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ABSTRACT

Nucleic acid-dependent ATPases are involved in
nearly all aspects of DNA and RNA metabolism.
Previous studies have described a number of mito-
chondrial helicases. However, double-stranded DNA-
dependent ATPases, including translocases or en-
zymes remodeling DNA-protein complexes, have not
been identified in mitochondria of the yeast Saccha-
romyces cerevisae. Here, we demonstrate that Irc3p
is a mitochondrial double-stranded DNA-dependent
ATPase of the Superfamily Il. In contrast to the other
mitochondrial Superfamily Il enzymes Mss116p,
Suv3p and Mrh4p, which are RNA helicases, Irc3p
has adirect role in mitochondrial DNA (mtDNA) main-
tenance. Specific Irc3p-dependent mtDNA metabolic
intermediates can be detected, including high lev-
els of double-stranded DNA breaks that accumulate
in irc3A mutants. irc3A-related topology changes in
rho- mtDNA can be reversed by the deletion of mito-
chondrial RNA polymerase RPO41, suggesting that
Irc3p counterbalances adverse effects of transcrip-
tion on mitochondrial genome stability.

INTRODUCTION

Mitochondria are dynamic eukaryotic organelles required
for energy production and for a number of catabolic and an-
abolic pathways. Most mitochondrial proteins are encoded
by the nuclear genome and are imported into mitochondria
via a post-translational mechanism (1). However, a small
number of essential respiratory chain peptides (8 in yeast)
are encoded by mitochondrial DNA (mtDNA) (2). As a re-
sult, defective maintenance of the mitochondrial genome
contributes to mitochondrial dysfunction, which in humans
can lead to metabolic diseases, cancer, neurological disor-
ders and contribute to aging (3-5).

Yeast mtDNA is replicated by the single-subunit DNA
polymerase y (2,6). While a large number of genes affecting
the stability of the mitochondrial genome in the yeast Sac-

charomyces cerevisiae have been identified (7), the functions
of many accessory proteins required for mtDNA mainte-
nance have only partially been established. In vivo studies
of mtDNA metabolism have been conducted in two rather
different mitochondrial genetic backgrounds, using either
wild-type (wt) (rho+) or respiratory deficient rho— strains.
Relatively little is known about the replication process and
intermediates of the wt rho+ mitochondrial genome of S.
cerevisiae, which is about 85 kb long (2,6). In most cases,
respiratory inactive r1o— mutants have been studied, where
a short (often less than 1 kb) non-functional mtDNA frag-
ment is retained and amplified as tandem repeats (8). Prefer-
ential transmission of specific hypersuppressive (HS) rho—
mitochondrial genomes in genetic crosses, similarity be-
tween the ori sequences found in HS mutants and the heavy-
strand origin in mammalian mtDNA, and biochemical ev-
idence on RNA-DNA hybrid molecules have generated a
model of transcript mediated initiation of DNA synthe-
sis at the ori elements of yeast mtDNA (9). According to
this model, mitochondrial RNA polymerase Rpo41p func-
tions also as a primase during the initiation of mtDNA syn-
thesis (10-13). It should be noted that several protein fac-
tors are not required for rho— genome maintenance, but es-
sential for the wt rho+ mitochondrial genome, indicating
that the inheritance mechanisms of the rio+ genome are
more complex compared to rho— mutants (14-16). Mito-
chondrial protein synthesis is essential for the stability of
the rho+ mtDNA (17). Therefore, mutants that affect mi-
tochondrial transcription, splicing or ribosomal RNA mat-
uration also destabilize the rho+ mtDNA, further compli-
cating functional assignment of proteins involved in mito-
chondrial nucleic acid metabolism.

Defective mitochondrial gene expression and the accu-
mulation of mitochondrial genome mutations can dam-
age the respiratory chain complexes. This in turn can im-
pact the stability of the nuclear genome through mecha-
nisms that could involve the generation of reactive oxygen
species and the synthesis of iron sulfur clusters that requires
proper mitochondrial membrane potential (18,19). Previ-
ously, a genome-wide screen for increased levels of spon-
taneous Rad52 foci was carried out in S. cerevisiae to iden-
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tify mutants that affect formation and processing of double-
stranded breaks in nuclear DNA (20). A group of genes
identified in the screen had known or predicted functions in
mitochondria, supporting the idea that mitochondrial dys-
function can be harmful for the integrity of nuclear DNA
or activate a damage response signaling pathway. In addi-
tion to previously characterized genes, the screen also iden-
tified 22 novel IRC genes (IRC, Increased Recombination
Centers) with no known biological function. This group of
genes included IRC3, which had been predicted to encode
a mitochondrial protein in a large-scale green fluorescent
protein (GFP)-fusion protein localization study (21).

In silico analysis suggests that Irc3p belongs to a large
group of proteins, historically known as the superfamily I1
(SFII) of helicases (22-24). SFII proteins possess RNA he-
licase, DNA helicase or nucleic-acid translocase activities
(22). Yeast mitochondria contain three previously charac-
terized SFII enzymes, Mssl16p, Suv3p and Mhr4, all in-
volved in RNA metabolism. Mss116p, a general RNA chap-
erone, is required for intron splicing and translational acti-
vation (25-29). Suv3p is a key component of the mitochon-
drial RNA degradasome, has a role in splicing and possi-
bly in mtDNA maintenance (30-33). Mhr4p is involved in
mitochondrial ribosome biogenesis (34,35). The enzymatic
activities and the biochemical functions of Irc3p are un-
known.

Here, we confirm that Irc3p is targeted to mitochondrial
matrix and possesses double-stranded DNA (dsDNA)-
dependent adenosine triphosphatase (ATPase) activity. Our
analysis of mutant yeast strains reveals that in contrast to
the other mitochondrial SFII family proteins, Irc3p is di-
rectly involved in mtDNA metabolism. Furthermore, our
data suggest that Irc3p could stimulate recombination-
dependent double-stranded break repair and could have a
role in the stable maintenance of actively transcribed re-
gions in the yeast mitochondrial genome.

MATERIALS AND METHODS
Yeast strains, plasmids and media

Yeast strains used in this study were isogenic with W303—
1A or W303-1B and are described in the Supplementary
Table S1. Yeast knockout strains were made by replacing the
corresponding open reading frame (ORF) with the KAN
or the HPH cassette via homologous recombination. The
oligonucleotides used for generation of the knockout strains
and Irc3p-HA are enlisted in the Supplementary Table S2.

pRS315-IRC3 contains the IRC3 ORF, 400 bp upstream
of the ATG codon and 432 bp downstream of the stop
codon, cloned between BamHI and Sacl sites of the vector.
pRS315-IRC3A15 and pRS315-IRC3A28 were constructed
by deleting the first 15 or 28 codons of the IRC3 ORF
and adding the sequence of BamHI site GGATCC and the
ATG codon to the remaining part of IRC3 ORF. IRC A28-
NCIT1 was generated by inserting the first 114 codons of
Citlp preprotein into BamHI site of pRS315-IRC3A28.

