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The mitochondrial genome is a significant target of exogenous and endogenous genotoxic agents; however,
the determinants that govern this susceptibility and the pathways available to resist mitochondrial DNA
(mtDNA) damage are not well characterized. Here we report that oxidative mtDNA damage is elevated in
strains lacking Ntg1p, providing the first direct functional evidence that this mitochondrion-localized, base
excision repair enzyme functions to protect mtDNA. However, ntg1 null strains did not exhibit a mitochondrial
respiration-deficient (petite) phenotype, suggesting that mtDNA damage is negotiated by the cooperative ac-
tions of multiple damage resistance pathways. Null mutations in ABF2 or PIF1, two genes implicated in mtDNA
maintenance and recombination, exhibit a synthetic-petite phenotype in combination with ntg1 null mutations
that is accompanied by enhanced mtDNA point mutagenesis in the corresponding double-mutant strains. This
phenotype was partially rescued by malonic acid, indicating that reactive oxygen species generated by the
electron transport chain contribute to mitochondrial dysfunction in abf2� strains. In contrast, when two other
genes involved in mtDNA recombination, CCE1 and NUC1, were inactivated a strong synthetic-petite pheno-
type was not observed, suggesting that the effects mediated by Abf2p and Pif1p are due to novel activities of
these proteins other than recombination. These results document the existence of recombination-independent
mechanisms in addition to base excision repair to cope with oxidative mtDNA damage in Saccharomyces
cerevisiae. Such systems are likely relevant to those operating in human cells where mtDNA recombination is
less prevalent, validating yeast as a model system in which to study these important issues.

Mitochondria are important cellular targets for spontaneous
and induced DNA damage (3, 7, 36, 38, 43), and mutations in
mitochondrial DNA (mtDNA) cause diseases and likely con-
tribute to late-onset neurodegenerative disorders and the ag-
ing process in humans (25, 51). Oxidative damage persists
longer in mtDNA than it does in nuclear DNA (52) and ap-
pears to be a major contributor to mtDNA mutagenesis in vivo.
In addition, decreased mitochondrial oxidative phosphoryla-
tion capacity is linked to oxidative stress pathways that perturb
other cellular components and functions (52). The susceptibil-
ity of mtDNA to oxidative damage has been hypothesized to
arise from a combination of biological determinants (36), in-
cluding the proximity of mtDNA to reactive oxygen species
that are by-products of normal respiration, the lack of a com-
pact nucleosome structure to protect mtDNA from damage,
and a paucity of mtDNA damage-processing pathways relative
to those known to exist in the nucleus (6). However, it is largely
unknown if and how these factors ultimately contribute to the
susceptibility of mtDNA to damage.

DNA damage caused by reactive oxygen species is removed
by the base excision repair pathway (32), which is initiated by
the action of glycosylases that excise specific damaged bases
from DNA. The action of these enzymes results in an apurinic/
apyrimidinic (AP) site, which is subsequently cleaved either by

a separate AP endonuclease or by an AP lyase activity that is
associated with the DNA glycosylase. Following an additional
DNA end-processing step, the AP site is removed and con-
verted into a substrate for DNA polymerase and ultimately
DNA ligase, which fill and seal the DNA gap, respectively, thus
repairing the damage. The discovery that an AP endonuclease
and specific DNA glycosylases are localized to mitochondria
has clearly confirmed the existence of a mitochondrial base
excision repair pathway (3, 7, 38, 48), which was postulated
earlier based on mtDNA repair studies in mammalian cells
(26). As is the case for the nucleus, the budding yeast Saccha-
romyces cerevisiae has begun to serve as an informative model
system for mtDNA repair and damage tolerance pathways.
With regard to oxidative damage, several components of the
base excision repair pathway have been localized to mitochon-
dria in yeast. This includes the major AP endonuclease,
Apn1p, (50) and mitochondrial forms of Ogg1p (46) and Ntg1p
(1, 54), DNA glycosylases that initiate repair of oxidatively
damaged purines and pyrimidines, respectively.

Based on the fact that multiple pathways exist for the repair
and tolerance of DNA damage in bacteria and in the nuclei of
eukaryotic cells (27), it seems likely that mitochondria also do
not rely solely on base excision repair for this purpose. Con-
sistent with this idea is that yeast mitochondria contain at least
two proteins implicated in mtDNA recombination, Pif1p, a
DNA helicase (24), and Mhr1p, a protein of unknown func-
tion, both of which appear to be also involved in mtDNA
repair or damage tolerance (17, 18, 28). In addition, Msh1p, a
homolog of the bacterial mismatch repair protein MutS, is
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localized to and functions in mitochondria (5). These observa-
tions indicate that base excision repair, recombination, and
mismatch repair pathways exist in yeast mitochondria to help
maintain the mitochondrial genome. To date, the existence of
other DNA repair or damage tolerance pathways in mitochon-
dria, such as nucleotide excision repair and translesion synthe-
sis, has not been demonstrated in any organism. In addition,
whether the mitochondrial repair and tolerance pathways func-
tionally interact to form a compensatory network, as has been
shown to occur in bacteria (32, 33) and in the yeast nucleus (12,
47), remains to be determined.

