143], Ntg1p [93,46] and Apn1p [144]
deficiencies in yeast grown on glycerol medium, which requires
respiration. Individual BER enzyme deficiencies increase the
incidence of specific mtDNA point mutations by up to 10-fold
(Table 1).Ogg1p andUng1pdeficiencies also lead to approximately
3-fold increases in the rate of generation of petite colonies that
cannot respire [143,145].

Analyses of the frequency of mtDNA loss or mutation are
also useful for investigating the relative importance of specific
mtDNA repair activities. For example, despite being relatively
tolerant to deficiencies of BER glycosylases, yeast mitochon-
dria rapidly lose respiratory competence in the absence of
mismatch repair protein Msh1p [91,146], or the mtDNA
helicase Pif1p [93,46], suggesting that the absence of individual
DNA glycosylases may be less debilitating than deficiencies in
mismatch or recombinational repair in yeast mitochondria.

What is the significance of these mtDNA repair deficiencies
in terms of mitochondrial respiratory function? Petite colonies
represent an extreme endpoint of complete respiratory incom-
petence, and antibiotic resistance assays measure the rate of
occurrence of a small subset of specific mutations. On the other
hand, oxidative mtDNA damage is likely to be randomly
distributed and lead to many different kinds of lesions
distributed throughout mitochondrial genomes. This enhanced
accumulation of random mutations would be expected to
partially compromise oxidative phosphorylation (as is observed
in mtDNA mutator mice; [7]), or perhaps increase ROS
production (though this has not been observed in mtDNA
mutator mice [8]). Direct measurements of oxidative phosphor-
ylation and ROS production in yeast mitochondria from
mtDNA repair-deficient strains are required to assess the
quantitative relationships between mutation load and mitochon-
drial function in yeast.
9. Conclusions and prospectus

Whereas many aspects of mtDNA repair, particularly in
mammalian mitochondria, remain poorly characterized or
contentious, it is now widely accepted that mitochondria
possess a relatively robust BER pathway that participates in
the removal of oxidative and other forms of damage. However,
the organization, physiological regulation, and biological
significance of mitochondrial BER are only beginning to be
characterized. Given the recent demonstration of a causal link
between mtDNA hypermutability, mitochondrial dysfunction,
and cellular degeneration/death [7–10], it will be important to
understand the mechanisms of BER in mitochondria and
measure the contribution that the pathway makes to maintaining
mitochondrial genomic stability in health and disease.
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