Standard yeast media YPD, YPG and SD were prepared
as described previously (36). Solid media contained 2%
agar. 0.1% 5-FOA (5-fluoroorotic acid) in SD was used for
the plasmid shuffling assay.

Nucleic Acids Research, 2014, Vol. 42, No. 21 13215

A
Ire3
MTS | lalbll Il wv v CTD
1 380 689
000 OF 00 00  + + ++
MTS MTSTLATRLSTYSISLILGR IKIKRCYSAPV...
716 A28
GETGLOKY TQPRR-aA | TaG-LL
LATGGGKT LVHRRELA TLIRRL
60 a7 138
A
DEaHER saT LvFL -G
W oenmns W gar WV [ikevo
158 188 82
TNIAE gs -Ti QR-GRAGR
revimncer V1, omicroLR
329 1
A Ia
B
WT
ireds
mrhdA
mss1164
sSuviA
c .
Mitoch Swell Tx100 <+ TRIS carb.
Ptk T3 T3 T 3 QpHBO pHI1S
20 pgiml P S PS
IFICHA = e — - - == rcHA
Ccpo = wemm - - - Cox2
Mgel == = s o o - - Porin
0| V7 ——— - e e Mgel
e = Tim44
D
100
- red
& = sectors &
80 | p
2 3 white
=
2
260
s
3

S B A P '
AR O ,\":zﬁ« 5‘36?32;::0

Figure 1. Irc3p is a mitochondrial matrix protein. (A) Schematic rep-
resentation of Irc3p showing the positions of helicase motifs I-VI com-
pared to DEAH family protein consensus, MTS and CTD. O, hydroxy-
lated aminoacids; +, positively charged aminoacids. The arrows indicate
the deletions used to verify the matrix targeting signal and the conserved
residues mutated in the motifs I and VI to obtain ATPase mutants. (B)
Sporulation of W303 wt diploid yeast strain and heterozygous mutants of
the mitochondrial SFII family on media containing fermentable (YPD)
or non-fermentable (YPG) carbon sources at 30°C. (C) Submitochon-
drial localization of Irc3p. Left, intact mitochondria, mitoplasts or Triton-
X100 lysed mitochondria were treated with proteinase K and subjected to
immunoblot analysis with the indicated antibodies. Right, mitochondria
were disrupted with sonication and extracted with Tris pH8 or Na,CO3
pH11.5, the unsoluble (P) and soluble (S) fractions were analyzed by im-
munoblotting with the indicated antibodies. Ccpo, intermembrane space
protein; Mgelp, matrix protein, weakly associated with the inner mem-
brane; Tim44p, peripheral inner membrane protein; Cox2p, integral in-
ner membrane protein; Porin, outer membrane protein. (D) 5-FOA-based
shuffling assay of Irc3 mutants. Yeast cells with the wt IRC3 on the URA3
plasmid pRS316 and the indicated irc3 mutant on the LEU2 plasmid
pRS315 were plated on 5-FOA, -Leu SC media and incubated for 3 days
at 30°C, followed by 4 days at RT. The colonies were counted as white (no
respiration), red (respiratory active) or sectored (mixed, containing >5%
cells with different color). Error bars on all figures represent the standard
deviation of three independent assays or cultures unless stated otherwise.
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Fractionation of mitochondria and immunoblots

Preparation of mitochondria for biochemical fractionation
and immunoblotting was performed as described previously
(14).

ATPase assay

The ATPase activity of Irc3p was analyzed in 30 mM Tris
7.5, 7mM Mg, | mM DTT, 0.1 mg/ml bovine serum albu-
min, 0.1 mM adenosine triphosphate (ATP) at 30°C essen-
tially as previously described (37). Different polynucleotide
cofactors were used at 7.5 wM (nucleotides) if not stated
otherwise.

Determination of petite formation and analysis of mtDNA
loss

Ten milliliter yeast overnight cultures were grown in YPG to
select for respiratory-competent cells and used to inoculate
YPD cultures (100 ml) in 500 ml flasks to an ODgy = 0.02.
The YPD cultures were diluted again to ODgyy = 0.04 be-
fore reaching density ODggy = 0.8. The fraction of mutant
petite cells was determined immediately after inoculation of
the YPD cultures and at later timepoints as indicated on the
Figure 2B. Petite frequency was determined by plating trip-
licates onto YPD and YPG plates. Total cellular DNA was
prepared from 10-20 ml yeast culture according to the pre-
viously described method (14). The dynamics of mtDNA
loss was analyzed by quantitative polymerase chain reac-
tion (qPCR). A total of 20 ng of total yeast DNA was used
for amplification reactions using mitochondrial COX2 gene
and nuclear HM]I1 gene as targets. Amplifications were per-
formed in triplicates and used to calculate the relative ratio
of mtDNA to nuclear DNA. The primers of the amplifica-
tion reactions are described in Supplementary Table S2.

Analysis of mtDNA topology on 2D agarose gels

DNA was purified from isolated mitochondria as previ-
ously described (38). A total of 10 pg of mtDNA was
treated with the indicated restriction enzymes according to
manufacturer’s protocols (Fermentas). Upon treatment, the
reaction was stopped by the addition of 6x gel loading
buffer and neutral 2D-agarose gel-electrophoresis was car-
ried out. DNA fragments of sizes between 2.5 and 4.5 kb
were separated in 0.5% first dimension gels at 0.9 V/cm at
room temperature (RT) for 18 h and in 1.2% second dimen-
sion gels containing 300 ng/ml of ethidium bromide at 6
V/cm and 4°C for 6-7 h. rho-al 184 mtDNA was separated
in 0.4% first dimension gels at 0.9 V/cm at RT for 16 h. Dral
digested rho-DNA was separated in 1.5% second dimension
gels run for 6 h, 5V/cm. Undigested rho-DNA was run in
1% second dimension gels for 4 h, 5V /cm.