Recombination appears to be one pathway involved in
mtDNA damage resistance in yeast. In addition to Mhr1p and
Pif1p, there are three proteins that have documented functions
in recombination in mitochondria, Cce1p, Nuc1p, and Abf2p.
Cce1p (also called Mgt1p) is a cruciform cutting endonuclease
that resolves Holliday junctions in mtDNA that occur during
homologous recombination (15, 23). As a result, cce1 null
mutations lead to an �10-fold increase in the number of re-
combination junctions in wild-type mtDNA (30) and also affect
the segregation properties of certain mutated mtDNA mole-
cules, a process that is influenced by the presence of recombi-
nation junctions (29). Nuc1p is a multifunctional nuclease that
is required for the vast majority of DNase activity in mitochon-
dria (9), including a DNA exonuclease activity implicated in
DNA end-processing steps required to initiate homologous
recombination. As a result, nuc1 null mutations result in an
�50% reduction in mtDNA recombination frequency (56).
Finally, Abf2p is an abundant DNA-binding component of the
mtDNA nucleoid (31) that is a member of the high-mobility
group (HMG) box family of proteins (10). This class of pro-
teins binds unusual DNA structures and can bend and wrap
DNA (11, 16). In mitochondria, Abf2p influences multiple
processes involving mtDNA, including transcription (34), seg-
regation during cell division (57), and the stabilization of re-
combination junctions (30).

The existence of substantial mtDNA recombination is a ma-
jor difference between yeast and mammalian cells. While bio-
chemical activities capable of catalyzing certain steps involved
in recombination in vitro have been isolated from mammalian
mitochondria (49), whether mtDNA recombination occurs in
mammals to any appreciable extent is still debated (14). Thus,
the involvement of recombination as an mtDNA damage tol-
erance mechanism in mammalian cells is likely to be signifi-
cantly less than that in yeast.

In order to elucidate oxidative DNA damage resistance path-
ways in mitochondria, we analyzed mutant yeast strains that
lack the mitochondrion-localized DNA glycosylase, Ntg1p, alone
and in combination with null mutations in the ABF2, PIF1,
NUC1, and CCE1 genes. Our results demonstrate that Ntg1p is
involved in the repair of oxidative base damage in mtDNA and
indicate that Pif1p and Abf2p reduce this type of mtDNA dam-
age via novel functions of these proteins other than recombi-
nation.

MATERIALS AND METHODS

Yeast strains. All yeast strains used in this study are derivatives of DBY2006
(� his3�200 leu2-3,112 ura3-52 trp1-�1 ade2) and were grown in standard syn-
thetic dextrose (SD), yeast extract-peptone-dextrose (YPD), or yeast extract-
peptone-glycerol (YPG) as described previously (44). To create an NTG1 plas-

mid-shuffle (45) strain, DBY2006 was transformed with a PCR product that
contained the NTG1 locus with the coding region replaced with kanamycin
resistance cassette (KanMX4) in order to disrupt the chromosomal NTG1 gene
by homologous recombination. Antibiotic-resistant transformants were selected
on YPD medium containing G418 (200 �g/ml) and screened by PCR and South-
ern analysis of genomic DNA for insertion of the KanMX4 marker into the
chromosomal NTG1 locus. A G418-resistant strain that had the NTG1 gene
disrupted was then transformed with the plasmid pRS316-NTG1 that contained
a wild-type copy of the NTG1 gene expressed from its own promoter to create
the strain TWO1 (� his3-�200 leu2-3,112 ura3-52 trp1-�1 ade2 ntg1�::KanMX4
pRS316-NTG1 [URA3 CEN/ARS]). This strain is functionally wild type due to the
plasmid-borne copy of the NTG1 gene complementing the chromosomal disrup-
tion. Growth of this strain on medium containing 2 g of 5-fluoroorotic acid
(5-FOA; United States Biological, Inc.) per liter as described previously (37)
selects for growth of cells that have spontaneously lost the URA3/NTG1 plasmid
(45) and are therefore ntg1 null.

