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Abstract—Mitochondrial DNA is susceptible to the action of reactive oxygen species generated by the reactions of oxidative
phosphorylation. Homologous recombination is one of the mechanisms providing integrity of the mitochondrial genome.
Some proteins that take part in this process in budding yeast mitochondria have been identified. These include Abf2p, the
major protein of the mt-nucleoid that specifically binds cruciform DNA, and Ccelp — Holliday junction resolvase. Here we
show that Abf2p does not significantly affect either binding of Ccelp to branched DNA or rate and specificity of Holliday
junction resolution. These data suggest the existence of an alternative homologous recombination pathway in yeast mito-

chondria.
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Mitochondria supply energy to eukaryotic cells by
synthesizing ATP during oxidative phosphorylation
processes. Most of the mitochondrial proteins are encoded
in the nucleus and are imported into mitochondria after
synthesis in the cytoplasm. However, mitochondria possess
their own genome encoding several proteins of the electron
transport chain, mitochondrial tRNAs, and rRNAs. The
mitochondrial genome of the budding yeast Saccharomyces
cerevisiae is a circular DNA that is organized into a nucleo-
protein complex (the so-called nucleoid). The nucleoid
contains, according to various data, one to several DNA
molecules [1] and several dozens of different proteins [2]
depending on the cultivation conditions.

Due to the increased vulnerability of mitochondrial
DNA (mtDNA) [3] compared to nuclear DNA, caused
by the high concentration of reactive oxygen species in
mitochondria, the system of mitochondrial genome
repair plays a pivotal role in providing normal functioning
of mitochondria. Homologous recombination is one of
the most important ways of repairing double-strand
breaks in both nuclear and mitochondrial DNAs. Its
mechanisms are believed to be largely similar in nuclei
and mitochondria [4]. Despite extensive study of this
process in various organisms, the precise mechanisms of
homologous recombination in mitochondria remain
incompletely explored [4].

* To whom correspondence should be addressed.

The major mitochondrial nucleoid protein Abf2p is
one of the participants in the homologous recombination
process [5]. This protein belongs to a HMG (High
Mobility Group) family of proteins. Proteins of this fam-
ily perform numerous functions. Namely, they partici-
pate in DNA compaction, act as transcription factors,
and contribute to DNA repair and recombination; they
also take part in cell differentiation [6]. By diversity of
their functions, HMG proteins of eukaryotes resemble
bacterial histone-like DNA-binding HU proteins. Their
functional resemblance is further confirmed by experi-
ments on complementarity of the corresponding genes
[7].

Abf2p protein, which is encoded by the nuclear
genome, contains two HMG domains. According to
some data, only one domain, located at the N-terminal
part of the protein, plays a key role in DNA binding [8].
Deletion of the ABF2 gene decreases stability of mtDNA
of yeast cultivated in media supplemented with fer-
mentable carbon sources, while the mitochondrial
genome is completely eliminated during prolonged
growth in such media [9]. It was also shown that ABF2
deletion causes an increase in occurrence of homologous
recombination events without affecting occurrence of
point mutations [10]. Apparently, Abf2p acts at the late
stages of homologous recombination, namely, at Holliday
junction resolution, as this protein specifically binds to
branched DNA structures [11].
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Holliday junction resolution in S. cerevisiae mito-
chondria is performed by Ccelp resolvase [12], which
introduces consecutive breaks into symmetrically situated
angles of the junction [13]. It is worth mentioning that,
similarly to other resolvases, Ccelp is selective for both
certain DNA structure and its sequence. Therefore, it
hydrolyzes phosphodiester bonds after CT nucleotide pair
[14]. It was demonstrated earlier that double deletion of
the ABF2 and CCEI genes encoding mitochondrial
resolvase causes significant accumulation of branched
DNAs in mitochondria, as compared to a single deletion
of CCE1 [5]. These facts indicate that Abf2p and Ccelp
may somehow interact with each other. Upon such inter-
action, Abf2p may stabilize Holliday junctions by affect-
ing the selectivity or rate of their resolution by Ccelp. To
test this suggestion, we dissected the influence of Abf2p
on Ccelp binding to DNA and the efficiency of in vitro
hydrolysis of Holliday junctions by this resolvase.