DNA transfer to positively charged nylon membranes
(Applichem) and Southern blotting in modified Church
buffer was performed as described previously (38). Specific
PCR probes and end-labeled oligonucleotides used for the
hybridization of DNA blots are described in Supplemen-
tary Table S3. The filters were exposed to Storage Phos-
phor Screens (GE Healthcare), signals detected with a Ty-
phoon Trio Phosphor Imager (GE Healthcare) and quan-
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Figure 2. Loss of respiratory competence and instability of the mitochon-
drial genome in the irc3A yeast mutant. (A) wt and irc3A cultures were
shifted from glycerol medium to glucose and relative mtDNA copy number
was measured at the indicated time points with gPCR. mtDNA /nuclear
DNA ratio 1 corresponds to the ratio in wt strain at O-timepoint. (B) Respi-
ratory competence of wt and irc3 A yeast cells was analyzed in the same cul-
tures by plating onto agar medium containing glucose (YPD) or glycerol
(YPG). (C) Comparision of al 1 rho— mtDNA digested with EcoRV in dif-
ferent SFII family disruption strains. Left, representative mtDNA South-
ern blot of all strain with the nuclear DNA standard (DNA2). Right,
quantification of relative mtDNA copy numbers. Lower panel, schematic
representation of al I mtDNA. mtDNA /nuclear DNA ratio 1 corresponds
to the ratio in wt strain. Total corresponds to the integrated signal of all
mtDNA. IN is the signal that corresponds to the specific unit size frag-
ment. Error bars here represent the standard deviation of six independent
biological replicas.



tifications carried out with ImageQuant TL software (GE
Healthcare).

RESULTS

Irc3p is a DExH/D-box protein localized to the mitochon-
drial matrix and is required for the respiratory competence of
yeast cells

The IRC3 gene in S. cerevisae encodes a putative DExH/D-
box protein of SFII helicases. The sequence of Irc3p re-
veals core structural motifs I-VI, conserved among nucle-
oside triphosphate (NTP)-dependent nucleic acid translo-
cases and a C-terminal domain (CTD) of unknown func-
tion (Figure 1A). The first 28 N-terminal residues of Irc3p
form a putative mitochondrial targeting signal (MTS),
which is in agreement with a high-throughput localiza-
tion study of GFP-fusion proteins that predicted a mito-
chondrial localization for Irc3p (21). To understand the
biochemical function of Irc3p, we generated heterozygous
knockout strains of /RC3 and of three previously char-
acterized mitochondrial SFII enzymes—MSS116, M HR4
and SUV3. The irc3A/IRC3 heterozygote formed four vi-
able spores on media containing a non-fermentable car-
bon source. However, the two irc3A spores of 12 analyzed
tetrads always displayed a significant growth defect com-
pared to the IRC3 spores (Figure 1B). In contrast, sporula-
tion of mssI16 A) MSS116, mhr4 A/ MHR4 or suv3A/SUV3
heterozygotes yielded only two viable spores on glycerol
(Figure 1B). These three mitochondrial SF2 family en-
zymes are required for mitochondrial gene expression and
are therefore essential for growth on non-fermentable car-
bon sources as previously reported (34,39,40). On YPD
agar, the irc3A spores formed colonies with a characteris-
tic ragged edge, indicating that the colonies frequently pro-
duce sectors of respiratory-deficient cells. The growth de-
fect of irc3 A cells was also observed in liquid YPG medium.
The centromeric plasmid pRS315-IRC3 containing the wt
IRC3 gene restored wt growth rate on glucose containing
agar plates to some but not all transformed colonies of the
W303a irc3A strain. Rapidly growing cells contained the
wt mitochondrial genome while slowly growing clones were
rho— (data not shown). These findings suggested that Irc3p
could have a mitochondrial function with possible role in
mtDNA maintenance but the protein is not essential for mi-
tochondrial gene expression.

To confirm that Irc3p is targeted to mitochondria, we
tagged the protein with the HA epitope at the C-terminus
and analyzed the intracellular localization of the pro-
tein by biochemical fractionation (Figure 1C). Irc3p-HA
complemented the phenotypic defects of the ir¢c3A strain
(Supplementary Figure S1). Irc3p-HA was found to co-
fractionate with mitochondria and the protein was resis-
tant to proteinase K treatment of purified mitochondria.
Hypotonic swelling of mitochondria and selective rupture
of the outer membrane did not expose Irc3p-HA for pro-
teinase K degradation, demonstrating that Irc3p is local-
ized in the matrix compartment of mitochondria (Figure
1C, left panel). Sonication experiments were next performed
to analyze the association of Irc3p with the mitochondrial
membranes (Figure 1C, right panel). [solated mitochondria
were disrupted by sonication in a hypotonic buffer solution
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and the resulting suspension of mitochondrial membrane
fragments was extracted with Na,CO3; pH11.5 to separate
the fraction of peripherial membrane proteins. In contrast
to integral membrane marker protein Cox2p or matrix pro-
tein Mgel, Irc3p was distributed between the soluble and in-
soluble fractions after sonication. Extraction of membranes
with Na,CO; pH11.5 completely solubilized Irc3p, indicat-
ing that Irc3p is not an integral membrane protein. How-
ever, we cannot exclude the possibility that a subfraction of
the protein is associated with the inner membrane (Figure
1C). The fractionation pattern of Irc3p-HA did not change
when mitochondria were isolated from respiratory-deficient
rho— yeast cells containing defective mtDNA or from rho0
yeast cells, which do not contain mtDNA at all (Supplemen-
tary Figure S2). A similar fractionation profile was previ-
ously obtained for another yeast mitochondrial SFI DNA
helicase—Hmilp, involved in mitochondrial genome main-
tenance (14).

The N-terminus of Irc3p contains basic and hydroxy-
lated residues characteristic for a M TS (Figure 1A). In silico
analysis predicts a mitochondrial matrix pre-protein pep-
tidase MPP cleavage site between the residues 28 and 29
(...KRCY25::S9APV...) (41). The predicted cleavage site
also corresponds to the mature Irc3p N-terminus accord-
ing to mass spectrometric analysis of peptides obtained
from partially purified Irc3p-HA (data not shown). To con-
firm that the N-terminal targeting sequence is essential for
Irc3p function, we generated two N-terminal deletion mu-
tants, JRC3-15A and IRC3-28A, which lack 15 or 28 N-
terminal residues, respectively, and checked their ability to
complement wt¢ IRC3 in a plasmid shuffling assay (Figure
1D). In this assay, the W303 irc3A strain with wt IRC3
on pRS316-/RC3 was transformed with pRS315-irc3, con-
taining a mutant #rc3. The cells were plated out on SC-
Leu agar with 0.1% 5-FOA to counterselect the pRS316-
IRC3. Due to the ade2 mutation in the W303 yeast strain,
respiration-competent cells accumulate a red pigment while
respiratory-deficient petite cells are white. In our shuf-
fling assay, 90% of colonies with pRS315 (negative con-
trol) were white and 10% contained red sectors (Figure 1D).
More than 80% of colonies with pRS315-wt-IRC3 (posi-
tive control) were red. Approximately 65% of colonies with
pRS315-irc3(NA15) were red and less than <5% of colonies
with pRS315-irc3(NA28) were red (Figure 1D). This indi-
cated that the irc3(NA15) mutant had lost some activity
and the irc3(N A28) mutant was almost completely inactive,
confirming that the 28 N-terminal amino acid residues are
required for Irc3p activity. Importantly, the functionality of
Irc3p was restored when the native Irc3p targeting sequence
(the residues 1-28) was replaced with the targeting peptide
from the mitochondrial citrate synthase Citlp (N-terminal
85 residues of the pre-protein) (75% red colonies). There-
fore, the main function of the N-terminal peptide of Irc3p is
to target the protein to mitochondria (Figure 1D). Finally,
we used the plasmid shuffling assay to test the mutants of
the conserved helicase motifs I and VI in Irc3p (Figure 1A).
K65 of motif I is predicted to coordinate the B-phosphate of
ATP and a K-A substitution is expected to abolish ATPase
activity of the protein (42). Similarly, the Q364 and the R368
of motif VI are predicted to be important for ATPase activ-
ity as mutations in similar positions in the DEAH protein
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Prp22 drastically reduced ATPase activity (43). Both Irc3p-
65KA and Irc3p-364QA/368RA mutants were unable to
complement the loss of wt /RC3 in the shuffling assay (Fig-
ure 1D). We concluded that the ATPase activity is essen-
tial for the functionality of the Irc3 protein and the findings
confirm that Irc3 is a mitochondrial matrix protein.