The following strains are derivatives of TWO1 that were made by standard
marker disruption as described above for NTG1, except that nutritional markers
were used instead of the KanMX4 cassette: abf2� strain, TWO4 (� his3-�200
leu2-3,112 ura3-52 trp1-�1 ade2 ntg1�::KanMX4 abf2�::TRP1 pRS316-NTG1
[URA3 CEN/ARS]); pif1� strain, TWO5 (� his3-�200 leu2-3,112 ura3-52 trp1-�1
ade2 ntg1�::KanMX4 pif1�::HIS3 pRS316-NTG1 [URA3 CEN/ARS]); nuc1�
cce1� strain, TWO6 (� his3-�200 leu2-3,112 ura3-52 trp1-�1 ade2 ntg1�::
KanMX4 nuc1�::LEU2 cce1�::HIS3 pRS316-NTG1 [URA3 CEN/ARS]). Growth
of these strains in liquid or on solid 5-FOA-containing medium selected for the
corresponding combination null mutant strains: abf2� ntg1�, pif1� ntg1�, and
nuc1� cce1� ntg1�. Lastly, by using the same marker disruption strategy de-
scribed above, abf2� and pif1� single-mutant derivatives of DBY2006 were
generated, which allowed analysis of these backgrounds without having to main-
tain the pRS316-NTG1 plasmid. All strains were maintained on YPG medium to
sustain mitochondrial respiration competence.

To create a strain that moderately overexpressed Abf2p from its own pro-
moter, DBY2006 was transformed with the CEN plasmid pRS313-ABF2 (34).
The genomic fragment in this plasmid has been shown to increase expression of
Abf2p two- to threefold (57). The corresponding isogenic wild-type strain was
created by transforming DBY2006 with pRS313 without the ABF2 genomic
insert.

Oxidative mtDNA damage assays. Yeast mtDNA was isolated by a standard
differential centrifugation/sucrose-gradient purification procedure as described
elsewhere (35). Where indicated, mtDNA (8 �g) was heavily damaged by treat-
ment with hydrogen peroxide (0.3 M) in the presence of copper sulfate (0.1 mM)
for 20 min at 37°C in a total reaction volume of 50 �l, essentially as described
earlier (21). After treatment, 250 �l of 0.3 M sodium acetate was added to the
sample and mtDNA was ethanol precipitated, washed twice with 70% ethanol,
and resuspended in Tris-EDTA buffer (pH 8.0). This control peroxide-damaged
mtDNA and the mtDNA isolated from the indicated yeast strains were incubated
for 30 min at 37°C with 2 �g of recombinant Ntg1p in a 25-�l reaction volume
containing 15 mM potassium phosphate buffer (pH 6.8), 10 mM EDTA, 10 mM
�-mercaptoethanol, and 40 mM KCl. The reaction was terminated by heating the
sample at 60°C for 5 min, and products were resolved by electrophoresis through
a 0.4% agarose gel. Recombinant Ntg1p used in these experiments was expressed
in Escherichia coli as described previously (53), and the N-terminally tagged
protein was purified by glutathione-agarose chromatography followed by
Mono-S fast-performance liquid chromatography. The purity was approximately
80%, with the remaining 20% consisting mostly of glutathione S-transferase
peptide.

Petite-mutant induction assays. The petite-mutant induction assay is based on
the fact that growth of yeast cells on YPG (glycerol-containing) medium requires
mitochondrial respiration, while growth on YPD (glucose-containing) medium is
possible without it (42). To determine the rate of formation of spontaneous
petite mutants, a culture of each yeast strain to be tested was grown to near
saturation in 5 ml of YPG medium to maintain respiration competence. This
starter culture was then diluted to an optical density at 600 nm of 0.05 into either
5 ml (see Fig. 3B) or 20 ml (see Fig. 2) of SD medium (with appropriate
nutritional supplements required by each strain) with or without 5-FOA or 5 ml
of YPD with or without 50 mM malonic acid (see Fig. 3A). Samples from the
experimental cultures were removed immediately (zero point) and/or at specific
time points after growth at 30°C with shaking (200 rpm) on a rotary shaker.
Identical samples from each culture were then diluted and plated onto YPD and
YPG plates and allowed to grow at 30°C until colonies formed (2 to 5 days). The
number of colonies on each set of plates was determined (100 to 1,000 CFU/plate
in all experiments), and the percentage of respiration-competent cells was cal-
culated as follows: number of colonies on YPG/number of colonies on YPD �
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100 (see Fig. 2). Alternatively, the percentage of respiration-incompetent (pe-
tite) colonies was also calculated from the ratio of white colonies to total colonies
on YPD plates (see Fig. 3). Respiration-competent cells form red colonies on
YPD medium due to the disruption of the ADE2 gene in our strain backgrounds,
while petite cells form white colonies (42).