MATERIALS AND METHODS

Escherichia coli and S. cerevisiae strains. In the pres-
ent work, E. coli strains Top-10 OneShot® (Invitrogen,
USA) and B834(DE3) (Novagen, USA) and S. cerevisiae
strain W303 were used.

Gene cloning and purification of recombinant proteins
Abf2p and Ccelp. Recombinant Abf2p was prepared as we
described previously [15]. The CCE1 gene was amplified
with primers CCEIF (5'-tcgacatatgtcgacagcacag) and
CCEI1R (5'-tcgactcgagttagtcattgttgtaagtgttc) using S.
cerevisiae genome DNA as a template. The resulting
amplicon was treated with endonucleases Ndel and Xhol
(Thermo Scientific, USA) and cloned in expression vec-
tor pET30a (Novagen) treated with the same enzymes.
The sequence of the cloned CCEI was confirmed by
Sanger sequencing (sequencing was performed at the
Federal Research and Clinical Center of Physical-
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Chemical Medicine, Federal Medical Biological Agency
of Russia). The resulting plasmid pET30a_Ccelp was
used for transformation of E. coli strain B834(DE3). The
transformed colonies were inoculated into 200 ml of
2x YT supplemented with 50 pg/ml kanamycin (Sigma,
USA). The bacteria were cultivated at 37°C and 200 rpm
until OD reached ~0.7. Then, the temperature was
decreased to 30°C, and isopropyl B-D-thiogalactopyra-
noside was added to the concentration of 0.25 mM, and
cultivation was continued for 4 h. The cells were collect-
ed by centrifugation at 3000g for 10 min, washed with
50 ml of PBS (10 mM Na,HPO,, 1.76 mM KH,PO,,
137 mM NacCl, 2.7 mM KCI, pH 7.4), and suspended in
5 ml of starting buffer for chromatography (25 mM sodi-
um phosphate buffer, pH 7.4, 0.5 M NaCl, 25 mM imi-
dazole). The cells were disrupted by ultrasonic treatment
(six pulses 10 s each with 15 s pauses). The lysates were
clarified by centrifugation at 30,000g for 30 min. The
recombinant protein was purified with immobilized metal
ion affinity chromatography on a Ni-Sepharose HisTrap
column (GE Healthcare, USA) using an AKTAPurifier
chromatography system (GE Healthcare) according to
the manufacturer’s manual. Buffer in the fraction con-
taining the recombinant protein was immediately
changed to the storage buffer (25 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1.5 mM EDTA) using a 5 ml HiTrap
desalting column packed with Sephadex G-25.

Electrophoretic mobility shift assay (EMSA). To
study binding of recombinant proteins Abf2p and Ccelp,
a gel retardation assay was used. As substrates, DNA
structures corresponding to the Holliday junction variants
analogous to the ones described in [14] obtained by
annealing the synthetic oligonucleotides (sequences are
given in the table) were used. The oligonucleotides were
mixed at 1-3 uM concentrations in the assembly buffer
(25 mM Tris-HCI, pH 8.0, 200 mM NaCl, 2 mM
EDTA). The samples were heated to 95°C and cooled
slowly.

Sequences of oligonucleotides used for assembly of the analyzed structures

Junction type Oligonucleotide Oligonucleotide sequences (5-3")
name
Fixed Holliday B2 AGGGATCCGTCCTAGCGTGCCGCTGCTACCGGAAGCTTCT
junction R2 AGGAATTCAACCACCGCTCTTCTCGGCTGCAGTCTAGACT
H2 AGAAGCTTCCGGTAGCAGCGAGAGCGGTGGTTGAATTCCT
X2 AGTCTAGACTGCAGCCGAGAGCACGCTAGGACGGATCCCT
Mobile junction A GCGACTTGCGTCACTTAGTATAAAAAAGCTGACTACTAAGGTAGACTCGC
simulating branch B GCGAGTCT/ACCT/TAGTAGTCAGCT/TTTTTTCAATAACT/TGAAGCGAACGC*
migration C GCGTTCGCTTCAAGTTATTGAAAAAAAGCAGGTCCAAGGACAGCGAACGC
D GCGTTCGCTGTCCTTGGACCTGCTTTTTTATACTAAGTGACGCAAGTCGC