Irc3p is required for the stability of mitochondrial genome
maintenance

The growth characteristics of W303a irc3 A cells suggested
that irc3 A mutants frequently lose the functional rio+ mi-
tochondrial genome. To analyze the stability of wt mtDNA
in the W303 irc3A yeast strain, we measured the ratio
of mtDNA to nuclear DNA (relative mtDNA copy num-
ber) during yeast growth under non-selective conditions
by qPCR. Relative mtDNA copy number was measured
by amplification with mitochondrial gene COX2-specific
primers and nuclear gene HMII-specific primers (Figure
2A). Respiratory-proficient yeast cells were pre-selected on
glycerol and then released into glucose-containing medium
where exponential growth was maintained for several days.
Following the transfer to glucose medium, the mitochon-
drial genome copy number in irc3 A cells rapidly declined
with the most drastic drop occurring during the first 8 h of
growth. In wt yeast cells, only a small decrease in the relative
copy number of mtDNA was observed (Figure 2A). In the
mutant strain similar decline in mtDNA relative copy num-
ber was observed also with mitochondrial COX3- or AT P6-
specific primers (Supplementary Figure S3). In addition to
mtDNA copy number analysis, respiratory competence of
yeast cells was analyzed by comparing viability of yeast cells
on YPD and YPG plates (Figure 2B). A loss of respira-
tory competence essentially followed the decline of relative
mtDNA copy number. Note that at timepoint zero a signif-
icantly smaller fraction (15%) of mutant W303 irc3 A cells
formed colonies on YPG plates compared to the 70% of
wt W303 cells. The fraction of respiratory-competent W303
cells did not change significantly during cultivation in YPD.
In contrast, the fraction of respiratory competent irc3 A
cells declined rapidly during the first 24 h after shift. Inter-
estingly, a small number of irc3 A cells retained respiratory
competence even after 6 days of cultivation in YPD (Figure
2B). These data indicated that irc3A mutants slowly lose
their functional mitochondrial genome and therefore the
data were consistent with the idea that Irc3p is a mtDNA
maintenance factor. However, a similar growth defect could
also be an indirect result from gradual loss of mitochon-
drial gene expression in irc3 A cells. Therefore, we next tested
whether Irc3p also affects the copy number and the repeat
stability of rho— mitochondrial genomes, which do not re-
quire transcription for their maintenance. Here, we used the
rho— strain all, isogenic with W303-1a, where a 1.79-kb
mtDNA fragment with an active ori3 is maintained (Figure
2C). The genes encoding /RC3, MSS116, MHR4 or SUV3
were disrupted in the all strain. Next, total cellular DNA
was isolated from multiple independent colonies, digested
with EcoRV, which cuts once in the 1.79 kb all repeat and
quantified by Southern blots (Figure 2C). Quantification
of all-specific signals in comparison to the nuclear DNA2
gene-specific signals revealed that the disruption of /RC3

leads to more than 2-fold decrease in mtDNA levels com-
pared to the parental all strain. In contrast, disruption of
SUV3, MHR4 or MSS116 had little effect on mtDNA copy
number in all. Furthermore, the specific 1.79 kb fragment
constituted a smaller fraction of the total mtDNA signal
in irc3A strain compared to wt strain and the other mu-
tants. We estimated that the specific signal corresponding to
the 1.79-kb EcoRV fragment in all irc3 A was ~5-6 times
weaker compared to the all wt and suv3, mhr4 or mssi16
knockout strains. The all rho— mutant does not encode
mitoribosome RNAs or tRNAs essential for the mitochon-
drial protein synthesis machinery. Thus, the effect of Irc3p
could not be mediated by changes in mitochondrial gene ex-
pression and it is likely that Irc3p has a direct role in both
rho+ and rho— mtDNA metabolism.

Specific double-stranded mtDNA breaks in the W303 irc3A
mutant strain

To understand the nature of mtDNA fragmentation in more
detail we analyzed the topology of DNA metabolic inter-
mediates in both rho+ and rho— strains by 2D neutral
agarose gel-electrophoresis (2D NAGE) that separates lin-
ear molecules and more complex species of the same mass.
First, three different regions FI-FIII of the o+ mitochon-
drial genome of the yeast S. cerevisiae were analyzed (Fig-
ure 3A, Supplementary Table S3). FI is a 1.9-kb EcoRV
fragment that contains tRNAMet gene, a nonOcoding AT
rich region and the 5" half of the COX2 ORF. FIl is a 2.5-
kb EcoRI-Styl fragment that contains the active ori 5. The
ori elements contain GC-rich boxes A, B and C; the boxes
A and B can form a palindrome (11). Active ori elements
in the yeast mitochondrial genome are associated with a
non-anucleotide promoter and are believed to be related to
transcription-driven initiation of DNA replication. FIII is
a 2.3-kb Apal fragment that contains the inactive ori 6. In-
active ori elements are similar to active ori elements but are
not associated with a promoter. A substantial part of each
fragment represents non-coding mtDNA, which is generally
AT-rich but contains GC blocks as indicated in Figure 3A.