Erythromycin resistance assays. The conditions of the erythromycin resistance
assay were adapted from the protocol of Chi and Kolodner (5). Individual
colonies from indicated strains were used to inoculate 5 ml of YPG medium, and
the cultures were grown at 30°C to an optical density at 600 nm of 2 to 4. Cultures
were diluted, and cells were plated onto solid YPG medium and grown at 30°C
until single colonies formed. Next, 10 to 15 individual colonies were used to
inoculate separate 5-ml cultures of YPG and grown at 30°C in a roller drum.
After 48 h, a small sample was removed to determine the total number of
respiration-competent cells by plating onto YPG. The remainder of each culture
was plated onto solid YPG medium containing erythromycin (1 mg/ml) and
grown at 30°C for 6 to 7 days until drug-resistant colonies formed. The mutation
frequency reported in Table 1 was calculated as follows: number of erythromy-
cin-resistant colonies/total number of colonies. Potential jackpot cultures were
identified as outliers statistically by using the Grubbs test (19). These values were
removed from the calculations of mutation frequency presented in Table 1.

RESULTS

Ntg1p functions in mitochondria to reduce oxidative
mtDNA damage. Ntg1p removes oxidized pyrimidines via N-
glycosylase activity to create an abasic site that is subsequently
processed by its AP lyase activity to cause DNA strand break-
age. Utilizing these activities, we developed a simple electro-
phoresis assay to assess levels of oxidative damage in yeast
mtDNA based upon the conversion of slowly migrating
mtDNA species (�80-kb monomeric units) into a population
of smaller, faster-migrating mtDNA fragments following treat-
ment with purified Ntg1p in vitro. To test the validity of this
assay, total yeast mtDNA was prepared from a wild-type strain
and treated with purified Ntg1p alone or after incubation with
hydrogen peroxide to artificially introduce oxidative DNA
damage to the sample in vitro. Treatment of purified mtDNA
with hydrogen peroxide alone, which introduces an extensive
amount of both oxidative base damage and DNA strand breaks
under the conditions used (21), resulted in significant conver-
sion of monomeric mtDNA into a smear of faster-migrating
mtDNA fragments (Fig. 1, lane 3). Subsequent incubation of
the peroxide-treated mtDNA with purified Ntg1p resulted in
the complete conversion of the monomeric mtDNA species to
a smear of even-faster-migrating mtDNA fragments (Fig. 1,
lane 4). This effect was specific for oxidative damage intro-
duced by peroxide treatment in vitro because incubation of
purified yeast mtDNA with Ntg1p alone had no effect (Fig. 1,
lane 2). Therefore, this assay provides a convenient method to
detect oxidative base damage in yeast mtDNA.

By using this assay, the relative amount of spontaneous
oxidative base damage in an ntg1 null yeast strain was assessed.
Compared to the wild-type control strain (Fig. 1, lanes 1 and
2), mtDNA isolated from an ntg1� yeast strain exhibited in-
creased degradation of mtDNA as a result of treatment with
purified Ntg1p in vitro (Fig. 1, lanes 6 and 7). In fact, the
amount of strand breakage introduced by treatment of
mtDNA from the ntg1� strain with Ntg1p in vitro was compa-
rable to that introduced into wild-type mtDNA by hydrogen
peroxide treatment (Fig. 1, compare lanes 1 and 3 to lanes 6
and 7, respectively). These data indicate that the absence of
Ntg1p in vivo results in an increased amount of oxidative dam-
age remaining in the mitochondrial genome.

abf2 and pif1 null mutations exhibit a synthetic-petite phe-
notype with ntg1 null mutations. Spontaneous formation of
yeast petite mutants is a measure of mtDNA integrity (42), the
loss of which causes reduction or absence of expression of
mtDNA-encoded subunits of the mitochondrial oxidative
phosphorylation system. We implemented a petite-mutant in-

FIG. 1. Increased oxidative mtDNA damage levels in an ntg1�
strain. Negative images of ethidium bromide-stained agarose gels of
the products of an Ntg1p-based assay for oxidative mtDNA damage
are shown. mtDNA isolated from wild-type (NTG1, lane 1) and ntg1
null (ntg1, lane 6) yeast strains ran predominantly as a slowly migrating
species (indicated by the solid arrowhead). Purified mtDNA left un-
treated (�) or treated (�) with hydrogen peroxide (H2O2), to artifi-
cially introduce an extensive level of oxidative mtDNA damage (21), or
purified Ntg1p, to introduce strand breaks at sites of oxidative damage
in vitro, is indicated. Lane 1, wild-type mtDNA; lane 2, wild-type
mtDNA treated with Ntg1p; lane 3, hydrogen peroxide-damaged wild-
type mtDNA; lane 4, hydrogen peroxide-damaged wild-type mtDNA
treated with purified Ntg1p; lane 5, DNA size markers; lane 6, mtDNA
from an ntg1� strain; lane 7, mtDNA from an ntg1� strain treated with
purified Ntg1p. The increase in mobility of mtDNA species resulting
from DNA strand breaks introduced by treatment with H2O2 and/or
Ntg1p in vitro is indicated by the open arrowheads (which refer to
lanes 3 and 7). The data shown are from a representative experiment
of three independent trials.

