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ABSTRACT Mitochondrial DNA (mtDNA) deletions are associated with sporadic and inherited diseases and age-associated
neurodegenerative disorders. Approximately 85% of mtDNA deletions identified in humans are flanked by short directly repeated
sequences; however, mechanisms by which these deletions arise are unknown. A limitation in deciphering these mechanisms is the
essential nature of the mitochondrial genome in most living cells. One exception is budding yeast, which are facultative anaerobes and
one of the few organisms for which directed mtDNA manipulation is possible. Using this model system, we have developed a system to
simultaneously monitor spontaneous direct-repeat-mediated deletions (DRMDs) in the nuclear and mitochondrial genomes. In addi-
tion, the mitochondrial DRMD reporter contains a unique Kpnl restriction endonuclease recognition site that is not present in otherwise
wild-type (WT) mtDNA. We have expressed Kpnl fused to a mitochondrial localization signal to induce a specific mitochondrial double-
strand break (mtDSB). Here we report that loss of the MRX (Mre11p, Rad50p, Xrs2p) and Ku70/80 (Ku70p, Ku80p) complexes
significantly impacts the rate of spontaneous deletion events in mtDNA, and these proteins contribute to the repair of induced
mtDSBs. Furthermore, our data support homologous recombination (HR) as the predominant pathway by which mtDNA deletions

arise in yeast, and suggest that the MRX and Ku70/80 complexes are partially redundant in mitochondria.

ITOCHONDRIA are essential organelles in eukaryotic

organisms that generate cellular energy in the form of
ATP. These organelles contain their own DNA, encoding
essential electron transport chain and mitochondrial ATP
synthase components. Mitochondrial DNA (mtDNA) also
encodes the rRNAs and tRNAs required for mitochondrial
protein synthesis. Proteins required for maintaining mtDNA
are encoded in the nuclear genome, translated in the cyto-
plasm, and imported into mitochondria.

There is a strong correlation between the decline of
oxidative phosphorylation, increased reactive oxygen spe-
cies production within mitochondria, and increased accu-
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mulation of oxidative damage in aging individuals (Lee and
Wei 2007). Deregulation of mitochondrial energetics and an
age-associated accumulation of somatic mtDNA mutations
supports the mitochondrial theory of aging (Lee and Wei
2007). The importance of mtDNA integrity is demonstrated
by heritable human disease syndromes caused by mtDNA
mutations (Falk and Sondheimer 2010). Accordingly, somatic
mtDNA instability, and mutation accumulation over time, are
associated with aging and are linked to systemic and neuro-
degenerative disorders including Parkinson’s, Alzheimer’s,
and Huntington’s diseases and diabetes (Kajander et al.
2002; Yang et al. 2008a; Wallace 2010).

Deletions of the mitochondrial genome have been identi-
fied in yeast, plants, Drosophila, and mammalian cells (Dujon
1981; Morel et al. 2008; Bacman et al. 2009; Marechal and
Brisson 2010; Oliveira et al. 2010). Interestingly, the majority
of mtDNA deletions are flanked by short repetitive sequences,
implicating recombination as a possible mechanism (Bianchi
et al. 2001; Krishnan et al. 2008). Recombination of the mi-
tochondrial genome has been well accepted in yeast and
plants; and recombinant mtDNA molecules and homologous
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recombination (HR) activity have been detected in mamma-
lian cells in vitro and in vivo (Poulton et al. 1993; Thyagarajan
et al. 1996; Lakshmipathy and Campell 1999; Kajander et al.
2001; Kraytsberg et al. 2004). These studies and others pro-
vide evidence for mitochondrial double-strand break repair
(mtDSBR); however, no proteins have been identified that
function in these pathways.

Directly repeated sequences are hotspots for spontaneous
deletion, in which one repeat and the interrepeat sequence
are lost. In the nucleus, multiple pathways are implicated in
the spontaneous generation of these direct-repeat-mediated
deletions (DRMDs), including intrachromosomal recombina-
tion, unequal sister chromatid exchange (SCE), single-strand
annealing (SSA), nonhomologous end joining (NHEJ), and po-
lymerase slippage (Liefshitz et al. 1995). Because they share
protein components and early processing steps, intrachro-
masomal recombination, SCE, and SSA are collectively con-
sidered HR pathways (Paques and Haber 1999). However,
intrachromosomal recombination and SCE will produce re-
ciprocal products, in addition to deletions, while SSA does
not. These pathways appear to compete for substrates to
some extent, since loss of one pathway can result in in-
creased activity of other pathways. The relative contribution
of each pathway to deletion formation can be altered by
manipulation of the recombination substrate. For example,
in yeast nuclei, when double-strand breaks (DSBs) are di-
rected to the intervening sequence between the repeats, de-
letions are predominantly generated via SSA (Paques and
Haber 1999).

A previous study in Drosophila utilized various promoters
to target the restriction endonuclease Xhol to the mitochon-
drial compartment, causing a specific DSB in the cytochrome
¢ oxidase subunit I locus. This study demonstrated the cat-
astrophic effects of ubiquitous and selective expression of
mitoXhol and allowed the selection of mutant mtDNA
genomes that were resistant to cleavage (Xu et al. 2008).
Furthermore, Fukui and Moraes (2009) have generated
a mouse model of mtDSB induction through mitochondrial
targeting of the restriction endonuclease Pstl and propose
recombination and NHEJ as mechanisms of mtDSBR. Recent
studies show that well-characterized nuclear DNA repair
proteins also localize to mitochondria in yeast and mammals
(Nakabeppu 2001; Zhang et al. 2006; Sage et al. 2010).
Pertinent to this study, Rad50p and Mrel1p were identified
as members of the yeast mitochondrial proteome (Sickmann
et al. 2003), an alternative form of Ku80 was identified in
DNA end binding in mammalian mitochondria (Coffey and
Campbell 2000), and Mrel1l was recently found in mamma-
lian mitochondria bound to mtDNA (Dmitrieva et al. 2011).
These and other studies support the presence of mtDSBR
pathways and provide the basis for the hypothesis that
mtDNA repair employs the MRX and Ku70/80 complexes.

The conservation between nuclear and mitochondrial
end-joining pathways has not been assessed, in part because
our ability to directly compare nuclear and mitochondrial
processes is limited. Although recent studies indicate that
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the nuclear DSBR proteins Mrell and an isoform of Ku80
are present in mammalian mitochondria, and implicate
these proteins in mtDNA maintenance (Coffey and Campbell
2000; Dmitrieva et al. 2011), extensive functional studies
related to their role in recombination or DSBR have not been
performed. Saccharomyces cerevisiae is a tractable model sys-
tem for these studies; since these repair proteins are con-
served, mtDNA is not essential for viability, and introduction
of exogenous DNA is possible, allowing the generation of
reporters for specific types of mtDNA mutations. We previ-
ously described the construction and use of yeast strains
with reporters to simultaneously measure nuclear and mito-
chondrial DRMDs. Using these reporter strains we can mon-
itor the mutagenic effect of DNA repair protein disruption on
both mitochondrial and nuclear DNA in the same population
of cells (Kalifa et al. 2009). In this study, we assessed mu-
tagenic consequences of loss of the NHEJ pathway. Analysis
of mutants that lack the MRX and Ku70/80 complexes
reveals that recombination between repetitive sequences is
the predominant mechanism to repair mtDSBs. In addition,
these proteins impact repetitive DNA to a greater extent in
mitochondria than in nuclei, suggesting that the interplay
between the pathways leading to deletions may differ in
these two compartments.

