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ABSTRACT
Loss of Abf2p, an abundant mitochondrial nucleoid-associated protein, results in increased mitochon-
drial frameshifts and direct-repeat mediated deletions but has no effect on the rate of mitochondrial point
mutations. The instability of repeated sequences in this strain may be linked to the loss of mitochondrial

DNA in abf2-A strains.

functional mitochondrial genome is essential for
the survival of eukaryotic cells. Several inherited
neurodegenerative disease syndromes arise as a result
of mitochondrial mutation. Deletions and rearrange-
ments of the mitochondrial DNA (mtDNA) are easily
detected and have been found in a variety of tissue
types in aging mammals. Accumulation of deletions in
mtDNA of mice lacking the proofreading domain of
the mitochondrial polymerase, Poly, has been linked to
precocious aging of these animals (VERMULST et al. 2008),
underscoring the importance of maintaining mitochon-
drial genome stability. Similar mutations are also observed
in mitochondria of S. cerevisiae. When yeast cells are grown
on a fermentable carbon source such as glucose,
nonrespiring, “petite” variants arise that form smaller
colonies than respiring cells (Dujon 1981). Analysis of
deletion junctions in mtDNA from petite cells suggests
that at least some mutations arise by recombination
between directly repeated sequences (Dujon 1981).
mtDNA is organized into nucleoids, structures that
are more DNase resistant than naked DNA (WILLIAMSON
1976; M1YARKAWA et al. 1987, 1995; NEWMAN ef al.
1996). Each nucleoid consists of multiple mitochon-
drial genomes and tightly associated proteins. In yeast,
the most extensively studied nucleoid-associated pro-
tein is Abf2p, which shows homology to HMG (high
mobility group) proteins that bend DNA and are
involved in nuclear transcription and chromatin pack-
aging. ABF2 is a nuclear gene whose deletion gives rise
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to rapid loss of mtDNA when cells are grown on a
fermentable carbon source, although cells can maintain
mtDNA when grown in media that selects for mitochon-
drial gene expression (DIFFLEY and STiLLMAN 1991).
Yeast abf2-A strains can be rescued by both the Escherichia
coli HU protein and the human homolog of Abf2p, h-
mTFA, suggesting broad conservation of at least some
functions (MEGRAW and CHAE 1993; PARIsI et al. 1993).
Chromatin immunoprecipitation experiments have
demonstrated that Abf2p binds most regions of the
mtDNA, with a higher affinity for GC-rich sequences. In
addition, there is a decreased Abf2p to DNA ratio in
glycerol grown cells relative to those grown in dextrose.
This decrease correlates with the increased sensitivity of
nucleoids to DNase I treatment, suggesting that the
genome is more loosely condensed as the availability of
Abf2p declines (Kucgj et al. 2008).

Studies have implicated Abf2p in histone-like DNA
packaging, replication, and in the localization of other
mitochondrial proteins to nucleoids (NEWMAN el al.
1996; ZELENAYA-TROITSKAYA ¢t al. 1998; FRIDDLE et al.
2004). In addition, a role for Abf2p in mtDNA re-
combination has been proposed. In crosses, mitochon-
drial recombinants were obtained approximately
fivefold less frequently when both parents were deleted
for ABF2 than in wild-type crosses. This suggests a role
for Abf2p in promotion of recombination events;
however, this analysis is complicated by the fact that
altered mtDNA and protein mixing during mating was
observed in these strains (ZELENAYA-TROITSKAYA et al.
1998). The significant changes to mitochondrial nucle-
oid structure and organization observed in abf2-A strains,
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TABLE 1

Rates of mutation in the mitochondrial genome

Rate of Rate of direct
microsatellite repeat-mediated
% petites Rate of ery® instability deletion
Wild-type 0.35 2.0 X 10°® 6.5 X 1077 0.7 X 10"
abf2-A 81 2.1 X 10°* (1.1-fold) 4.0 X 10°° (6fold, P = 0.01) 3.6 X 10" (5-fold, P < 0.0001)