TABLE 1. Enhanced frequency of erythromycin-resistant mutants
in abf2� ntg1� and pif1� ntg1� double-mutant strains

Strain
Avg no. of
cells plated

(108)

Avg. no. of
erythromycin-

resistant mutants

Mutant
frequencya

Fold
increaseb

NTG1 7.71 0.7 1.13 � 10�9 1
ntg1� 9.13 1.9 2.59 � 10�9 2.3
pif1� 5.69 16 3.34 � 10�8 29
pif1� ntg1� 5.28 31 6.35 � 10�8 56
abf2� 6.19 1.2 2.09 � 10�9 1.8
abf2� ntg1� 5.22 25 5.68 � 10�8 50

a Calculated from the results of plating 25 to 30 independent cultures.
b Calculated relative to the wild-type (NTG1) strain.
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duction assay that employs a yeast strain (TWO1) that is en-
gineered to allow plasmid-shuffle (45) of NTG1. Growth of
TWO1 in 5-FOA-containing medium allowed the selection of
ntg1� cells that have lost the NTG1 plasmid, which is the only
source of the NTG1 gene in the strain. Despite the fact that
increased oxidative mtDNA base damage persists (Fig. 1), no
increase in spontaneous petite-mutant formation rate was ob-
served for the ntg1� strain after 24 h of growth in glucose
medium (Fig. 2). In fact, the ntg1� strain did not exhibit any
increase in spontaneous petite-mutant formation compared to
the isogenic wild-type control strain, even after extended
growth periods (	30 generations; data not shown).

Recombination is a DNA damage tolerance pathway func-
tioning in bacteria and in the nuclei of eukaryotes (4), and
recent evidence suggests that it may also be involved in similar
processes in yeast mitochondria (28). In addition, nuclear re-
combination rates are increased when base excision repair
capacity is compromised in yeast (47), suggesting that under
certain conditions recombination is induced to compensate for
reduced DNA repair capacity. Therefore, we reasoned that if
recombination can compensate for loss of Ntg1p function, then
a cooperative effect on spontaneous petite-mutant formation
rate will be observed in strains that are null for both NTG1 and
genes involved in recombination in mitochondria. In yeast this
type of genetic interaction is termed synthetic (20), and there-
fore, we refer to this phenotype a “synthetic-petite” phenotype.
To test this hypothesis, we created yeast strains in which genes

involved in mitochondrial recombination (ABF2, CCE1,
NUC1, and PIF1) were inactivated in a TWO1 genetic back-
ground. These strains were then tested for synthetic-petite
phenotypes with ntg1 null mutations using the petite-mutant
induction assay. An increase in the spontaneous petite-mutant
formation rate was observed when pif1� or abf2� single mu-
tant strains were grown in glucose medium (Fig. 2). However,
the petite-mutant induction rate was greatly enhanced in the
corresponding pif1� ntg1� and abf2� ntg1� double-mutant
strains (Fig. 2), indicating that abf2 and pif1 null mutations
each exhibit a synthetic-petite phenotype with an ntg1 null
mutation. In contrast, no increase in spontaneous petite mu-
tant formation was observed in cce1� or nuc1� single null
mutant strains or in the corresponding cce1� ntg1� or nuc1�
ntg1� strains when analyzed in the same manner (data not
shown). In fact, no significant increase in the spontaneous
petite-mutant formation rate was observed even in a cce1�
nuc1� double-null mutant strain (Fig. 2) and only a weak
synthetic effect on petite-mutant induction was observed in the
corresponding cce1� nuc1� ntg1� triple-null mutant strain
(Fig. 2). These results indicate that both Pif1p and Abf2p
function in the resistance to oxidative mtDNA damage in mi-
tochondria in a manner largely independent of recombination.

Spontaneous petite-mutant formation in abf2� strains is
mediated by activity of the mitochondrial electron transport
chain. Malonic acid is an analog of succinate that competitively
inhibits the mitochondrial enzyme succinate dehydrogenase, a