Materials and Methods

Media and strains

Media used in this study were previously described (Kalifa
et al. 2009). S. cerevisiae strains used in this study are listed
in Table 1 and are isogenic with DFS188 except NPY66,
which is derived from DFS160 (Sia et al. 2000; Phadnis
et al. 2005). Yeast single-deletion strains were constructed
by one-step gene transplacement of the wild-type gene with
a kanMX marker using standard methods (Adams et al.
1997). Strains containing two or more gene replacements
were constructed by mating isogenic haploid strains, dissect-
ing diploids, and screening for the desired genotypes by
PCR. The DRMD reporter (LKY196) was constructed previ-
ously (Kalifa et al. 2009). Gene deletions in this strain were
constructed by mating, followed by sporulation and dissec-
tion and screening for the appropriate genotype. These
strains were cured of their mtDNA by treatment with ethi-
dium bromide, then cytoduced with the REP96::ARG8™::
cox2 mitochondrial DRMD reporter from NPY66 (Fox et al.
1991). Strains used for the analysis of nuclear point muta-
tion accumulation were made Arg* by mating and dissec-
tion or by standard yeast transformation with the wild-type
ARGS gene.

Mitochondrially localized Kpnl was constructed by ampli-
fying the bacterial Kpnl gene from pETRK (Saravanan et al.
2004) using a 5’ primer containing the mitochondrial local-
ization signal of COX4 5’'-GGATCCATGCTGAGCCTGCGCCA
GAGCATTCGCTTTTTTAAACC GGCGACCCGCACCCTGTG
CAGCAGCCGCTATCTGGTGATGGATGTCTTTGATAAAGTTT
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Table 1 Strains used in this study

Strain Relevant nuclear genotype Mitochondrial genotype Reference

DFS188 MATa ura3-52 leu2-3, 112 lys2 his3 arg8::hisG p* (Sia et al. 1997)

DFS160 MATa ade2-101 leu2A ura3-52 arg8-A::URA3 karl-1 p° (Steele et al. 1996)

NPY66 DFS160 mit~ REP96::ARG8™::cox2 (Phadnis et al. 2005)

LKY196 MATa ura3-52 leu2-3, 112 lys2 his3 arg8::hisG REP96::URA3::trp1 mit~ REP96::ARG8™::cox2 (Kalifa et al. 2009)

LKY479 LKY196 mre11-A::kanMX mit~ REP96::ARG8™::cox2 This study

RCY376 LKY196 rad50-A::kanMX mit~ REP96::ARG8™::cox2 This study

RCY451 LKY196 xrs2-A::kanMX mit~ REP96::ARG8™::cox2 This study

LKY472 LKY196 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX mit~ REP96::ARG8™::cox2 This study

RCY373 LKY196 ku70-A::kanMX mit~ REP96::ARG8™::cox2 This study

RCY382 LKY196 ku80-A::kanMX mit~ REP96::ARG8™::cox2 This study

LKY477 LKY196 ku70-A::kanMX ku80-A::kanMX mit~ REP96::ARG8™::cox2 This study

LKY566 LKY196 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX mit~ REP96::ARG8™::cox2 This study
ku70-A::kanMX ku80-A::kanMX

NPY183 DFS188 mrel1-AzkanMX p* This study

NPY171 DFS188 rad50-A::kanMX p* This study

NPY179 DFS188 xrs2-A::kanMX p* This study

RCY416 DFS188 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX p* This study

NPY167 DFS188 ku70-A::kanMX p* This study

NPY169 DFS188 ku80-A::kanMX p* This study

RCY423 DFS188 ku70-A::kanMX ku80-A::kanMX p* This study

LKY483 DFS188 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX p* This study
ku70-A::kanMX ku80-A::kanMX

NPY054 DFS188 ARGS8 p* (Phadnis and Sia 2004)

LKY464 NPY054 mrel1-A::kanMX p* This study

LKY453 NPY054 rad50-A::kanMX p* This study

RCY447 NPY054 xrs2-A::kanMX p* This study

LKY468 NPY054 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX p* This study

RCY411 NPYQ54 ku70-A::kanMX pt This study

RCY349 NPY054 ku80-A::kanMX p* This study

LKY455 NPY054 ku70-A::kanMX ku80-A::kanMX p* This study

LKY485 NPY054 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX p* This study
ku70-A::kanMX ku80-A::kanMX

EAS748 DFS188 mit~ REP96::ARG8™:.cox2 (Phadnis et al. 2005)

LKY623 DFS188 + pYES2.1 mit~ REP96::ARG8™::cox2 This study

EAS811 DFS188 + pEAS100 mit~ REP96::ARG8™::cox2 This study

LKY642 DFS188 mre11-A:kanMX rad50-A::kanMX xrs2-A::kanMX + pYES2.1 mit~ REP96::ARG8™::cox2 This study

LKY648 DFS188 mrel1-A:kanMX rad50-A::kanMX xrs2-A::kanMX + pEAS100 mit~ REP96::ARG8™::cox2 This study

LKY644 DFS188 ku70-A::kanMX ku-A80::kanMX + pYES2.1 mit~ REP96::ARG8™::cox2 This study

LKY650 DFS188 ku70-A::kanMX ku-A80::kanMX + pEAS100 mit~ REP96::ARG8™::cox2 This study

LKY646 DFS188 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX mit~ REP96::ARG8™::cox2 This study
ku70-A::kanMX ku-A80::kanMX + pYES2.1

LKY652 DFS188 mre11-A::kanMX rad50-A::kanMX xrs2-A::kanMX mit~ REP96::ARG8™::cox2 This study

ku70-A::kanMX ku-A80::kanMX + pEAS100

ATAG-3' and 3’ primer 5’-AAGCTTGATATATGATAGTATTAG
TGAAG-3'. The PCR product was cloned into pYES2.1 using
the TOPO TA Cloning kit (Invitrogen), then transformed
into ToplOF’ bacterial cells containing pACMK™, a plasmid
that carries the Kpnl methylase (Saravanan et al. 2004).
Transformants were screened by digestion with restriction
endonucleases, BamHI and HindIIl, and positive clones were
confirmed by sequencing. pYES2.1 containing mtLS-Kpnl
(pEAS100) and empty pYES2.1 vector were transformed in-
to EAS748 and mutant strains containing the mitochondrial
REP96::ARG8™::cox2 reporter.

Fluctuation analysis

Rates of nuclear and mitochondrial DRMD using the 96-bp
repeat reporters were determined as described previously
(Kalifa et al. 2009) with minor modifications. Briefly, cells

containing both intact reporters were selected on SD —Arg
—Ura media, and independent colonies were isolated on
YPD to release from selection. Individual colonies were
resuspended in water and dilutions were plated on SD —Trp
to select for nuclear deletions that restore the TRP1 gene,
YPG for mitochondrial deletions restoring the COX2 gene,
and on YPD for the total number of cells. All plates were
incubated at 30° for 3 days. To insure that functional
mtDNA was not lost in any of the DRMD reporter strains
at frequencies high enough to affect the analysis, all strains
were grown exactly as for the above assays and appropriate
dilutions were plated on YPD. The resulting colonies were
replica plated to SD —Arg and YPG. The percentages of Arg™
and respiratory-deficient colonies were between 4.4 and
7.1% for all strains, with no significant differences between
strains (P > 0.05 for all pairwise comparisons). For more
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accurate assessment of nuclear DRMD in strains, cells con-
taining both reporters were selected on SD —Arg —Ura and
independent colonies were isolated on YPD as described
above. Fifteen independent colonies were then used to in-
oculate 5-ml YPD cultures and grown to saturation. Appro-
priate dilutions were plated on YPD and SD —Trp and
incubated for 3 days at 30°.