The percentage of petite cells was determined by selecting respiring cells in glycerol medium (YPG), then isolating independent
colonies on synthetic dextrose medium to release selection. For each experiment, at least 20 independent colonies were resus-
pended in sterile water and appropriate dilutions were plated on YPG + 0.1% dextrose. Petiteand grande colonies were scored after
4 days incubation at 30°. The rate of erythromycin resistance (ery®) was determined as described (MOOKERJEE and S1a 2006). To
measure the rate of microsatellite instability, independent colonies containing the reporter were grown with glycerol selection for
3 days at 30°, resuspended in sterile water, and appropriate dilutions were plated on YPG to determine the number of respiring
cells, and synthetic dextrose medium lacking arginine (SD —Arg), to select for reversion of the ARGS” frameshift. Arg* colonies
were scored after 7 days at 30°. Rates of DRMD were determined similarly: strains were grown for 2 days on SD —Arg to select the
reporter; independent colonies were isolated on SD medium and allowed to grow for 3 days at 30°. Cells from 20 independent
colonies were resuspended in sterile water and appropriate dilutions plated on YPG and SD —Arg. Recombinants were scored on
YPG after 3 days at 30°. All experiments were performed at least three times. All rates were calculated by the method of the median
(Lea and Courson 1949), and two-tailed P-values were calculated using an unpaired ttest performed by Instat3 for Macintosh

(GraphPad Software).

even under conditions where mtDNA was retained,
prompted us to test whether mutations accumulate in
the mitochondrial genome under these conditions.

As previously reported, abf2-A strains rapidly lose
mitochondrial function after cells are shifted to me-
dium containing a fermentable carbon source. In our
strain background, 81% of abf2-A cells are petite after
~18 generations of growth in dextrose, as compared to
0.35% in the wild-type control (Table 1). MtDNA can be
maintained in abf2-A strains when grown in medium
containing a nonfermentable carbon source; however, it
is not known whether the mitochondrial genome dis-
plays higher rates of mutation under these conditions.
To determine the role of Abf2p in preventing genome
instability under conditions in which mitochondrial
genome retention is selected, we examined the effect
of an ABF2 deletion on a broad spectrum of mitochon-
drial mutations. Using erythromycin, we are able to
measure rates of point mutation accumulation, as
erythromycin resistance is conferred by point mutations
in the mitochondrially encoded 21S rRNA gene. As
shown in Table 1, there is no effect of deletion of ABF2
on the rate of mitochondrial base substitutions.

Microsatellite sequences are sensitive indicators of
genomic instability, and mitochondrial microsatellite
instability can also be monitored in yeast using a pre-
viously constructed reporter (KarLira and Sia 2007).
This reporter makes use of a synthetic mitochondrial
gene, derived from the S. cerevisiae nuclear ARGS gene,
whose encoded protein functions within the mitochon-
dria in the biosynthesis of arginine. ARGS has been
recoded to reflect the codon usage of a mitochondrial
gene, and this synthetic gene is called ARGS”. Insertion
of ARGS” into the mitochondrial genome as a trans-
lational fusion with a mitochondrially encoded gene
complements a chromosomal arg8-A allele, resulting in

strains that are phenotypically Arg"™ (STEELE et al. 1996).
Microsatellite sequences consisting of poly(GT) repeats
were introduced into the mitochondrial genome, inter-
rupting the reading frame of ARGS" and creating
frameshift mutations that will be translated in the +2
reading frame, designated (GT)¢+2::arg8". The mi-
crosatellite reporter has been inserted 5’ of COX2in the
mitochondrial genome, and the cells containing this
reporter maintain respiratory function, allowing us to
select for functional mitochondria and retention of the
reporter in the abf2-A cells (Figure 1A). We find that
deletion of ABF2results in a sixfold increase in the rate
of microsatellite instability (Table 1).