FIG. 2. Null mutations in PIF1 and ABF2 each exhibit a synthetic-petite phenotype with an ntg1 null mutation. Shown are the results of
petite-mutant induction assays performed on parallel cultures of strains TWO1, TWO4, TWO5, and TWO6 grown in SD medium and SD medium
plus 5-FOA (to initiate plasmid shuffle; see Materials and Methods). The genotype of each strain during the experiment is indicated at the bottom
of the figure. For example, the strain TWO1 is wild type when grown in SD medium (labeled NTG1) and NTG1 null when grown in SD plus 5-FOA
(labeled ntg1�). The ordinate represents the percentage of respiration-competent cells calculated at the 0-h (open bars) and 24-h (filled bars) time
points in the assay. The top of each bar represents the mean of three independent measurements, and each error bar indicates 
 1 standard
deviation from the mean.
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tricarboxylic-cycle enzyme and a component of the mitochon-
drial electron transport chain (complex II). In yeast, addition
of malonic acid reduces, but does not completely inhibit, the
electron transport chain and therefore causes a reduction in
the amount of reactive oxygen species produced as by-products
of respiration (28, 40). To determine if mitochondrial reactive
oxygen species contribute to the observed petite-mutant induc-
tion phenotypes, we conducted a petite-mutant induction assay
in the presence of malonic acid. In abf2� and the abf2� ntg1�
strains, the presence of malonic acid significantly increased
(2.5- to 5-fold) the number of respiration-competent cells re-
covered after 24 h of growth in YPD medium (Fig. 3A). Ma-
lonic acid had no effect on the spontaneous rate of petite-
mutant formation in any of our wild-type genetic backgrounds
and did not rescue the petite-mutant induction phenotype of a
pif1� strain (data not shown). Partial rescue of the petite-
mutant induction phenotype of the pif1� ntg1� strain by mal-

onic acid was occasionally observed; however, this effect was
highly variable (data not shown). These results support the
notion that reactive oxygen species generated by the mitochon-
drial electron transport chain can contribute to the spontane-
ous petite phenotype.

Moderate overexpression of Abf2p reduces spontaneous pe-
tite formation. Overexpression of Abf2p (	10-fold) causes
dramatic instability of mtDNA and induction of petite muta-
tions (57). However, moderate (two- to threefold) overexpres-
sion of Abf2p can be achieved by placing the ABF2 gene under
the control of its own promoter on a CEN plasmid (57). To
determine if moderate overexpression of Abf2p had any effect
on the rate of spontaneous petite-mutant formation, we trans-
formed the yeast strain DBY2006 with the plasmid pRS313-
ABF2 (34) and performed a petite-mutant induction assay.
Compared to the corresponding isogenic control, a strain over-
expressing Abf2p in this manner exhibited a significant reduc-
tion (�twofold) in the rate of formation of spontaneous petite
mutants (Fig. 3B). These data are consistent with a role for
Abf2p in protecting cells from spontaneous mtDNA damage.

abf2� and pif1� strains exhibit increased mtDNA mutagen-
esis that is enhanced in the absence of Ntg1p. Specific point
mutations in the large (21S) and small (15S) rRNA genes
encoded by mtDNA result in resistance to erythromycin, an
antibiotic that specifically inhibits mitochondrial translation
(8). Thus, acquisition of erythromycin resistance provides a
direct readout of mtDNA point mutagenesis in vivo (5). Using
this assay, we measured mtDNA mutagenesis in ntg1�, abf2�,
and pif1� single-mutant strains and in abf2� ntg1� and pif1�
ntg1� double-mutant strains (Table 1). Only a small (�two-
fold) increase in mtDNA mutagenesis was observed in the ntg1
null mutant strain. However, similar to the results of the petite-
mutant induction assays (Fig. 2), a significant increase in
mtDNA mutagenesis was observed in the pif1� strain (�30-
fold), and this increase was enhanced, in an apparently additive
manner, in the pif1� ntg1� strain to �60-fold. In contrast to
the results of the petite-mutant induction assay, little effect on
mtDNA point mutagenesis was observed in the abf2� strain
(�twofold). However, the abf2� ntg1� strain exhibited a large
increase (�50-fold), indicating that the simultaneous loss of
Abf2p and Ntg1p has a strong synergistic effect on mtDNA
mutagenesis. Altogether, these data point to involvement of
both Abf2p and Pif1p in preventing mtDNA mutagenesis but
suggest that the mechanism through which each is acting is
different.

DISCUSSION

To gain insight into how eukaryotic cells resist damage to the
mitochondrial genome, we have investigated yeast strains that
are sensitized toward spontaneous oxidative mtDNA damage
because they lack a mitochondrion-localized base excision re-
pair enzyme, Ntg1p. Cultures of strains null for NTG1 alone or
in combination with null mutations in four distinct genes in-
volved in mtDNA maintenance and recombination (ABF2,
CCE1, NUC1, and PIF1) were analyzed using a petite-mutant
induction assay, which measured the rate of loss of mitochon-
drial respiration capacity that results primarily from the cor-
ruption of mtDNA integrity (42). In addition, mtDNA point

FIG. 3. Malonic acid or overexpression of Abf2p reduces the rate
of spontaneous petite-mutation formation. (A) Results of a petite-
mutant induction assay on strains DBY2006 abf2� and TWO5 are
shown. In the case of TWO5, the pRS316-NTG1 plasmid was chased
from the strain with 5-FOA (making it abf2� ntg1�) prior to the
experiment and maintained on YPG medium (see Materials and
Methods). The ordinate represents the percentage of respiration-com-
petent cells calculated after approximately six generations of growth in
YPD medium in the absence (�, white bars) or presence (�, filled
bars) of 50 mM malonic acid. (B) Results of a petite-mutant induction
assay on DBY2006 containing a CEN plasmid expressing Abf2p
(pRS313-ABF2 [34]), labeled �ABF2, compared to the isogenic con-
trol strain containing a pRS313 plasmid without an ABF2 genomic
insert, labeled WT. Here the ordinate indicates the percentage of
petite cells after approximately six generations of growth in SD me-
dium that selected for maintenance of the indicated plasmids. In pan-
els A and B, the top of each bar represents the mean of three inde-
pendent measurements and each error bar indicates 
 1 standard
deviation from the mean.
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mutagenesis in these strains was ascertained directly by using
an in vivo erythromycin-resistance assay.