To determine the average frequency of respiration loss,
cells were grown on YPG medium then inoculated in liquid
YPD medium. Independent colonies were isolated on YPD
and subsequently inoculated in YPD liquid. Dilutions were
plated on YPG + 0.1% dextrose allowing for analysis of
“petite” vs. respiring colonies. The rates of mitochondrial and
nuclear point mutation were determined as previously de-
scribed (Sia et al. 2000; Kalifa and Sia 2007).

Southern blot analysis

DNA samples for Southern blot analysis were prepared by
growing cells to saturation in SD complete for DFS188, SD
—Arg for EAS748, or SD —Arg —Ura for strains with the
REP96::ARG8™::cox2 mitochondrial reporter and either
PYES2.1 or pEAS100. These cultures were diluted into the
same media to an ODggq of <0.05 and grown to an ODggq of
0.3-0.4. Cells were collected and resuspended in an equal
volume of synthetic media containing 2% galactose (Sgal).
Samples were collected after 0, 0.5, 1, 2, and 3 hr, and total
cellular DNA was extracted using standard protocols. DNA
was digested with Avall and subjected to gel electrophoresis
on a 0.8% 1x TAE agarose gel containing ethidium bromide.
DNA was transferred to Amersham Hybond-XL nylon mem-
brane (GE Healthcare) using a standard Southern blotting
technique. The 583-bp COX2 DNA probe was generated by
PCR with primers 5-GACAAAAGAGTCTAAAGGTTAAG-3’
and 5’-CATCAGCAGCTGTTACAACGA-3'. The probe for the
21S rRNA sequence was constructed by amplifying ~200 bp
of the 21S rRNA mitochondrial gene using primers 5'-
GGTAAATAGCAGCCTTATTATG-3’ and 5'-CGATCTATCTA
ATTACAGTAAAGC-3'. The nuclear 25S rRNA gene probe
was generated by amplifying 193 bp with primers 5'-
CCGGTTAAGATTCCGGAAC-3" and 5-CTGTGGATTTTCACG
GGCC-3'. DNA probes were isolated in low-melt agarose
and labeled using the Prime-a-Gene labeling system (Prom-
ega) with a-32-dCTP. For each set of strains, DNA was
obtained from three to five independent experiments; rep-
resentative blots are shown in Figures 2 and 3. Quantifica-
tion of Southern blots was performed using Quantity One
software (Quantity One 1-D Analysis software; BioRad Lab-
oratories, Hercules, CA). None of the bands were saturated
in the exposures used for quantification. The percentage of
the COX2 signal represented by deletion product and break
product was calculated by measuring the intensity of the
band and dividing by the total signal for intact reporter,
the break product, and deletion product. The values dis-
played below the blot signify the average percentage of de-
letion and break product bands for each strain for at least
three independent experiments. Statistical analyses were
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performed by comparing the percentages of each product
obtained from three to five independent experiments using
paired t tests.

PCR analysis of reciprocal products

Yeast genomic DNA samples used for Southern blotting
were used as a template for PCR amplification. The 485 bp
of COX1 sequence was amplified using primers 5'-CATGTG
TATT AACTTTAGCTAGTAA-3' and 5'-TTTCCATATTGAG
TATCATTAATAATA-3', and the 489-bp fragment represent-
ing reciprocal products of recombination was amplified
using primers 5'-GATGTGAATCTTCTTGATGATGTTG-3' and
5'-TCCTTTAGCTTGTTCAGTATCAAATT-3'. To determine the
appropriate template concentrations, dilutions of the templates
were used for amplification at 25 cycles to ensure that ampli-
fications were in the linear range in this cycle number. In the
experiments presented in Figure 5, all samples were diluted
1:10 for PCR analysis. Equal volumes of the PCR-amplified
products were electrophoresed through a 1.3% agarose gel
and stained with ethidium bromide. The images were obtained
using a BioRad Gel Doc XR and band intensity was determined
using Quantity One software. To account for differences in
intensity of ethidium bromide staining, the amount of PCR
product was normalized to the corresponding 506- and 517-
bp bands from the 1-kb ladder indicated in Figure 5b. After
normalization, the ratio of reciprocal product to COX1 was
calculated.

Determination and sequencing of Kpnl resistance under
chronic mtLS-Kpnl conditions

Total genomic DNA was prepared from samples that were
grown to saturation, then subcultured twice and grown
again to saturation, resulting in ~16 generations. SD —Arg
—Ura medium was used to select for the intact REP96::
ARG8™::cox2 mitochondrial reporter and either pYES2.1 or
pEAS100.

To determine whether yeast genomic DNA samples con-
tained Kpnl-resistant (KpnI®) DNA molecules, we performed
PCR of a fragment of the ARG8™ gene using primers 5 -CTGT
AACAGCTTTAGGTCATG-3" and 5'-CATGAGGTACTAAATC
ACCG-3'. PCR products were digested with Kpnl to assess
the percentage of KpnI® molecules in each reaction. Undi-
gested PCR product was cloned into pCR2.1 using the TOPO
TA Cloning kit and transformed into TOP10F’ cells. Trans-
formants were screened for KpnI® by digestion with EcoRI
and Kpnl and analyzed on an agarose gel. KpnI® clones were
sequenced using the Functional Genomics Center at the Uni-
versity of Rochester Medical Center, Rochester, NY.

Statistical analysis

Fluctuation analyses consisted of 10-20 independent sam-
ples each. Rates were determined using the method of the
median (Lea and Coulson 1949). For strains in which the
median was O, the method developed by Luria and Delbruck
(1943) was used to estimate the upper limit of mutational
events and are indicated. The average rate or frequency
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(depending on the assay) of three or more independent
experiments is shown. P-values were determined by un-
paired, two-tailed ¢ tests using either InStat 3 for Macintosh
(GraphPad, San Diego) or Microsoft Excel for Macintosh
2011, unless otherwise indicated.

Results

Comparing the rates of nuclear and mitochondrial
DRMD events

The conservation between nuclear and mitochondrial DSBR
is largely uninvestigated. To address this, we generated
genetic reporters that are integrated into the nuclear and
mitochondrial genomes of the same yeast strains to measure
the rate of spontaneous DRMD events in both compartments
(Figure 1, a and b) (Kalifa et al. 2009). The nuclear DRMD
reporter consists of the URA3 gene inserted 99 bp into the
endogenous TRP1 gene on chromosome IV followed by the
entire TRP1 gene lacking the start codon (Kalifa et al. 2009).
The mitochondrial DRMD construct utilizes the ARG8™ re-
porter gene, a mitochondrial derivative of the nuclear ARG8
gene, recoded to reflect a mitochondrial codon preference
(Steele et al. 1996). The mitochondrial DRMD reporter con-
sists of the ARG8™ gene inserted 99 bp into the COX2 gene
in the mitochondrial genome followed by the entire COX2
gene lacking the start codon (Phadnis et al. 2005). Both
reporters contain 96-bp repeats flanking an intervening se-
quence of ~1.4 kb. Strains with both intact reporters are
phenotypically Ura®™ Trp~ Arg" and respiration deficient.
Nuclear DRMDs result in cells that are Ura~ and Trp* and
mitochondrial DRMDs result in Arg~ respiratory-proficient
cells.