* Potential sites for cleavage with Ccelp are indicated with “/”.
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The DNA was bound to the proteins in buffer that
contained 25 mM Tris-HCI, pH 8.0, 150 mM Nad(l,
2 mM EDTA, 0.1 mg/ml BSA, and 7% glycerol. Variable
amounts of the recombinant proteins were added to the
DNA in the 10-100 nM concentration range and incu-
bated at a room temperature. Then, the mixtures were
fractionated in 6% non-denaturing polyacrylamide gel
(29 : 1; 90 mM Tris-borate, 2 mM EDTA, 6 x 8 x
0.075 cm, 100 V, 1 h). After the run, the gel was imaged in
a blue-fluorescence mode using a Storm865 scanner (GE
Healthcare). The images were processed using Imagel
software (NIH, USA). During the study of specificity of
interaction between Abf2p and the Holliday junction, a
20 bp dC:dI duplex was used as a competitor double-
strand DNA at various ratios. Dissociation constants were
calculated as described in [16].

Holliday junction cleavage by Ccelp protein.
Hydrolytic activity of the recombinant Ccelp was meas-
ured as follows: first, oligonucleotides R2 (for fixed struc-
ture) and B (for mobile structure) (table) were labeled
with [y**P]ATP using T4 bacteriophage polynucleotide
kinase (Thermo Scientific) according to the manufactur-
er’s manual. Then, junctions were assembled as described
above. Hydrolysis was carried out in cleavage buffer that
contained 20 mM Tris-HCI1, pH 8.0, 30 mM Nad(l,
10 mM MgCl,, 2 mM dithiothreitol (DTT), 1 mg/ml
BSA. DNA structure (10 pmol) and Ccelp (final concen-
tration of 50-200 nM) and (in some reactions) Abf2p
(final concentration 50-200 nM) were added to the reac-
tion mixture. Cleavage was performed at 37°C for 5, 10,
15, and 30 min. The reaction was stopped by adding
EDTA to 10 mM concentration. Proteins in the reaction
mixture were removed with proteinase K (20 pg/ml at
56°C for 20 min). Then, the DNAs were denatured by
formamide and separated in denaturing 15% polyacryl-
amide gel (29 : 1; 90 mM Tris-borate, 8 M urea, 2 mM
EDTA, 6 x 8 x 0.075 cm, 100 V, 1 h). After the run, the
gel was fixed in 10% acetic acid, dried, and exposed for 2-
4 h to a Storage Phosphor Screen (GE Healthcare).
Then, the screen was scanned with the Storm865 scanner,
and the images were processed using ImageJ software.

RESULTS AND DISCUSSION

Although there is a great collection of data confirm-
ing the participation of Abf2p in homologous recombina-
tion of mitochondrial DNA [5, 10, 17], the mechanism of
its action remains obscure. We proposed that characteriz-
ing Abf2p interaction with yeast Ccelp mitochondrial
resolvase might shed light on details of the participation
of the former in homologous recombination.

Interaction of Abf2p and Ccelp with branched DNA
structures. The interaction of recombinant proteins
Abf2p and Ccelp with branched DNA structures was
characterized by monitoring changes of mobility of fixed
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Holliday junctions in a gel (Fig. 1). According to our
data, both proteins bind to a Holliday junction in a simi-
lar manner, forming a clear DNA—protein complex even
in the high-salt conditions used. In this case, Ccelp is
more prone to forming 1 : 1 protein—DNA complex,
while ABf2p is able to form higher order complexes on
increasing its concentration in the reaction mixture.
Apparently, this difference can be associated with Ccelp
selectivity for the bound strand sequence. Alternatively, it
could be explained by the fact that hydrolysis of symmet-
rical strands in the Holliday junction proceeds successive-
ly [13], and it is possible that binding of Ccelp to the
symmetrical strand is determined by the cleavage of the
strand that was initially bound to Ccelp.