mtDNA was isolated from exponentially growing yeast
cultures and digested with the indicated restriction en-
zymes. Different isoforms of mtDNA were next separated
by NAGE according to their mass in the first dimension
(D) and according to their mass and shape in the second
D (Figure 3B). The 2D gels of S. cerevisiae mtDNA resolve
dsDNA (Figure 3B, ‘DS’) and ssDNA molecules that form
distinctive arcs (Figure 3B, ‘SS’). Regular non-replicating
dsDNA forms a 1IN spot on the dsDNA arc (Figure 3B,
‘IN’). The characteristic Y arc (Figure 3B, °Y’) is gener-
ated by passing replication forks; the molecules comprising
four-stranded structures, such as Holliday junctions, gener-
ate the almost vertical X-arc (Figure 3B, “X’). A substantial
fraction of yeast mtDNA molecules are not resolved into
separate spots or arcs but form a highly heterogeneous, S1
nuclease sensitive blurred cloud that extends to the original
gel well (Figure 3B, ‘CL’). The Y-arc, the X-arc and the CL-
molecules were detected in mtDNA isolated from both the
wt yeast strain W303 and from the W303 irc3A mutant, as
illustrated for the fragment FI (Figure 3C). These mtDNA
isoforms are similar to the species described in the related
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the fragment shows the probe used in the 2D NAGE analysis. (B) Schematic representation of 2D images. CL, complex branched molecules; X, X-arc; Y,
Y-arc; DS, dsDNA; SS, ssDNA; sIN, smaller than 1N fragments. The rectangle indicates the approximate area of images on Figure 3D. (C) 2D NAGE
analysis of the fragment FI. (D) 2D NAGE analysis of the fragments FI-FIII in the sub-1N regions. bl-b8 indicate spots on the dsDNA arc that are
significantly stronger in the irc3A strain compared to the wt yeast.
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yeast C. albicans (38). Notably, smaller than 1N (sub-1N)
dsDNA species (Figure 3B, SIN) were detected in the yeast
mtDNA (Figure 3C). Sub-1N regions of the three analyzed
mtDNA fragments FI-FIII are shown on Figure 3D. A
comparison of mtDNA isolated from the w¢ and the mu-
tant yeast strains revealed additional distinctive spots on the
dsDNA arc of the irc3 A mutant indicated as b1-b8, which
represent specific double-stranded breaks or free ends in the
fragments (Figure 3D, Supplementary Figure S3). The in-
tensity of hybridization signals in the spots b2 and b4 of the
COX2 region was ~5-8% of the regular 1N fragment signal
and the signals of the spots b4-b7 in the ori5 region were 2—
4% of the 1N signal.

In FI, the size of b2 and b3 (~1.1 and 0.9 kb) corre-
sponded to double-stranded breaks at the region of promi-
nent GC clusters in the middle of the fragment FI. Sim-
ilarly, the size of irc3 A-specific novel spots in other frag-
ments mostly correlated with the positions of GC clusters
(Supplementary Figure S4).

Interestingly, active transcription appears to be another
factor that stimulates the formation of dSDNA breaks. FII
contains the ori5, which is actively transcribed and which
displayed four irc3 A-specific fragments b4-b7 close to the
conserved ori structure. The size of b4 corresponded to a
break at the box C of the active ori5 and the size of bS5 to
a break near the A-B box palindrome of ori5. b6 and b7
breaks mapped further downstream of boxA.

However, in FIII the ori6 is inactivated by an additional
GC cluster insertion in the non-anucleotide promoter ele-
ment. In this fragment only one fragment b8 that corre-
sponded to a break at the GC cluster G14 was the only
slightly enhanced spot in the irc3A mutant. No irc3A-
specific breaks were mapped to the conserved ori6 region.
Therefore, transcription stimulates DNA fragmentation at
the conserved ori elements of the wz mitochondrial genome.
Interestingly, according to a recent analysis of the yeast mi-
tochondrial transcriptome, the non-coding region in FI is
transcribed in the opposite direction of COX2 (44); further-
more, bl in the same fragment mapped to a break either in
the beginning of COX2 or tRNAMet gene.

We conclude that in the absence of Irc3p, dSDNA breaks
accumulate in yeast rio+ mtDNA. In the fragments FI
and FII, prominent Irc3-dependent DNA breaks were as-
sociated with transcribed structural genes or active ori se-
quences and with GC-rich clusters. The data are in line
with the idea that Irc3p is directly involved in mtDNA
metabolism and could play a specific role in the transcribed
regions of mtDNA.

Irc3p is directly involved in rho— mtDNA metabolism

In contrast to the wt mitochondrial genome, rhio— mtDNA
is maintained in the absence of gene expression in the or-
ganelle. Proteins that function exclusively in specific steps of
mitochondrial gene expression, such as transcription, RNA
maturation or protein biosynthesis, should therefore not in-
fluence the metabolism of 70— mtDNA. Here, we present
our analysis of the HS al184 rho— mt genome with a 1.2-
kb repeat that contains active (transcribed) ori2, a partial
inactive ori7 and AT-rich spacers (Figure 4A).

The intact rho— mtDNA can be separated into linear
double-stranded (DS), circular (C) and complex branched
molecules (CL) as well as single-stranded DNA (ssDNA)
species (SS) on 2D NAGE gels, schematically presented
in Figure 4B. dsDNA concatemers of rho— mtDNA are
believed to be a product of rolling-circle-type replication
(45,46) and the circular molecules a result of intramolec-
ular recombination (47). ssDNA molecules correspond to
the non-transcribed strand ((10), our unpublished obser-
vations). If Irc3p was an RNA helicase with a sole func-
tion in mitochondrial gene expression, no Irc3p-dependent
changes in rho— mtDNA metabolism would be expected.
However, double-stranded concatemeric DNA molecules
in the all84 irc3A strain were significantly shorter com-
pared to the wt al184 strain, indicating that the synthesis
of concatemeric rho— mtDNA by rolling-circle replication
is inhibited in the absence of Irc3p (Figure 4C). The level
of circular DNA molecules was significantly reduced and
large circular molecules (N > 3) were virtually absent in
the al184 irc3 A strain, which could reflect inhibition of re-
combination in the mutant. Finally, the population of ss-
DNA molecules was significantly shorter and reduced in
the irc3 A strain. To verify that the defects are Irc3p specific,
we also analyzed the topology of intact mtDNA in suv3A,
mssl16A and mrh4 A disruption strains in the al184 back-
ground and found that the distribution of different mtDNA
isoforms in these mutants is similar to the parental strain
al184 (Figure 4C). The latter result was expected for SFII
enzymes involved in mitochondrial gene expression. We ob-
served slight but reproducible decrease in the size of con-
catemeric double-stranded molecules in the all84 suv3A
strain (Figure 4C) and, interestingly, Suv3p has recently
been reported to have an additional function in mtDNA
maintenance (33).