Previous studies in yeast have shown that the rate of
deletions is positively correlated with the size of the repeat
length, and this correlation is linear above a minimal thresh-
old, called minimal efficient processed segment (MEPS) (Shen
and Huang 1986; Sugawara et al. 2000; Phadnis et al. 2005).
In yeast, the MEPS length is 33 bp and between 21 and 33 bp
for nuclear and mitochondrial DNA, respectively (Sugawara
et al. 2000; Phadnis et al. 2005). The identified repeat size
flanking human mtDNA deletions is typically <16 bp; how-
ever, we used the 96-bp repeat reporter to facilitate accurate
and sensitive measurements of both increases and decreases
in the rates of nuclear and mitochondrial DRMD in yeast.

Loss of Mre11/Rad50/Xrs2 and Ku70/80 complexes
significantly affects the rate of spontaneous
mitochondrial deletions

The wild-type strain displays spontaneous rates of 10.1 x
107 deletions/cell division (nuclear) and 1629 x 107
deletions/cell division (mitochondrial) (Figure 1, ¢ and d).
Therefore, repeats of the same size, separated by approxi-
mately the same distance, and tested under identical extra-
cellular and intracellular conditions appear to be 160-fold
less stable in mtDNA than in nuclear DNA. It is important to
note that we cannot directly compare the number of events
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9]

x ——

Average Rate of Deletions per 107 Cells

Ul

Wild-Type mrx-4A ku70/80-4  mrx-Aku70/80-A
D Mitochondrial Direct Repeat Mediated Deletions
10000
L
°
o
B ——F—
- 1000 |
L
a
w
c
L
3
a 100 |
=]
S
o
g
o 10 |
@ *
g
- ]
1 -
Wild-Type mrx-A ku70/80-4  mrx-Aku70/80-A

Figure 1 Nuclear and mitochondrial direct-repeat mediated deletions. (A)
Nuclear DRMD reporter consists of the URA3 gene inserted 99 bp into the
TRP1 gene followed by the entire TRP7 gene lacking the start codon
(Kalifa et al. 2009). (B) Mitochondrial reporter consists of the ARG8™ gene
inserted 99 bp into the COX2 gene followed by the entire COX2 gene
lacking the start codon (Phadnis et al. 2005). Both reporters contain 96 bp
of directly repeated sequence shown in hashed boxes. Strain with intact
reporter constructs are Ura* Trp~ Arg* and respiratory deficient. (C) Av-
erage rates of nuclear DRMD. (D) Average rates of mitochondrial DRMD
plotted on a log scale. Error bars indicate the SEM. *, at least one or more
of the rates used to determine the average was derived using the Luria
and Delbruck (1943) method due to a median value of 0.

in both compartments, as additional processes, including
replication choice and segregation of mtDNA into daughter
cells will also impact the observed rate of mitochondrial
mutations. However, from an organismal standpoint, the
end result of all of these processes is a selectable, spontane-
ous deletion frequency that is considerably higher than ob-
served for similar nuclear repeats.
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In the following studies, we examined whether the known
NHEJ proteins are required for the high frequency of DRMDs
in mitochondria. The Mrel1/Rad50/Xrs2 and Ku70/80 com-
plexes are both implicated in nuclear DRMD events (Ivanov
et al. 1996; Krogh and Symington 2004). We determined that
deletion of all three proteins of the MRX complex reduces the
rate of spontaneous nuclear (6.1-fold; P = 6.2 x 10~%) and
mitochondrial DRMD (4.5-fold; P = 1.0 x 1073) to a similar
extent relative to wild-type rates (Figure 1, ¢ and d). This de-
crease in nuclear events may result from a delay in the repair
of double-strand breaks (DSBs), since previous studies indi-
cate that the MRX complex functions in the processing of
breaks, and in its absence, the kinetics of SSA at direct repeats
are slowed but not abolished (Sugawara and Haber 1992). The
similar effect of MRX loss on nuclear and mitochondrial dele-
tions may suggest a similar function in both compartments.

In contrast, the ku70-A ku80-A mutant did not show de-
creased deletion rate in either cellular compartment; its rate
of nuclear DRMD was not significantly different from our
wild-type strain (P > 0.7); and its mitochondrial DRMD rate
was 3.4-fold higher than wild type (P = 7.6 x 10~8) (Figure
1, c and d). The lack of an effect on nuclear DRMD may
reflect a minor role of Ku70/80-mediated NHEJ in this ca-
pacity within the nucleus or suggest alternate NHEJ compo-
nents. These data are consistent with Ku70/80-mediated
NHEJ as a mechanism for preventing spontaneous mito-
chondrial deletions. In the absence of the Ku70/80 proteins,
mitochondrial breaks that were repaired to reconstitute the
original reporter may now be repaired via recombination-
dependent pathways that lead to deletions, such as SSA.

Synergistic decreases in spontaneous mitochondrial
deletions suggest separate pathways of MRX and Ku
complex activities

To test whether the MRX complex, which in yeast nuclei is
involved in both HR and NHEJ, is important for deletions in
strains lacking the Ku complex, we measured the rate of
mitochondrial and nuclear DRMD in a mutant strain lacking
the five genes representing both complexes. We observed
a >715-fold decrease in spontaneous mitochondrial DRMD
relative to wild type (P = 6.5 x 1076) (Figure 1d). These
data indicate that the mitochondrial deletions observed in
the ku70-A ku80-A strain are dependent on the MRX com-
plex. The nuclear deletion rate in the mrx mutant strain is
close to the lower limit of the assay as performed. To more
accurately measure the rate of nuclear mutation in these
strains, we allowed independent cultures to proceed through
additional divisions before measuring mutation rates, so that
larger numbers of cells could be plated on selective media.
We find that the average rate of nuclear DRMD in the wild-
type strain (18.0 x 10~7) under these conditions is slightly
higher than the rate shown in Figure 1c (10.1 x 10~7). There
was a comparable increase in the rate of DRMD in the ku70/
80-A strain (17.0 x 1077), so that there was no significant
difference in the nuclear deletion rates in these strains, consis-
tent with our previous results. The mrx-A strain shows a three-
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fold decrease relative to the wild-type (6.0 x 10~7, P = 8.6 x
1073), similar to the mmc-A ku70/80-A strain (3.1 x 10~7).
Therefore the synergistic decrease in mitochondrial DRMD
in the mrx-A ku70/80-A strain contrasts with the nuclear
phenotypes of these mutants, where the same strain displays
a rate of DRMDs not significantly different from the mrx-A
strain (P = 0.06) (Figure 1c). Synergistic decreases in mi-
tochondrial deletions seen in the five-gene deletion relative
to the strains lacking either MRX or Ku complexes alone
implies that these proteins act in separate pathways required
for the generation of mitochondrial, but not nuclear dele-
tions. Furthermore, loss of these complexes has a greater
effect on mitochondrial repetitive DNA than comparable nu-
clear sequences and suggests that the mechanisms of repair
differ between these two compartments or that mitochon-
dria lack an alternative repair pathway that can compensate
for the loss of MRX and Ku70/80 complexes in the nucleus.

The MRX and Ku complexes affect the repair
of mitochondrial double-strand breaks

Several mechanisms contribute to spontaneous DRMD events
in the nucleus; it is the interplay of these recombination and
end-joining pathways that gives rise to the deletion rates we
observe in our wild-type strains (Prado et al. 2003). Experi-
mentally induced DSBs between repeated sequences, however,
are preferentially repaired by SSA (Sugawara and Haber
1992). Thus, the contribution of individual proteins to DRMD
is influenced by how deletion events are initiated. To examine
the effect of introducing a DNA break into our mitochondrial
DRMD reporter, we constructed a yeast strain that allows us to
introduce a mtDSB between the repeated sequence. This sys-
tem takes advantage of a single Kpnl site that occurs 370 bp 3’
of the ARG8™ sequence start. To cleave this site, we fused an
N-terminal mitochondrial localization sequence to a plasmid-
borne, galactose-inducible Kpnl (mtLS-KpnlI). Addition of ga-
lactose to yeast growth medium induces mtLS-Kpnl expression,
which will be targeted to mitochondria and cleave at the
mtDNA Kpnl site. This cleavage results in a DSB with 4 -bp
3’ single-stranded complementary ends.