An increased level of oxidative mtDNA damage (Fig. 1) and
correspondingly a small increase (�twofold) in spontaneous
mtDNA mutagenesis (Table 1) were observed in ntg1 null
mutant strains. This is the first functional evidence to support
direct involvement of Ntg1p in mitochondrial base excision
repair, a role predicted from its demonstrated activity in vitro
(41, 53) and mitochondrial localization in vivo (54). Interest-
ingly, ntg1� strains do not exhibit any significant increase in
spontaneous petite-mutant formation rate (Fig. 1). This is
likely a reflection of the fact that mtDNA is present in multiple
copies and therefore can handle an increased oxidative dam-
age and/or mutational load due to complementation of mutant
alleles by wild-type alleles present on separate mtDNA mole-
cules. This threshold effect is a well-documented phenomenon
in mitochondrial disease patients who often harbor a mixture
of wild-type and mutated mtDNA molecules, a situation
known as heteroplasmy (51). The fact that ntg1� yeast strains
do not exhibit a petite phenotype and have only modest in-
creases in mtDNA mutagenesis also suggests that, in the ab-
sence of this base excision repair enzyme, mtDNA remains
protected from excessive oxidative damage by other mecha-
nisms. For example, there may be redundancy in Ntg1p func-
tion in mitochondria by other DNA glycosylases present in the
organelle (46) or, perhaps more likely, other mtDNA damage
resistance pathways might be able to compensate for the lack
of Ntg1p function. The latter scenario is supported by the
observation that DNA repair and tolerance pathways in bac-
teria and in the nuclei of eukaryotes have overlapping speci-
ficity and appear to form an operational network that ensures
the efficient removal of spontaneous DNA damage (12, 32, 33,
47). The existence of such a network suggests that the absence
or inactivity of one pathway can be compensated for to some
degree by the presence of the others. This concept, in part, was
the rationale for the present study, in which we hypothesized
that inactivation of other pathways involved in mtDNA dam-
age resistance would result in synthetic-petite-mutant induc-
tion phenotypes in conjunction with an ntg1 null mutation.

Recombination is an important DNA damage tolerance
pathway in the yeast nucleus (4), and recently it has been
demonstrated that when base excision repair is compromised,
nuclear recombination rates are substantially increased as part
of an apparently compensatory response (47). In addition, it
appears that recombination is involved to some degree in tol-
erating oxidative damage in yeast mitochondria (28). The re-
sults of this study do not discount recombination as a DNA
damage tolerance mechanism in yeast mitochondria; however,
the fact that pif1� and abf2� mutations exhibit a strong syn-
thetic-petite phenotype with ntg1 null mutations while cce1�
and nuc1� mutations do not (Fig. 1) suggests that Pif1p and
Abf2p function in mtDNA damage resistance via activities
other than, or in addition to, recombination.

Two additional lines of evidence support the concept that
the observed synthetic-petite phenotypes observed in our ex-
periments are due, at least in part, to oxidative damage to
mtDNA coupled with reduced repair or resistance capacity.
First, the petite-mutant induction rates of abf2� and abf2�
ntg1� strains were significantly reduced by the presence of
malonic acid in the growth medium (Fig. 3). Malonic acid has

been shown to reduce oxidative mtDNA damage in yeast (28,
40), suggesting that this type of damage is mediated by reactive
oxygen species generated during normal mitochondrial respi-
ration. Second, mtDNA point mutagenesis was substantially
elevated in pif1�, pif1� ntg1�, and abf2� ntg1� strains (Table
1).