Further increase in Abf2p concentration in the reac-
tion mixture led to appearance of bands that correspond
to higher order complexes. Nevertheless, during the study
of competition binding of different DNA forms
(branched and linear), it was shown that these complexes
disappear on increasing the double-strand DNA concen-
tration in the reaction mixture (data not shown). Hence,
the density of the band that corresponds to the complex of
two Abf2p molecules per Holliday junction decreases
(Fig. 1c). At the same time, even 500-fold excess of com-
petitor DNA does not decrease intensity of the band that
corresponds to the complex of one protein molecule with
one DNA molecule. Similar data for Ccelp were report-
ed [14].

We calculated apparent dissociation constants for
complexes of the recombinant proteins with an immobile
Holliday junction by analyzing the images. The K, for the
complex of Abf2p with such junction was 27 = 4 nM, and
the K for the junction—Ccelp complex containing pro-
tein monomer was 74 = 7 nM. Taking into account that,
in contrast to Abf2p, Ccelp binds to DNA as a dimer
[14], the dissociation constant of the complex is approxi-
mately 37 nM. Similar dissociation constant values were
obtained for complexes of the recombinant proteins with
a mobile Holliday junction (data not shown).

Mutual influence of Ccelp and Abf2p on their binding
to a branched DNA. To determine whether one of the
recombinant proteins affects the interaction of the other
one with a Holliday junction, we analyzed changes in
complex mobility first at constant Abf2p concentration
and increasing Ccelp concentrations (Fig. 2a), and then
at constant Ccelp concentration and increasing concen-
trations of Abf2p (Fig. 2b).

Our data demonstrate that Abf2p and Ccelp do not
significantly affect the binding of each other with
branched DNA. However, they compete for the substrate.
Therefore, a band corresponding to the DNA—Abf2p
complex loses density (Fig. 2a) at constant concentration
of Abf2p during increase in concentration of Ccelp. At
the same time, it should be noted that an additional band
appears, which we did not observe in other experiments.
We consider this band to be a complex of DNA with two
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Fig. 1. Interaction of proteins Abf2p and Ccelp with a Holliday junction. Assembled fixed Holliday junctions (20 nM) were incubated with
recombinant proteins Abf2p and Ccelp at various concentrations in 25 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.1 mg/ml BSA,
and 7% glycerol. They were then separated in 6% polyacrylamide gel. a) Interaction of branched DNA with Ccelp; b) interaction of branched
DNA with Abf2p. Protein concentrations are presented above the electrophoregrams; ¢) competitive binding of Abf2p with branched DNA.
Abf2p at 200 nM concentration and dsDNA (dC:dl, 20 bp) at increasing concentrations were added to an fixed Holliday junction. Molar
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ratios of Holliday junction to dC:dI are indicated at the bottom of the figure.

Ccelp molecules. Perhaps Abf2p promotes formation of
such complex. However, this issue is still to be addressed.
It also should be mentioned that an increase in concen-
tration of Abf2p at constant Ccelp levels facilitates for-
mation of DNA—Abf2p complex without significant
decrease in density of the Ccelp—DNA band (Fig. 2b).

Effect of Abf2p on rate and selectivity of Holliday
junction cleavage by Ccelp. The effect of Abf2p on the
cleavage rate of one of the strands in an fixed Holliday
junction with Ccelp resolvase was estimated by quantita-
tive analysis of time-dependent accumulation of hydroly-
sis product at various concentrations and molar ratios of
the recombinant proteins. Typical results are presented in
Fig. 3. The data indicate that the presence of Abf2p does
not affect the hydrolysis rate, as the cleavage product
accumulation curves are actually the same in either the
presence or absence of Abf2p.