This system successfully generates the predicted deletion
product (Figure 2). We find that there is no significant loss
of mtDNA, as determined by the ratio of the mitochondrial
21S rRNA hybridization to the nuclear 25S rRNA control,
relative to the controls strains lacking the endonuclease.
Furthermore, the ratio of the total COX2 signal (A+B+C)
to 21S rRNA remains constant, indicating that sequences
close to the break are not preferentially lost.

At each time point, the amount of deletion product
and break product was measured and is presented as a
percentage of the total COX2 signal (Table 2). The values
below the representative blot in Figure 2b summarize the
average increase in the percentage of deletion product at 0,
0.5, 1, 2, and 3 hr after release from selection for the ARG8™
reporter for several independent experiments.

The galactose-inducible system is not tightly controlled, and
some mtLS-Kpnl is expressed in dextrose, resulting in deletion
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Figure 2 Inducing a specific mtDSB with mtLS-Kpnl. (A) Schematic of
probes used for detection of mtDSB. Dotted line indicates where the
probe anneals. (B) Representative Southern blot of Avall-digested DNA
extracted from wild-type strains after induction of mtLS-Kpnl. WT
(DFS188) contains an intact COX2 gene and was grown in SD —complete
media and time points were taken in Sgal —complete media. REP96
(EAS748) contains the REP96::ARG8™::cox2 reporter and was grown in
SD —Arg media and time points were taken in SGal —complete media.
EV (LKY623) contains the REP96::ARG8™::cox2 reporter and pYES2.1,
and was grown in SD —Arg —Ura media with time points taken in SGal
—Ura media. mtLS-Kpnl (EAS812) contains the REP96::ARG8™::cox2 re-
porter and pEAS100. It was grown in SD —Arg —Ura media and time
points were taken in Sgal —Ura media. Ctrl is the LKY623 T = 0 sample
digested with Kpnl in vitro to depict where the break product B would be
relative to the other COX2 bands. The 21S rRNA gene was probed to
detect total mtDNA. The nuclear 25S rRNA gene was probed for total
nuclear DNA. The average increases in recombinant and break product
relative to time O for several independent experiments are given. Data
were obtained by quantification of Southern blots as described in Materi-
als and Methods. Significance of increase by 3 hr after shift to galactose
was determined using paired t tests to compare the percentage of each
product before and after endonuclease induction.

product formation prior to galactose induction that comprises
roughly one-fourth of the total COX2 signal. No deletion prod-
ucts are observed in the no-plasmid and vector-only controls,
verifying that galactose does not stimulate mtDNA deletions in
the absence of Kpnl endonuclease expression. Furthermore, our
analysis reveals that 3 hr after release from arginine selection,
we continue to detect the full-length reporter. However, we see
a significant increase in the percentage of deletion product and
in a visible break product over the course of the experiment,
suggesting that new breaks are being converted into deletions
(P =3.2x 1073, and 1.7 x 102, respectively) (Figure 2).
Examination of induced DSBs in the mrx-A strain reveals
no significant differences from the wild-type strain with re-
spect to either the amount of break product or the kinetics of
increase in break product (Table 2, Figure 3a), in spite the
4.5-fold decrease in spontaneous events observed in the
mrx-A strain (Figure 1d). This may indicate that the loss

of MRX affects spontaneous deletions, but not deletions that
are promoted by endonuclease-generated DSBs in the inter-
repeat sequence. Alternatively, it may reflect a greater sen-
sitivity of the genetic assay.

In the ku70/80-A strain, there is a measureable increase
in deletion products, representing, on average, 60% of the
total COX2 signal, as compared to 26.5% in the wild-type
strain (P = 9.3 x 1073) (Table 2, Figure 3b). This is consis-
tent with the observation that DRMD events are significantly
increased in the absence of the Ku complex (Figure 1d).
However, the amount of deletion product does not increase
significantly after induction of Kpnl in the Ku-deficient
strain. Furthermore, these experiments reveal a decrease
in the visible break product in strains lacking the Ku com-
plex as a percentage of the total COX2 signal, relative to the
wild-type and mrx-A strains.

In spite of a 715-fold reduction in spontaneous deletion
events (Figure 1d), analysis of mtDNA after induction of
a DSB in the mrx-A ku70/80-A mutant revealed the accumu-
lation of the deletion product at significantly higher levels
than the wild-type strain at all time points (Figure 3c). How-
ever, as in the wild-type and mrx-A strains, the deletion prod-
uct does increase significantly in response to endonuclease
induction from an average of 42.4% of the COX2 signal to
65.0% between the 0 and 3 hr time points (P = 0.05), sug-
gesting that the mechanisms of mitochondrial DRMD differ
for spontaneous and break-induced events, as is also observed
in the nucleus. Moreover, these data suggest that, while both
increases and decreases are easily detected under spontane-
ous conditions, induction of a DSB between the repetitive
sequences may preferentially select for deletions.

The frequency of respiring cells in these cultures follow-
ing a similar 3-hr induction of mtLS-Kpnl was determined
(Table 2). In the wild-type strain, the frequency of cells that
form colonies on glycerol medium was 3.2 x 10~1, indicating
that ~1/3 of the cells in the culture carried selectable dele-
tions, in contrast to a frequency of 1.1 x 102 in the absence
of breaks. Similar results were obtained for the mrx-A and
ku70/80-A strains, so while there was no significant difference
between the ku70/80-A and wild-type strains in this experi-
ment, a statistically significant increase in deletion product
was observed in the Southern blot analysis. This may indicate
that there are not more ku70/80-A cells with deletions, but
the cells with deletions carry a higher ratio of deletion product
to intact reporter. In addition, we see that in the presence of
breaks, the frequency of DRMD products in the five-gene de-
letion increases nearly five orders of magnitude.

Reciprocal products of recombination are reduced
in the presence of induced mitochondrial DSBs,
indicating a shift in the pathway responsible for
generating deletions

In the nucleus, induction of a break between the repeats
drives repair by SSA (Sugawara and Haber 1992), a recombi-
nation pathway that does not generate reciprocal products.
Previously, we have demonstrated that other HR pathways
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Table 2 Effects of mitochondrial DSB induction

Average % deletion Average Average
Relevent genotype Plasmid Time (hr) product (SD) % breaks (SD) frequency of p*
Wild type vector 3 0.35 (0.42) — 1.1 %1073
Wild type mtLS-Kpnl 0 26.5(14.1) 1.14(1.2)

0.5 28.3(10.6) 4.42 (3.0)

1 28.8 (11.0) 7.11(3.5)

2 30.4 (13.9) 16.4 (6.1)

3 38.7 (14.7) 4.7 (6.1) 3.2x 1077
mrx-A vector 3 0.15 (0.53) — 1.9%x 1074
mrx-A mtLS-Kpnl 0 30.4 (10.2) 2.62 (1.6)

0.5 33.2(9.8) 4.19 (1.4)

1 32.7(10.2) 5.68 (1.2)

2 38.6 (9.7) 109 (2.1)

3 43.6 (7.1) 9.84 (2.0) 22x1077
ku70/80-A vector 3 0.91 (0.75) — 1.4x1073
ku70/80-A mtLS-Kpnl 0 59.6 (9.3) 0(2.6)

0.5 57.1 (9.7) 2.51 (5.5)

1 59.6 (8.9) 1.34 (3.5)

2 57.9 (7.6) 2.10 (2.5)

3 62.9 (8.7) 0(2.8) 48x 1077
mrx-A ku70/80-A vector 3 0.73 (0.29) — 4.0x 107
mrx-A ku70/80-A mtLS-Kpnl 0 41.2 (4.9 2.92 (4.6)

0.5 47.0 (3.5) 1.08 (1.0)

1 50.2 (4.1) 1.03(1.1)

2 58.2 (6.9) 1.41 (1.6)

3 62.2 (7.6) 0.97 (1.0) 2.2x 1077

such as intrachromosomal recombination or unequal sister
chromatid exchange must generate some of the spontaneous
mtDNA deletions, since reciprocal products of these recombi-
nation events can be detected (Phadnis et al. 2005). On the
basis of our current model, we predict that DSBs induced in
the interrepeat sequence will be preferentially repaired by
NHEJ or SSA; thus, although deletion events are stimulated
in strains expressing the Kpnl endonuclease, we may see a re-
duction in reciprocal products.