To determine whether loss of Abf2p results in a
general destabilization of repetitive DNA, we made use
of a reporter strain that allows us to measure the rate at

(GT),61+2
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Ficure 1.—Reporters to measure the stability of repetitive
sequences in mtDNA. (A) The microsatellite reporter. The
open arrows indicate the ARGS” and COX2 coding sequences.
The location of the site used for insertion of the microsatellite
sequence in the ARGS" coding sequence is indicated. (B) The
mitochondrial direct repeat-mediated deletion reporter. The
striped boxes represent the 96 bases of COX2 sequence 3’ of
the ATG start. The open arrows indicate the ARGS” coding
sequence, including the ATG start fused in-frame with the
COX2 sequences, and the remainder of the COX2 sequence,
respectively. Recombination between the repeated sequences
restores the functional COX2 gene.
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F1GURE 2.—Viability and respiration loss of yeast strains fol-
lowing exposure to UV light. (A) Fraction of the total number of
cells that are viable. (B) Fraction of viable cells that are respira-
tion competent. For each experiment, yeast cells were grown to
saturation in YPG medium. Dilutions were plated on YPG +
0.1% dextrose plates in duplicate. Plates were exposed to 0-70
J/m?* UV light and incubated for 4 days at 30° in the dark to pre-
vent repair by photolyase. Plates were then scored for viability
and respiring and nonrespiring cells. The percentage of non-
respiring cells averaged over 2-3 independent experiments is
shown. Error bars indicate the standard error of the mean.

which direct repeat-mediated deletions (DRMDs) occur
(PHADNIS et al. 2005). This strain consists of 96 base
pairs of directly repeated COX2 sequence flanking the
ARGS8" reporter gene integrated at the COX2 locus in
the mitochondrial genome (Figure 1B). Cells with the
intact reporter are prototrophic for arginine and
respiration deficient, due to the interrupted COX2
gene. DRMD events at this site restore an active COX2
locus, thereby restoring respiration competence. The
rate of these events can be estimated by selecting
recombinants on a nonfermentable carbon source.
Previously, it had been hypothesized that Abf2p plays a
role, perhaps directly, in mitochondrial recombination
(MACALPINE ¢t al. 1998). However, we find a significant
increase in mitochondrial DRMDs in the abf2-A cells
(Table 1), indicating that these events are suppressed in
the presence of Abf2p. These results do not support a
model in which Abf2p is important for promoting
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mtDNA recombination at directly-repeated sequences
in yeast cells during mitosis.

To determine whether mtDNA in the strain lacking
Abf2p was more vulnerable to DNA damage, we tested
the UV sensitivity of the abf2-A strain for respiratory
function. An increase in petite cells was observed in an
otherwise wild-type strain carrying an abf2-A mutation
relative to the wild-type strain after UV exposure;
however, no significant difference in viability was ob-
served. Therefore, mitochondrial function is specifi-
cally affected in the mutant (Figure 2), suggesting that
Abf2p may be involved in protection or recovery of
mtDNA from UV-induced damage.

We conclude that although the mitochondrial ge-
nome is maintained under selective conditions in the
abf2-A strain, alteration of the nucleoid structure in
these mutants results in increased mutagenesis and
increased sensitivity to DNA damage. Previous studies of
RECA3and MSHI mutants in Arabidopsis, and MSH1 in
yeast, have demonstrated that these nuclear-encoded
proteins suppress mitochondrial recombination at
short direct repeats. In yeast, however, these mutants,
unlike the abf2-A cells, also display increased rates of
point mutation accumulation (MOOKERJEE and Sia
2006; SHEDGE ¢t al. 2007), suggesting that the suppres-
sion by Abf2p may be mechanistically distinct.

The instability of repeated sequences in the adf2-A
strain may be linked to the high rate of respiration loss
observed in this strain. Because the mitochondrial
genome is completely lost in these strains, ABF2 de-
letion likely results in improper regulation of mtDNA
replication or segregation under fermentative condi-
tions. Mitochondrial nucleoid organization is altered in
response to growth conditions, and the stable mainte-
nance of mtDNA is dependent on enzymes normally
involved in metabolism (Acolp) and amino acid bio-
synthesis (Ilvbp), which appear to directly link growth
conditions to changes in nucleoid structure (ZELANAYA-
TROITSKAYA ef al. 1995; CHEN el al. 2005). The over-
expression of Acolp and Ilvbp can suppress the loss of
mtDNA in the abf2-A cells and may likewise suppress the
instability of repetitive mtDNA.

This work was sponsored by National Science Foundation grant
MCB0543084.
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