Our results also revealed interesting differences regarding
the relative contributions of Pif1p and Abf2p to the observed
phenotypes. For example, abf2� single mutants exhibited little
increase in mtDNA mutagenesis while that of pif1� single
mutants was substantially elevated (30-fold increase compared
to the wild type [Table 1]). Despite these differences, these
strains displayed similar rates of spontaneous petite-mutant
formation (Fig. 1). This demonstrates that increased mtDNA
point mutagenesis causes an increased rate of spontaneous
petite-mutant formation but that the influence of other factors
can contribute substantially (equally, in the case of abf2�
strains) to this phenotype. One such factor is most likely large-
scale rearrangement or complete loss of the mtDNA genome,
a major contributor to the formation of spontaneous petite
mutants in yeast (42). The fact that mtDNA point mutagenesis
is elevated to similar levels in the pif1� ntg1� and abf2� ntg1�
strains while the levels in the pif1� and abf2� single-mutant
strains differ substantially again implicates a role for both Pif1p
and Abf2p in preventing mtDNA mutagenesis but suggests
that the mechanism by or the degree to which each protein is
doing so is markedly different. This is supported further by the
observation that the degree of synergism in mtDNA mutagen-
esis rates between an abf2 null mutation and an ntg1 null
mutation is significantly greater than that observed between
pif1 and ntg1 (Table 1) and by the fact that malonic acid
partially rescues the petite-mutant induction phenotype of
abf2� strains, but not pif1� strains.

Though Pif1p and Abf2p have been implicated to some
degree in mtDNA recombination, these proteins also have
functions unrelated to recombination. For example, Abf2p is
an abundant mitochondrial DNA-binding protein of the HMG
box family (10) that can bend and wrap DNA (11, 16), as well
as influence mtDNA segregation (57), transcription (34), and
nucleoid structure (31). Likewise, Pif1p is a 5�-to-3� DNA
helicase that has been implicated in mtDNA repair (18) and
the nuclear form of the enzyme is involved in the inhibition of
bidirectional rDNA replication (22) and telomere length reg-
ulation (39). While the mechanism underlying the synthetic
interactions between Abf2p, Pif1p, and Ntg1p in mitochondria
is not entirely clear, we speculate that recombination-indepen-
dent functions of each of these proteins can influence the
degree to which mtDNA is damaged or repaired. For example,
it is possible that Pif1p and Abf2p together or independently
influence the structure or accessibility of mtDNA in a manner
that facilitates the binding or activity of Ntg1p or other repair
proteins. This could involve a general function such as pack-
aging of the mtDNA into nucleoids (31) or promoting a spe-
cific DNA or protein/DNA conformation at sites of DNA dam-
age.

Alternatively, models that invoke novel functions of Pif1p
and Abf2p can be envisioned. Abf2p, through its DNA-binding
and bending activity (11, 16) and ability to influence overall
nucleoid structure, may provide shielding that reduces mtDNA
damage in much the same manner that nucleosome structure
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can protect nuclear DNA from damage (13, 36, 55). Alter-
ations in Abf2p levels also result in changes in mtDNA copy
number (57). Decreased mtDNA copy number in abf2� strains
may lead to increased susceptibility to oxidative mtDNA dam-
age. Likewise, increased mtDNA copy numbers in strains that
moderately overexpress Abf2p (57) may provide a buffer against
mtDNA damage. The fact that moderate overexpression of
Abf2p results in a significant reduction in the spontaneous
petite-mutant formation rate (Fig. 3B) is consistent with Abf2p
providing resistance to mtDNA damage either through an
mtDNA-shielding or mtDNA copy-number-mediated mecha-
nism. In the case of Pif1p, because nuclear and mitochondrial
forms of the protein are derived from the same gene, its known
function in the nucleus likely provides insight into its function
in mitochondria. For example, if Pif1p is a region-specific (ri-
bosomal DNA and telomere) helicase that inhibits DNA rep-
lication in the nucleus, as has been postulated by others (2), it
may likewise function to govern the rate of mtDNA replica-
tion. In this model, lack of Pif1p would result in a reduced time
frame for mtDNA repair to occur. If this were the case, rep-
lication through unrepaired, damage-containing regions would
occur, resulting in an increase in mtDNA mutations and per-
haps aborted replication complexes. This would result in a
synthetic-petite phenotype in ntg1 null strains in which mtDNA
repair is compromised.

While our results do not implicate recombination as a major
mechanism that can compensate for lack of Ntg1p in yeast
mitochondria, they also do not eliminate the possibility that
recombination is one mechanism for repair or tolerance of
oxidative mtDNA damage in yeast (28). Our results do, how-
ever, strongly suggest that recombination-independent mech-
anisms are also functioning to reduce the susceptibility of
mtDNA to oxidative damage. Any recombination-independent
mechanism is likely to be significant for understanding how
mtDNA integrity is maintained in vertebrate cells, for which
mtDNA recombination has not been clearly demonstrated
(14). This is particularly relevant with regard to the functions
of Abf2p and Pif1p, because human homologs of these genes
exist (2, 34). An increased understanding of mtDNA damage
resistance mechanisms will provide new insights into the phys-
iologic significance of mtDNA mutagenesis and perhaps into
how to counteract the pathological consequences resulting in
damage to mtDNA caused by endogenous and exogenous
genotoxic agents. Genetic model systems, such as the S. cer-
evisiae system described here, will continue to be instrumental
in elucidating these processes.
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