We used a PCR-based assay to detect reciprocal products
in the total cellular DNA samples used in the Southern blots
shown in Figures 2 and 3. This assay detects both circular
products of intramolecular recombination and duplications
that would result from unequal sister chromatid exchange,
using the primers shown in Figure 4a. To control for differ-
ences in template concentration, amplification of a fragment of
similar size from the COX1 gene was performed. This method
does not allow us to quantify the reciprocal product, since the
different primer pairs show disparate amplification efficien-
cies, but by normalizing reciprocal product to COX1 amplifica-
tion, we can compare relative amounts of reciprocal products
between strains. Consistent with our model, in the wild-type
strain, reciprocal products were reduced in strains containing
the Kpnl endonuclease plasmid (Figure 4b). This reduction
was also observed in the strains lacking the Ku complex; how-
ever, no consistent reduction in reciprocal products was ob-
served in the strain lacking the MRX complex alone. These
results, taken together with our genetic data in Figure 1d, sug-
gest that these complexes act in separate, perhaps competi-
tive pathways for the repair of mtDSBs.
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Chronic DSBs result in selection for Kpnl-resistant
reporters in wild-type yeast

Various drivers were used to promote expression of mito-
chondrially targeted Xhol in flies and resulted in severe phe-
notypes, such as inviability or ablated tissue. Expression of
endonuclease from the germline-specific nanos promoter se-
lected for viable progeny with a homoplasmic population of
mitochondrial genomes resistant to further cleavage that via
mutation of the Xhol recognition site (Xu et al. 2008). Sim-
ilarly, we considered the possibility that growth in dextrose
in the presence of a low but chronic rate of DSB production
may select for KpnI? mutants. In our experiments, the cells
have two mechanisms by which to acquire resistance to fur-
ther cutting: (1) maintaining the ARG8™ sequence but ac-
quiring point mutations in the Kpnl restriction site, as we
primarily observe in the wild-type strain, and (2) generation
of the deletion product that has lost the ARG8™ sequence
containing the recognition site from the mitochondrial ge-
nome. Under selection for arginine prototrophy, the accumu-
lation of these deleted genomes will be limited by the
requirement for maintaining sufficient genomes that still
carry the intact reporter construct.

We examined the ability of our reporter to be digested
with Kpnl following extended growth of the strains in dex-
trose medium lacking arginine. Cells were grown to satura-
tion and subcultured twice in the same medium; we estimate
that this constitutes approximately 16 generations of selective
growth. Amplification of a fragment of ARG8™ containing the
Kpnl recognition site and subsequent digestion with Kpnl,
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Figure 3 Inducing a specific mtDSB with mtLS-Kpnl in MRX and KU70/80
mutant strains. (A) Induction of a specific mtDSB in mrx-A cells. EV
(LKY642) contains the REP96::ARG8™::cox2 reporter and pYES2.1, and
mtLS-Kpnl (LKY648) contains the REP96::ARG8™::cox2 reporter and
pEAS100. (B) Induction of a specific mtDSB in ku70/80-A cells. EV
(LKY644) contains the REP96::ARG8™::cox2 reporter and pYES2.1, and
mtLS-Kpnl (LKY650) contains the REP96:ARG8™::cox2 reporter and
pEAS100. A darker exposure of this blot is shown so that the break
product can be seen. (C) Induction of a specific mtDSB in mrx-Aku70/
80-A cells. EV (LKY646) contains the REP96::ARG8E™::cox2 reporter and
pYES2.1, and mtLS-Kpnl (LKY652) contains the REP96::ARG8™::cox2 re-
porter and pEAS100. All strains were grown in SD —Arg —Ura media and
time points were taken in SGal —Ura media. Total DNA was extracted,
digested with Avall, and subjected to gel electrophoresis on a 0.8% aga-
rose gel prior to Southern blotting. Ctrl is the EV T = 0 sample digested
with Kpnl in vitro to depict where the break product B would be relative
to the other COX2 bands. The 21S rRNA gene was probed to detect total
mtDNA. The nuclear 255 rRNA gene was probed for total nuclear DNA.
The average increases in deletion and break product relative to time
0 for several independent experiments are given. Data were obtained
by quantification of Southern blots as described in Materials and

revealed that ~70% of the DNA that still contains ARG8™ are
Kpnl resistant (KpnI®) (Figure 5, Table 3). Sequencing of
cloned fragments indicates the accumulation of mutations
in the Kpnl recognition site blocking further cleavage (Table
4). These may be spontaneous mutations that are preexisting
in the mtDNA population, but their high frequency and di-
versity suggest that they may result from a successful cleav-
age event followed by nondeletion-generating repair.

Yeast strains lacking MRX or Ku complexes show
reduced Kpnl-resistant mutations

Under DSB-inducing conditions, as described in Figure 3b,
analysis of mtDNA in Ku-deficient strains expressing mtLS-
Kpnl revealed a greater accumulation of the deletion prod-
uct than in the wild-type strain, at all time points. These
studies show that even in medium that selects for the pres-
ence of the ARG8™ gene, nearly 60% of the molecules carry
a deletion of the ARG8™ reporter. The maximum we have
observed is 67% deletion product at the start of our induc-
tion experiments, and this may reflect the maximum that
can be sustained while cells are growing under selection
for arginine prototrophy. Furthermore, under chronic expo-
sure to mtLS-Kpnl, the majority (55.6%) of mtDNA mole-
cules with the intact ARG8™ reporter remain Kpnl sensitive
(KpnI®) in the ku70/80-A strain (Table 3). Consistent with
the genetic data for spontaneous DRMD, deletions are pre-
ferred in the strain lacking the Ku complex. Similarly, nu-
clear studies have shown an increase in HR when NHEJ is
defective (Clikeman et al. 2001; Mansour et al. 2008).

In the mrx-A strain, short-term induction of mtLS-Kpnl
results in deletion product accumulation at a frequency similar
to the wild-type strain (Figure 3a), and after chronic exposure
to endonuclease, the majority (67.8%) of intact reporters re-
main sensitive to Kpnl digestion (Table 3). On the basis of
similar nuclear studies (Boulton and Jackson 1996), we hy-
pothesize that the KpnI® molecules in the mrx-A strain resulted
from Ku-dependent classical NHEJ, in which the DSB is reli-
gated with high fidelity to the original sequence.