Effect of Abf2p on selectivity of cleavage of one of a
mobile Holliday junction strands by Ccelp was analyzed
electrophoretically by observing differences between
hydrolysis products formed in the presence and in the
absence of Abf2p (Fig. 3c). The labeled strand had two
cleavage sites in the central part (Fig. 3d, indicated with
arrows) of the junction. Due to the hydrolysis, one can see

in the gel two corresponding products. It is worth men-
tioning that an additional product of higher size is formed
in reactions without Abf2p. This product corresponds to
hydrolysis at a potential cleavage site situated closer to the
3’-end of strand “b”. The ability of Ccelp to cleave DNA
is largely dependent on the proximity of the cleavage site
to the central part of the Holliday junction [14]. Thus, for-
mation of such product in the absence of Abf2p may be
explained by greater strand mobility in the junction;
whereas the junction becomes more stable in the presence
of Abf2p and a site that is so remote from the central part
is not cleaved. However, the data do not demonstrate a sig-
nificant influence of Abf2p on the selectivity of mobile
Holliday junction cleavage by Ccelp resolvase.
Mitochondrial DNA is vulnerable to the action of
aggressive compounds and reactive oxygen species, whose
high concentration in matrix is determined by the func-
tioning of the electron transport chain in the inner mem-
brane. Due to the necessity of maintenance of mitochon-
drial genome integrity, the mechanisms for repair of
mtDNA damages developed in the course of evolution
[18]. Double-strand DNA break repair by homologous
recombination is one such mechanism. It is now accept-
ed that at least two independent recombination mecha-
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nisms exist in budding yeast mitochondria. The first is
related to the replication of mtDNA and is mediated by
Mhrlp protein. The second mechanism is associated with
functioning of mitochondrial resolvase Ccelp. It is
believed to be rather connected to mtDNA inheritance
and repair [18]. Despite extensive studies of homologous
recombination, the precise molecular mechanisms of the
processes remain obscure.

The DNA-binding protein Abf2p is one of the par-
ticipants of homologous recombination in yeast mito-
chondria [17]. Deletion of a gene encoding this protein
causes fast accumulation of deletions in mtDNA and its
further complete degradation [19] as well as increase in
occurrence of recombination between repeated sequences
[10]. Besides, upon double deletion of genes CCE1 and
ABF?2, accumulation of Holliday junctions, key interme-
diates of homologous recombination, proceedes at a
higher rate compared to the case of a single deletion of
either of these two genes [5]. On the basis of these facts,
we assumed that Abf2p may somehow affect the ability of
Ccelp to resolve Holliday junctions. To test this hypoth-
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esis, we obtained corresponding recombinant proteins
and dissected their mutual influence upon binding to
branched DNA and resolution of the Holliday junction.
Both Abf2p and Ccelp bind to the Holliday junction
in a similar way forming complexes with dissociation con-
stants of approximately 30 nM. It is worth mentioning an
interesting difference: Abf2p binds DNA as a monomer
[15], whereas Ccelp interacts with DNA as a dimer [14].
Besides that, we also noted an additional difference in
binding of these proteins to branched DNA. Under in
vitro conditions, Ccelp predominantly binds to DNA at
1 : 1 ratio, which may be explained either by successive
nature of breaks that it introduces into central portions of
symmetrical strands or by its selectivity for hydrolyzed
sequence [13]. At the same time, Abf2p is able to bind the
Holliday structure at 2 : 1 ratio when increasing concen-
tration of the protein. However, it is important that the
addition of competitor double-strand DNA, which is
bound by Abf2p nonspecifically [11], formation of the
complex of two protein molecules per DNA is substan-
tially decreased. The latter suggests that formation of the
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Fig. 2. Mutual influence of Ccelp and Abf2p on their binding to a branched DNA. Assembled fixed Holliday junctions (20 nM) were incu-
bated with recombinant proteins Ccelp and Abf2p at various concentrations in 25 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA,
0.1 mg/ml BSA, 7% glycerol; then, they were separated in 6% polyacrylamide gel. a) Interaction with branched DNA at constant Abf2p lev-
els and increasing concentrations of Ccelp; b) interaction with branched DNA at constant Ccelp levels and increasing concentrations of
Abf2p. Protein concentrations are presented above the electrophoregrams.
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Fig. 3. Effect of Abf2p on rate and selectivity of Holliday junction cleavage by Ccelp resolvase. a) Fixed Holliday junction (10 pmol) was incu-
bated with 200 nM Ccelp in 20 mM Tris-HCI, pH 8.0, 30 mM NacCl, 10 mM MgCl,, 2 mM DTT, and 1 mg/ml BSA either in the absence or
in the presence of 200 nM Abf2p at 37°C for 5, 10, 15, and 30 min. The reaction was stopped by adding EDTA to 10 mM; proteins were
removed by proteinase K (20 pug/ml at 56°C for 20 min). Then, sample DNA was denatured with formamide and separated in denaturing 15%
polyacrylamide gel. b) Time dependence of degree of strand “b” hydrolysis. Solid line — without Abf2p, dashed line — in the presence of
200 nM Abf2p. c) Mobile Holliday junction (10 pmol) was incubated with 200 nM Ccelp in 20 mM Tris-HCI, pH 8.0, 30 mM NaCl, 10 mM
MgCl,, 2 mM DTT, and 1 mg/ml BSA either in the absence or in the presence of 200 nM Abf2p at 37°C for 5, 10, 15, and 30 min. The reac-
tion was stopped by adding EDTA to 10 mM; proteins were removed by proteinase K (20 pug/ml at 56°C for 20 min). Then, the DNA was dena-
tured with formamide and separated in denaturing 15% polyacrylamide gel. d) Structure of central part of the mobile junction. Potential