al184 mtDNA was also analyzed after treatment with
Dral that cuts once in the al184 1.2 kb DNA repeat at
the promoter element next to the ori2 C box (Figure 4A).
Similarly to the wt rho+ mtDNA, the Y-arc (Figure 4B,
‘Y’) and the X-arc (Figure 4B, ‘X’) were detected in al184
DNA, but also a number of additional complex arc struc-
tures running slower than the X-structure and that are char-
acteristic for rho— genomic DNA (Figure 4D). Dral di-
gested rho— DNA also displayed an arc of ssDNA (Figure
4B, ‘SS’), mtDNA intermediates running between ssDNA
and dsDNA arcs and complex unresolved molecules (Fig-
ure 4B, ‘CL’). The specific X and Y arcs and more complex
arc structures were much weakerin al184 irc3 A, and in con-
trast, the complex unresolved molecules (‘CL’ on Figure 4B)
were more dominant in the mutant. This indicated that reg-
ular intermediates consisting of double-stranded branched
DNA molecules are relatively rare in mitochondria of the
irc3 A strain. Notably, the arc of dSDNA was stronger and
several distinctive <1N spots corresponding to specific ds-
DNA breaks were detected in the mtDNA of the all84
irc3A strain (Figure 4D, sl, s3, s4). The size of sl corre-
sponds to a double-stranded break at the conserved C box
of ori2; s3 corresponds to a break near the boxes B and A
of ori2 and s4 to a similar break near the boxes B and A
of ori7 (Figure 4A). Similar breakpoints at the conserved
box A (b4) and near the boxes B and A (b5) of the actively
transcribed ori5 were detected in the wt mtDNA fragment
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FII of the W303 irc3 A strain but not in the fragment FIIT
containing the inactive ori 6 (Figure 3D). We next analyzed
Dral digested mtDNA of the al184 MSS1] or SUV3 dis-
ruption strains and found that deletion of SF II mitochon-
drial RNA helicases did not diminish the signals of double-
stranded branched intermediates of al184 mtDNA (the X
and the Y arc). Furthermore, no significant accumulation of
irc3 A-specific fragments s1, s3 and s4 was detected in these
mutants (Figure 4D). This again underlines the distinctive
role of Irc3p in mtDNA metabolism. We conclude that the
disruption of /RC3 leads to the loss characteristic interme-
diates of DNA metabolism in rho— yeast strains and that
similarly to the wt rho+ strain, these changes are accom-
panied with the accumulation of double-stranded breaks in
yeast mtDNA.

Irc3p is a dsDNA-dependent ATPase

According to in silico predictions, Irc3p is a member of
the SFII ATP-dependent nucleic acid translocases and heli-
cases. The growth characteristics of the irc3A W303 yeast
strain (Figure 1) suggested that in contrast to the three
other mitochondrial SFII enzymes, Irc3p does not have an
essential role in mitochondrial gene expression and must
possess distinctive biochemical activities directly required
for mtDNA maintenance. Furthermore, the analysis of
rho— yeast strains suggested that Irc3p has a direct role of
mtDNA metabolism. To understand the biochemical func-
tions of Irc3p we overexpressed the protein in the pGEX-
4T1-based bacterial expression system (GE Healthcare Life
Sciences) and purified the protein by a combination of affin-
ity chromatography and ion-exchange chromatography as
described in Supplementary Materials and Methods and
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Figure 5SA. We first analyzed different natural yeast mito-
chondrial nucleic acid cofactors for the stimulation of Irc3p
ATPase activity (Figure 5B). Total mitochondrial nucleic
acid preparations efficiently stimulated Irc3p ATPase ac-
tivity. The estimated k., value of the ATP hydrolysis reac-
tion of the Irc3 protein is ~4 s~! in the presence of mito-
chondrial nucleic acid as a cofactor at 30°C, which is in the
typical range for SFII enzymes (48). mtDNA had a simi-
lar stimulatory effect as the total mitochondrial nucleic acid
preparation, whereas mitochondrial RNA showed almost
no stimulatory activity. We next tested several heterologous
DNA and RNA cofactors (Figure 5C). The RNA cofactors
(phage MS2 RNA and ribosomal 23S rRNA of Escherichia
coli) had no stimulatory effect for the Irc3p ATPase. In con-
trast, the polymeric DNA cofactors (plasmid pRS316 DNA
and phage M13 DNA) stimulated Irc3p ATPase activity.
Remarkably, the double-stranded plasmid DNA pRS316
was significantly more efficient than M13 DNA, which
is mostly single-stranded with short palindromic double-
stranded regions. Finally, we tested two complementary ss-
DNA oligonucleotides (A and B) and the double-stranded
duplex DNA (A-B) formed by annealing of the individ-
ual oligonucleotides (Figure 5D). Both single-stranded 46-
mer oligonucleotides A and B had very little stimulatory
effect in the Irc3p ATPase assay, whereas the A-B 46-bp
duplex structure was almost as efficient a cofactor as the
pRS316 plasmid DNA. We conclude that Irc3pisa dsDNA-
dependent ATPase. No significant helicase activity of Irc3p
was detected with a number of DNA and RNA substrates
tested (Supplementary Figure S5).

Analysis of mtDNA topology reveals epistatic interactions
between IRC3 and RPO41, the mitochondrial RNA poly-
merase

The characteristic dsDNA-dependent ATPase activity of
Irc3p suggests that the protein could stimulate the remod-
eling of protein-DNA complexes or alternative DNA struc-
tures. In wt rho+ mtDNA, disruption of Irc3p had promi-
nent effects in actively transcribed regions of the mitochon-
drial genome, namely, in the mtDNA fragment FI contain-
ing a part of COX2, tRNAMet gene and in the mtDNA
fragment FIII containing the active ori5. This suggested a
possible link between mitochondrial transcription and the
detected Irc3p-dependent changes of mtDNA topology. As
the wt rho+ genome is unstable in the absence of mitochon-
drial gene expression, we decided to focus on rho— mu-
tants that can be maintained without mitochondrial gene
expression and generated al184 rpo41A and all84 (irc3 A,
rpo41A) double-knockout strains where the mitochondrial
RNA polymerase RPO41 has been disrupted. Only a frac-
tion of colonies obtained through the disruption of IRC3
in all84 rpo41A contained mtDNA, but the repeat size
was identical to the original al184 mtDNA (Figure 6A
and D). Disruption of RPO41 in all84 irc3A strain al-
most never produced colonies that contained the origi-
nal 1.2 kb rho— repeat (data not shown). mtDNA in the
al184 rpo41 A strain contained significantly longer dsSDNA
molecules (DS) and high levels of circular mtDNA forms
while the unresolved heterogeneous cloud was weaker (C)
compared to wt all84. To confirm that the changes in

A
X
.p.{'bc"fg D@
‘6@6 5‘5@ @‘O\oq‘g‘ *y.
o\\) \\)'5\ © 9@ b‘b
o O g )
W
kDa Irc3
16—
—
-—" ' .
66—
45—
35—
25_ —
18.4—
B
~ ¥
sIS
L
§ Qg
Irc3 =~ —
o
¥ il -~ }DNA
2 1.
: LT
-
2. Irc3-65KA
E_ 5+
o
=
s s S F £ &
F S SE S
S § §F § ¢ &
‘9 ® ® * (9 ®
C ® pRS316 D 4 A-B46mer dsDNA
oM13 © 46 nt DNA oligo A
A MS2 ® 46 nt DNA oligo B
A 23S rRNA
2 O no cofactor @
° S 4
B g
g’ g
> =
2 c.5
-" o
z z
o o
5 b=
50 100 0 10
Ire3, ng time, min