We considered the possibility that loss of the MRX or Ku
complexes results in an increase in the maintenance of
heteroplasmic mtDNA populations; however, in these mu-
tant strains, the ability to maintain mixed populations was
reduced (data not shown). Together, these data suggest that
pathways that do not contribute to mutagenesis at the site of
a DSB are preferred in the absence of MRX or Ku complexes,
suggesting that the induced break is repaired by either error-
free classical NHEJ or recombination.

Of the mtDNA molecules that maintain the ARG8™ se-
quence after chronic mtLS-Kpnl exposure, in the absence
of both the MRX and Ku complexes, ~80% have acquired
KpnlR, suggesting a strong selective pressure for the deletion
product or KpnI® molecules (Table 3). Furthermore, while all

Methods. Significance of increase by 3 hr after shift to galactose was
determined using paired t tests to compare the percentage of each prod-
uct before and after endonuclease induction.
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combination. In addition to the deletion product
we select, HR pathways may produce the reciprocal
products shown in (A). The circular product would
be produced by homologous recombination be-
tween repeats within the same mitochondrial ge-
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the mutations giving rise to KpnI® in the wild-type strain are
transversions, only 19.5% of the mutations identified in the
mrx-Aku70/80-A strain are the result of transversions, sug-
gesting that the mechanism of mutagenesis may differ be-
tween the wild-type and mrx-Aku70/80-A strains (Table 4).

MRX and Ku complex deletion reveals distinct pathways
for DRMD and petite formation

Respiration loss in yeast, scored by decreases in colony-forming
units on a nonfermentable carbon source, can result from
multiple types of mtDNA instability, including point mutations,
large-scale deletions or rearrangements, or complete loss of the
mitochondrial genome (Dujon 1981). Strains that lack respi-
ration competence are termed petite because of their smaller
colony size on solid medium. In laboratory strains, spontane-
ous petite formation occurs at a high frequency and most often
results from large deletions and subsequent amplification of
the remaining sequence. It has been proposed previously that
these deletions are facilitated by direct repeats (Dujon 1981).

We find that deletion of the MRX complex causes a 2.4-
fold increase in respiration-deficient cells compared to wild
type (P = 3.2 x 10~4), while deletion of KU70 and KUS0 did

not affect the frequency of respiration loss (Table 5). How-
ever, deletion of all five genes increased respiration loss
relative to both wild type (3.5-fold; P = 2.6 x 1073) and
the mrx-A mutant alone (1.5-fold; P = 0.04). The increase
in respiration loss concurrent with a dramatic decrease in
DRMD in the mrx-Aku70/80-A mutant suggests that respira-
tion loss in yeast is mechanistically distinct from these DRMD
pathways.

Nuclear point mutation accumulation does not correlate
with mitochondrial phenotypes

We considered the possibility that the dramatic effects on mi-
tochondrial DRMD events in the strains lacking the MRX and
Ku complexes result from increased nuclear mutagenesis. We
observe that nuclear DRMDs are not increased in the mutant
strains; however, it is possible that point mutations may in-
crease. We used the spontaneous acquisition of canavanine
resistance (Can®) to estimate the rate of nuclear DNA point
mutation. Deletion of KU70/80 had no effect on Can® rate
(P = 0.8), while loss of the MRX complex or the combined
five-gene deletion resulted in a modest twofold increase (P =
1.1 x 1073 and P = 2.1 x 10™4, respectively) (Table 5).

Figure 5 Analysis of Kpnl resistance. Representa-

] tive gel of PCR amplification and digestion with

Kpnl in vitro of time O samples grown under
chronic DSB conditions. Cells were grown to satu-
ration in SD —Arg —Ura, then subcultured twice in

the same media, and total DNA was extracted for

PCR. Amplification of the ARG8™ fragment from
LKY 196 served as the control for KpnI® (R) and Kpnl
sensitive (S) populations. Quantification of inde-
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pendent experiments is present in Table 3.
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Table 3 Percentage of KpnIR relative to total ARG8™

Relevant genotype Percent KpnI®

Wild type 71.9 (67.7-76.0)
mx-A 32.2 (30.7-33.7)
ku70/80-A 44.4 (40.6-48.1)
mix-Aku70/80-A 78.1 (73.9-82.3)

95% confidence limits shown in parentheses.

To estimate mtDNA point mutation accumulation, we
measured spontaneous resistance to erythromycin (EryR).
Specific changes to the mitochondrial 21S rRNA gene confer
EryR; therefore, we can estimate the genome-wide rate of
spontaneous mtDNA point mutation by measuring the rate
of resistance to the drug. We found that in the five-gene
deletion mutant there is a 12.3-fold decrease in EryR rate
relative to wild type (P = 0.01), while loss of each separate
complex has no effect (P = 0.3, in both cases) (Table 5).

Nuclear point mutation accumulation cannot account for
the mitochondrial phenotypes we observe, because the
strain lacking the MRX complex alone, and the five-gene
deletion strain, display the same nuclear point mutation
rates, but different mitochondrial DRMD and point mutation
rates. These data demonstrate the relatively modest effect of
MRX and Ku70/80 on nuclear mutation avoidance, while
supporting a hypothesis in which these complexes con-
tribute directly to mitochondrial mutagenesis, possibly via
error-prone joining of DSBs. DSB repair-dependent muta-
genesis has been observed in organisms, including Escheri-
chia coli, yeast, and humans (Strathern et al. 1995; Bentley
et al. 2004; Yang et al. 2008b; Shee et al. 2011). In E. coli the
same mechanisms have been found to be responsible for
mutagenesis at the sites of DSBs as well as spontaneous
mutations (Shee et al. 2011).

Discussion

Genes essential for electron transport and oxidative phos-
phorylation are encoded within the mitochondrial genome,
making the maintenance of mtDNA essential for most
eukaryotic cells. In spite of the requirement for functional
mitochondria, for many years the prevailing theories held
that DNA repair mechanisms were limited relative to nuclear
repair pathways. The multicopy nature of the mitochondrial
genome made it possible to posit that damaged genomes
were degraded, or simply not replicated, and early experi-
ments seemed to support this hypothesis (Liu and Demple
2010). Although mitochondrial base excision repair (BER)
pathways were well studied in the repair of oxidative dam-

Table 4 Sequencing of KpnIR clones

age, and isoforms of the nuclear BER proteins were found
in mitochondria in diverse organisms (Boesch et al. 2011),
recombination and other forms of DSBR remained con-
troversial, in part due to the difficulty in directly detecting
recombination in a uniparentally inherited genome. As a re-
sult, many of the tests performed to assess recombination
have been indirect, and the results have been contradictory
(Jorde and Bamshad 2000; Elson et al. 2001; Wiuf 2001;
Innan and Nordborg 2002; Piganeau and Eyre-Walker
2004). A recent study suggests that these indirect tests
may not be sufficient to detect recombination in even in
a dataset where recombination has been demonstrated ex-
perimentally (White and Gemmell 2009).

However, more direct experimental evidence for recom-
bination and end joining in mammalian mitochondria,
derived from in vivo and in vitro studies, has accumulated
in recent years (Poulton et al. 1993; Thyagarajan et al. 1996;
Coffey et al. 1999; Lakshmipathy and Campell 1999;
Kajander et al. 2001; Kraytsberg et al. 2004). The finding
that some of the known nuclear DSBR proteins are localized
to the mitochondria has suggested that, like BER, some of
these pathways may be operational in both nuclear and
mitochondrial compartments.

Initial studies suggest that Mre11 and Ku80 are localized to
mammalian mitochondria and function to maintain mtDNA
(Coffey and Campbell 2000; Dmitrieva et al. 2011); however,
detailed mechanistic studies of recombination and DSB repair
remain difficult in this system. In addition, it remains possible
that although the rate of recombination may be lower in mam-
malian mtDNA than that of yeast, the mechanisms may be
conserved.