hydrolysis sites in radioactively labeled strand are indicated with arrows.

second complex is less specific, which may be determined
by alteration of the ternary structure of branched DNA
caused by formation of the first complex. This pattern for
binding branched DNA is typical for a number of HMG
proteins, including the mitochondrial proteins of this
family [11].

When both proteins are present in the reaction mix-
ture, we did not observe any significant differences in
their interaction with branched DNA. Nevertheless, it
should be noted that in the presence of Abf2p, Ccelp
becomes able to form a complex with DNA at 2 : 1 ratio,
which may indicate some stabilization of the Holliday
junction by Abf2p.

The next hypothesis to be tested was that Abf2p by
means of stabilization of Holliday structure is able to
increase accessibility of its central part for Ccelp and,
therefore, to increase the hydrolysis rate of the corre-
sponding strands. However, our data clearly showed that
the rate of resolution of a Holliday junction is not

changed in the presence of Abf2p. Apparently, marginal
changes in the pattern of Ccelp binding to branched
DNA in the presence of Abf2p do not significantly affect
the accessibility of the hydrolysis site to resolvase.

We further checked whether Abf2p-mediated stabi-
lization of the Holliday junction affects the specificity of
Ccelp action. It is known that Ccelp hydrolyzes the
DNA strand in the Holliday junction predominantly after
a CT dinucleotide. Moreover, hydrolysis efficiency
directly depends on the proximity of the site to the central
part of the junction [14]. To dissect influence of Abf2p on
selectivity of mitochondrial resolvase, we used a structure
that simulated an intermediate of a branch migration
process having no certain center of symmetry. Besides,
there were several sites recognized by Ccelp in the stud-
ied strand. These sites were situated at different distances
from the central part of the junction. It was found that
Abf2p can somewhat affect Ccelp functioning by ham-
pering hydrolysis at a site distant from the central part of
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the junction, whereas Abf2p did not significantly affect
selectivity of Ccelp.

Thus, our data suggest that Abf2p significantly
affected neither the pattern of Ccelp interaction with
branched DNA, rate of enzyme functioning, nor selectiv-
ity of strand cleavage in a Holliday structure by this
resolvase. However, as mentioned, the participation of
Abf2p in homologous recombination of mtDNA is
beyond doubt. Perhaps, this participation is restricted to
the final stages of the process, as Abf2p specifically binds
only branched structures that mimic Holliday junctions
[11]. It should be mentioned here that the Ccelp-medi-
ated recombination mechanism is not the only one in
yeast mitochondria. Recombination proceeds (though
less efficiently) in mitochondria even after deletion of the
CCE1 gene; the same is true for a double deletion of the
CCEI and MHRI1 genes [20]. Taking this into account as
well as a significant influence of Abf2p on both quantity
of recombination intermediates in mitochondria and
occurrence of spontaneous deletions in mtDNA, we
assume that Abf2p plays an important role in a yet
unknown mechanism of homologous recombination in
yeast mitochondria.
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