Figure 5. Analysis of enzymatic activities of Irc3p reveals the stimulatory
function of dSDNA. (A) Purification of the recombinant Irc3p. Coomassie
stained gel illustrating the purification steps of wt Irc3p and the purified
preparation of Irc3p-65KA. (B) Stimulation of the Irc3 ATPase with total
mitochondrial nucleic acid (mitoNA), mtDNA and mitochondrial RNA.
The inset shows 0.5 g of nucleic acid cofactors, prepared as described in
Supplementary Material and Methods, separated on 1% agarose gel and
stained with ethidium bromide. Error bars on the panel B represent the
standard deviation of three independent assays. (C) Stimulation of Irc3p
ATPase with different heterologous RNA and DNA cofactors. (D) Stim-
ulation of Irc3p (25 ng/reaction) ATPase with complementary oligonu-
cleotides A and B and with the AB dsDNA. Error bars on the panels C
and D represent the standard deviation of four independent assays.



Nucleic Acids Research, 2014, Vol. 42, No. 21 13223

. - - ™ s -
. " \
- .. .

-

1184 rpo41A 1N/V 1184 irc3A, rpo41A 1N/v uncut
B
- . L ]
- 2N - N
¥ ¥ .|
1N
ad .
1184 rpo41A 1184 irc3A, rpo41A Dral

(@
O

12
T 60 M >10kb
'% B 5-10kb kb
E -,
B 40— O 2.5-5kb _ 3
S 0 <2.5kb .- 2
*® - _ 1
20 - = 0.5
- 1 1184 irc3a, rpo41a
wt irc3A rpod41A  irc3A 2 1184 rpo41A
rpod41A

Figure 6. Disruption of the mitochondrial RNA polymerase RPO41 restores wt mtDNA topology in the irc3A mutant. (A) 2D NAGE analysis of intact
al184 rho— mtDNA in rpo41 A mutants. Arrows indicate the position of the 1N supercoiled circle. (B) 2D NAGE analysis of Dral digested al184 rho—
mtDNA in rpo41 A mutants. All blots were probed with a 32P labeled probe that covers the full length of the repeat. (C) Quantification of the mtDNA
molecules size distributions in various strains isogenic with al184. Shown are the relative signals corresponding to linear molecules of the indicated size.
(D) 1D NAGE of Dral digested mtDNA of 1184 rpo41 A irc3 A and 1184 rpo41 A strains. The blot was probed with a 32P labeled probe that covers the full

length of the repeat.



13224 Nucleic Acids Research, 2014, Vol. 42, No. 21

mtDNA topology were associated with loss of transcrip-
tion, we next additionally disrupted the mitochondrial tran-
scription factor MTFI in al184. Mtfip is the mitochondrial
RNA polymerase specificity factor required for promoter
recognition by Rpo41p (49,50). mtDNA moleculesin al184
mtfl A strain were remarkably similar to those in all84
rpo41 A strain, supporting the idea that the loss of transcrip-
tion is the cause of topology changes in al184 rpo41 A strain
(Supplementary Figure S6). Furthermore, overexpression
of Rpo41p from a multicopy plasmid has an opposite effect
compared to disruption of the gene (Supplementary Figure
S6). mtDNA concatemeric molecules became shorter and
heterogeneous unresolved molecules formed a larger frac-
tion than in the wt al184 cells grown under similar con-
ditions. All these data indicated that active mitochondrial
transcription obstructs the synthesis of long concatemeric
mtDNA molecules.

We next analyzed mtDNA of all84 (irc3A, rpo4lA)
double-knockout strain and surprisingly found that the
irc3A-specific changes of mtDNA topology were not
present. The mtDNA metabolic intermediates in this strain
were similar to the strain with w¢ nuclear background (Fig-
ure 6B, compared to Figure 4B and 4C). The intact mtDNA
of all184 (irc3A, rpo41 A) contained long dsDNA (DS), cir-
cular forms of mtDNA (C) and long ssDNA intermediates,
features that were not detected in mtDNA of al184 irc3 A
(Figures 4C, 6A and 6C). The analysis of Dral digested
mtDNA of al184 (irc3A, rpo41A) also revealed close sim-
ilarities to the topology of wt al184 mtDNA (Figure 6B,
compare to Figure 4D). The Y-arc, X-arcs and the ssDNA
arc reappeared in all84 (irc3A, rpo41A) and the dsDNA
arc was weakerin al184 (irc3 A, rpo41 A) compared to al 184
irc3A. Importantly, the sub-1N spots s1-s3 characteristic of
all84 irc3A were not detected in all84 (irc3A, rpo4lA).
Thus, the function of Irc3 appears to be less important
in the absence of mitochondrial transcription. However,
Irc3p must also have a role that is independent of Rpo41
and mitochondrial transcription as the disruption of /RC3
reduced the length of concatemeric mtDNA molecules in
1184 rpo41 A strain (Figure 6A and C).

DISCUSSION

IRC3 gene was first identified in a large-scale screen for
yeast mutants that have elevated levels of Rad52 foci in
the cell nucleus. Here, we demonstrate that Irc3p is a
dsDNA-dependent ATPase, involved directly in mtDNA
metabolism. Our data suggest that Irc3p is required to avoid
the accumulation of dsSDNA breaks that could irreversibly
damage the mitochondrial genetic system. It is likely that
the instability of the mitochondrial genome in irc3 A mutant
strain leads to defects in iron-sulfur cluster assembly and to
elevated levels of reactive oxygen species (ROS), both fac-
tors contributing to the damage of the nuclear DNA and
eventual accumulation of Rad52 foci that was the basis of
the IRC screen (20). Several other mitochondrial proteins
were identified in the original IRC screen and it would be
interesting to analyze the stability of rho+ mitochondrial
genome in the corresponding mutants.