We, therefore, employed the S. cerevisiae model system, in
which specific types of mutagenic events can be efficiently
assessed. Taken together, our data provide evidence of a role
for the MRX and Ku70/80 complexes in at least partially re-
dundant pathways in mitochondrial genome maintenance. In
addition, the significant changes we observe in spontaneous
DRMD in mtDNA in the absence of these complexes are more
substantial than the nuclear DRMD phenotype conferred by
their loss. Pathways dependent on either Ku or MRX com-
plexes are responsible for the bulk of repeat-mediated dele-
tions observed in our system.

These results support a model in which there are at least
two mechanisms for mtDSBR: one that results in deletion of
one homologous repeat and the intervening sequence via
HR and another in which the break is processed and ligated,
resulting in point mutations surrounding the break point (Fig-
ure 6). Our construct cannot distinguish between uncleaved

372 373 374 375
Position T-A T-C A-G -G -G C-A -G CT Other Total
Wild type 47.6 (10) 0 0 0 4.8 (1) 0 42.9 (9) 0 4.8 (1) 100 (21)
mrx-A ku70/80-A 34.1 (14) 12.2 (5) 2.4 (1) 0 0 34.1 (14) 0 4.9 (2) 12.2 (5) 100 (41)
Sample size (n) shown in parentheses.
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Table 5 Analysis of mutational events

Average median frequency
of respiration loss

Average rate of
erythromycin resistance

Average rate of
canavanine resistance

Strains % Fold change P-value Rate (x 108) Fold change P-value Rate (x 108) Fold change P-value
Wild type 2.3 — — 10.6 — — 22.2 — —
mrx-A 54 2.4 3.2x 1074 9.4 1.1 0.3 52.1 2.3 1.1x 1073
ku70/80-A 1.8 1.2 0.5 10.4 1.0 0.9 23.1 1.0 0.8
mrx-A ku70/80-A 8.0 3.5 2.6x 1073 0.92 12.3 0.01 47.8 2.2 2.1x 1074

? At least one rate was calculated using the method of Luria and Delbruck (1943).

DNA and DNA that has been cleaved and ligated with fidelity.
We interpret the increase in deletions that we see in the ab-
sence of the Ku complex as support for such error-free repair,
occurring through classical NHEJ, and compensated for by
alternative pathways when NHEJ is compromised. This obser-
vation is consistent with a competition for substrates between
HR and NHEJ and suggests that, as in the nucleus, multiple
related HR and NHEJ pathways exist in mitochondria.

Competition of HR and NHEJ pathways for DSBs may also
explain the significant decrease in detectable break products
in the strains lacking the Ku complex. Binding of Ku to the
ends of DNA breaks may block or delay the exonucleolytic
processing of the induced DSB that is required to generate the
3’ single-strand DNA ends for initiation of HR, as has been
observed for nuclear DSBs (Clerici et al. 2008; Shim et al.
2010). In the absence of Ku, repair would shift to HR, and
more efficient processing of the 5’ ends would result in loss of
a discrete break product in the DNA samples used for South-
ern blotting. We cannot rule out an alternative model in
which the DNA is a poor cleavage substrate in the absence
of Ku70/80; however, we favor the first hypothesis, since the
presence of the Kpnl endonuclease stimulates accumulation
of the deletion product in these strains.

Our previous studies indicated that at least some of the
DRMDs in wild-type yeast were generated by HR pathways
that generate reciprocal products (Phadnis et al. 2005).
Here, we see a reduction in reciprocal products of direct
repeat recombination in the presence of DSBs targeted to
the interrepeat sequence. This would be a logical outcome of
driving break repair to the SSA pathway, which does not
generate reciprocal products, as we see in the nucleus
(Sugawara and Haber 1992). It may seem counterintuitive
that the absence of the Ku complex would exacerbate the
loss of reciprocal products. However, it is likely that recip-
rocal products are generated when recombination is initi-
ated within the short, directly repeated sequences and not
by breaks in the intervening sequence. Therefore, it may be
that repair of the DSBs in the intervening sequence by NHEJ,
without loss of the repeats, restores the reporter sequence as
an available substrate for reciprocal recombination events.

Our studies are consistent with a direct role for the
proteins of the MRX and Ku complexes in the repair of
mitochondrial DSBs. The identification of Mrellp and
Rad50p in the mitochondrial proteome of yeast further sup-
port this model (Sickmann et al. 2003). Targeting of the Ku
complex proteins in yeast has not been demonstrated; how-
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ever, an isoform of Ku80 is required for DNA end-binding
activity in extracts of purified mouse mitochondria (Coffey
and Campbell 2000). Other nonnuclear functions have been
demonstrated for the Ku proteins in mammalian cells, and
nuclear, cytoplasmic, and membrane localizations have all
been reported (reviewed in Koike 2002). Further studies
will examine the recruitment of repair proteins to mitochon-
drial DSBs and effects on DSB processing.

In our inducible system, Kpnl endonuclease expression is
leaky under repressed conditions. This leads to a low level of
chronic breaks, even before we induce its expression, stim-
ulating deletion events. Analysis of the DNA from these
strains indicates no loss of mtDNA content relative to nu-
clear DNA, suggesting that the DNA is repaired and not de-
graded. Three hours after induction of DSBs, we continue to
see maintenance of the mitochondrial genome at wild-type
levels, in spite of the fact that visible break product accounts
for, on average, 15% of the COX2 signal. In mice, induction
of DSBs in the mitochondrial genome was shown to result in
significant depletion of mtDNA (Srivastava and Moraes
2005; Bacman et al. 2007, 2009). This may reflect a differ-
ence in the efficiency of DSBR in yeast and mammals; how-
ever, significant differences in the experimental design
may also explain our disparate observations. In the mouse
model, multiple recognition sequences for the restriction
endonuclease used are present in the mitochondrial genome
(Srivastava and Moraes 2005; Bacman et al. 2007), while in
our system a single site is available for cleavage, potentially
affecting the efficiency of repair. It is possible that the loca-
tion of the break in our system between two long direct
repeats also improves repair of these lesions.

Although our work indicates that at least some of the same
proteins are important for both nuclear and mitochondrial
DSBR and DRMDs, the hierarchy of pathways may not be the
same as in the nucleus, or some alternative nuclear pathways
do not exist in mitochondria. At this point, the proteins
required for mitochondrial reciprocal recombination events
are not known, although other proteins involved in nuclear
HR (Rad51, Rad51C, and Xrcc3) were recently identified in
human mitochondria (Sage et al. 2010), suggesting that these
recombination pathways may be conserved and should be tar-
gets of future study. Further characterization of the proteins
involved in nuclear DSBR as well as mitochondrial-specific
proteins may aid in unraveling the multiple pathways that
can act in the formation of mtDNA deletions and the repair
of mtDSBs in both yeast and mammals.
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Figure 6 Model for repair of DSB in the mitochondrial compartment. A
proposed model is shown for mtDSBR when the DSB occurs between
directly repeated sequences. There is competition between MRX and
Ku70/80 complexes for the break substrate. When repair is promoted
by MRX, the favored repair pathway is HR. This model depicts SSA in
which DSBR results in a deletion product and does not produce reciprocal
product; however, MRX could also promote other types of HR repair. If
repair occurs via Ku-dependent repair, the primary pathway would be
classical NHEJ, in which the ends of the breaks are protected and reli-
gated together restoring the original sequence. Alternatively, degradation
at the break site resulting in complete loss of the intervening sequence,
subsequently followed by end binding and ligation, would result in a de-
letion product.
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