In silico analysis indicates that Irc3p belongs to the SFII
of helicases and nucleic acid-dependent ATPases. SFII is

a large group of proteins with diverse biochemical func-
tions, including RNA and DNA helicases and ATPases
that remodel protein-DNA complexes or translocate along
double-stranded nucleic acids without unwinding their sub-
strate. SFII RNA helicases Mhrdp, Mssl16p and Suv3p
have previously been characterized in yeast mitochondria
(25,26,28,31,34,39). Irc3p is annotated as a putative RNA
helicase in different databases, however, no supporting ex-
perimental evidence has been published. Our analysis in-
dicates that the ATPase activity of Irc3p is stimulated by
dsDNA and the protein has a specific role in mtDNA
metabolism contradicting the current annotation. Differ-
ences of biochemical properties between the yeast mito-
chondrial SFII enzymes are revealed in simple phenotypic
tests of mutant strains. Disruption of MHR4, MSS116 or
SUV3 rapidly inactivates mitochondrial gene expression.
This, in turn, leads to a loss of the functional rho+ mi-
tochondrial genome in the mutant yeast cells, rendering
them unviable on a non-fermentable carbon source. In con-
trast, the kinetics of rho+ mtDNA loss is relatively slow
in irc3A cells. Previously, similar slow mtDNA loss phe-
notype has been described for mutants of the mtDNA
packaging protein Abf2p. abf2A mutants lose the func-
tional mitochondrial genome, unless the cells are grown on
a non-fermentable carbon source, and interestingly, rho—
abf2 A mutants have a distinctive recombination phenotype
(51,52). Our data indicate that the loss of respiratory com-
petence of irc3A yeast cells is accompanied with accumu-
lation of dsDNA breaks in mitochondria. We cannot rule
out a possibility that in rho+ cells the defects of mtDNA are
generated indirectly by a mechanism that involves impaired
gene expression in the irc3A mutants. However, similar
breaks of mtDNA are generated also in rho— strains. Mito-
chondrial ribosomes and tRNAs are not synthesized in the
mitochondria of rho— yeast strains and consequently the
changes of mitochondrial gene expression cannot influence
mtDNA metabolism. Therefore, we suggest that the loss
of Irc3p function and the accumulation of double-stranded
ends or breaks in mtDNA are directly linked. Furthermore,
we found that the double-stranded breaks in the mtDNA
of irc3A yeast mutants are not randomly distributed, but
map to GC-rich blocks, both in the wt rho+ and the mu-
tant rho— mitochondrial genomes. At least some dsDNA
breaks of rio+ mtDNA appear at the same positions in
the rho— strain, including the breaks in the C-box and the
AB palindrome of the active ori (compare Figure 3D, FIII,
and Figure 4D), supporting a common formation mecha-
nism. Genetic experiments have previously revealed that the
GC-rich elements in yeast mtDNA represent recombination
hotspots (53,54). Double-stranded breaks can be generated
at these sequences spontaneously during regular mtDNA
metabolism or are induced by physical effectors or by spe-
cific mutant background (55). Recently, it has been demon-
strated that artificially induced dsDNA breaks can be tol-
erated by the yeast mitochondrial genetic system (56). We
suggest that double-stranded breaks could be a part of reg-
ular mtDNA replication initiation pathway in yeast mito-
chondria and propose that Irc3p is player that regulates the
level of these double-stranded breaks or free ends of DNA.

Why do the dSDNA breaks accumulate in irc3 A mutants?
The steady-state level of double-stranded breaks depends



on the rate of their formation and removal. First, Irc3p
could stimulate the removal of dsSDNA breaks by a mecha-
nism that involves homologous recombination. Distinctive
changes in rhio— mtDNA metabolic intermediates that can
be detected in the irc3A mutant suggest that a specific re-
combination pathway is affected (Figure 4D). The X-arc is
composed of four-way branched DNA structures that most
likely represent recombination intermediates (57). Forma-
tion of circular mtDNA molecules from the concatemeric
linear DNA has also been proposed to be a recombination-
based process (10). Both the circular forms and the X-arc
are diminished in the irc3 A rho-yeast strain. We also note
that the fraction of heterogeneous mtDNA molecules (CL-
cloud) is more prominent in the irc3A mutant than in the
wt rho— strain. These complex intermediates are S1 nucle-
ase sensitive (not shown), contain extensive single-stranded
regions and are therefore probably formed by a single-
strand annealing mechanisms, which could drive the syn-
thesis of mtDNA in the irc3A mutant strain. In conclusion,
the changes of 10— mtDNA topology in the irc3A strain
suggest that Irc3p could stimulate recombinative repair of
double-stranded breaks in yeast mitochondria.

Several potential components of the enzymatic machin-
ery involved in mitochondrial recombination have been
identified, including the MRX complex (56), the homolog
of Rad52p, Mgm101p (15,58); Mhrlp that has a function
in gene conversion (16,46) and two helicases Hmilp and
Pif1p (59,60). In this context, Irc3p as a dSSDNA-dependent
ATPase could potentially fulfill the functions of nuclear
dsDNA translocase Rad54p, which plays multiple roles in
Rad51p-dependent D-loop formation events (61).

It is likely that Irc3p stimulates dsSDNA repair via recom-
binational pathway, but currently we cannot rule out, that
Irc3p activity inhibits the formation of the dsDNA breaks.
While several factors can contribute to the formation of
these structures in mitochondria, our analysis of the topol-
ogy of rho— mtDNA underlines the role of transcription
in this process. In the yeast mitochondrial genome, specific
transcription of ori elements is thought to be required for
transcription-primed DNA synthesis. Transcription is not
essential for the stability of rho— mtDNA, as rpo41 dis-
ruption mutants support the replication of rho— genomes
(62,63). Paradoxically, a prominent class of rho— mitochon-
drial genomes contains specific transcription-associated cis-
elements known as ori or rep (64,65). Active ori elements
are present also in rho— genomes analyzed in the current
study. Our data confirm the previous findings that rho—
genomes do not require transcription for stability. However,
we find that intact mtDNA concatemers are significantly
longer in rpo41 A strains compared to the strains that con-
tain Rpo4lp, indicating that transcription could stimulate
the formation of dsDNA breaks (Figure 6C). Active ori el-
ements contain a non-anucleotide promoter for the mito-
chondrial RNA polymerase Rpo41p and three G/C-rich
boxes A, B and C (11). According to a previously proposed
model, transcription at active ori elements generates an R-
loop that is used to prime DNA at the conserved C box
and this could create a free DNA end at the ori C element.
Alternatively, the R loops themselves could represent ob-
stacles for the mtDNA polymerase. DNA double-stranded
breaks in mitochondria could also form as a result of direct
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collisions between transcription and replication machiner-
ies as described in a variety of prokaryotic and eukaryotic
systems (66). In higher eukaryotes, a specific mechanism
used to minimize replication and transcription encounters
in mitochondria of multicellular organisms is thought to de-
pend on a specific family of transcription termination fac-
tors or TERFs (67). However, yeast mitochondria do not
have TERF family proteins leaving open the possibility that
different mechanisms could exist to overcome the poten-
tial damage resulting from conflicts between replication and
transcription machineries (15,16,46,56,58-61).

Finally, Irc3p is not conserved in mammalian mitochon-
dria, however, recent reports have indicated that a Swi/Snf
family member, CSB (Cockayne Syndrome group B) pro-
tein, has a mitochondrial function (68-71). These findings
and our data presented in the current study raise a possibil-
ity that dsDNA-dependent ATPase-driven translocase ac-
tivity is universally required in mtDNA metabolism.
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