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ABSTRACT

Previous studies have established that the mitochondrial high mobility group (HMG) protein, Abf2p,
of Saccharomyces cerevisiae influences the stability of wild-type (p™) mitochondrial DNA (mtDNA) and plays
an important role in mtDNA organization. Here we report new functions for Abf2p in mtDNA transactions.
We find that in homozygous Aabf2 crosses, the pattern of sorting of mtDNA and mitochondrial matrix
protein is altered, and mtDNA recombination is suppressed relative to homozygous ABF2 crosses. Although
Abf2p is known to be required for the maintenance of mtDNA in p* cells growing on rich dextrose
medium, we find that it is not required for the maintenance of mtDNA in p~ cells grown on the same
medium. The content of both p* and p~ mtDNAs is increased in cells by 50-150% by moderate (two- to
threefold) increases in the ABF2 copy number, suggesting that Abf2p plays a role in mtDNA copy control.
Overproduction of Abf2p by =10-fold from an ABF2 gene placed under control of the GAL1 promoter,
however, leads to a rapid loss of p" mtDNA and a quantitative conversion of p* cells to petites within two
to four generations after a shift of the culture from glucose to galactose medium. Overexpression of Abf2p
in p~ cells also leads to a loss of mtDNA, but at a slower rate than was observed for p* cells. The mtDNA
instability phenotype is related to the DNA-binding properties of Abf2p because a mutant Abf2p that
contains mutations in residues of both HMG box domains known to affect DNA binding in vitro, and that
binds poorly to mtDNA in vivo, complements Aabf2 cells only weakly and greatly lessens the effect of
overproduction on mtDNA instability. In vivo binding was assessed by colocalization to mtDNA of fusions
between mutant or wild-type Abf2p and green fluorescent protein.These findings are discussed in the

context of a model relating mtDNA copy number control and stability to mtDNA recombination.

HE segregating unit of mitochondrial DNA

(mtDNA) isgenerally believed to be a protein—-DNA
complex that can be visualized in cells with DNA-specific
dyes as punctate-staining, cytoplasmic structures termed
nucleoids or chondriolites (Williamson and Fennell
1979). The mechanisms by which mtDNA is transmitted
to progeny cells to achieve respiratory competence of
the population are not well understood. Previous studies
on the kinetics of sorting of mtDNA and mitochondrial
matrix proteins in zygotes of the yeast Saccharomyces cere-
visiae suggested that mtDNA is associated with a putative
segregation apparatus that controls the movements and
transmission of mtDNA independently of the flow of
bulk mitochondrial matrix proteins (Azpiroz and
Butow 1993).

Mitochondria of wild-type yeast cells contain an abun-
dant 20-kD protein that plays an important role in
mtDNA maintenance. This protein was first identified
by Caron et al. and called HM. The gene was later
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cloned and named ABF2 by Diffley and Stillman
(1991), who showed that the phenotype of the null
allele (Aabf2) is a loss of wild-type (p*) mtDNA from
cells grown on rich dextrose medium. They observed,
however, that when Aabf2 cells were grown on medium
with glycerol, a nonfermentable carbon source, p*
MtDNA could be maintained indefinitely. These find-
ings indicate that Abf2p is not essential for mtDNA
replication or gene expression.

Abf2p is a member of the family of high mobility
group (HMG) proteins and it contains two HMG box
domains. Because a truncated protein containing only
one HMG box supplies the Abf2p function for mtDNA
stability, probably only one is essential (Kao et al. 1993).
HMG box proteins are a functionally diverse class of
DNA-binding proteins that can bend and wrap DNA,
and they have particular affinity for non-B DNA confor-
mations, including Holliday junctions (reviewed in
Landsman and Bustin 1993). The instability of p*
mtDNA in Aabf2 cells can be suppressed by other HMG
proteins, including the yeast nuclear protein NHP6A
(Kao et al. 1993) and the human mitochondrial homo-
logue of Abf2p, h-mtTFA (Parisi et al. 1993), when
targeted to mitochondria. In addition, the Escherichia
coli DNA-packing protein, HU, although not an HMG
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box protein, can also suppress the mtDNA instability
phenotype when it is targeted to mitochondria of Aabf2
cells (Megraw and Chae 1993), suggesting that the
function of Abf2p is related mostly, if not entirely, to its
DNA-binding properties. Finally, the mtDNA instability
phenotype of Aabf2 cells can be partially suppressed by
overexpression of the mitochondrial enzyme acetohy-
droxy acid reductoisomerase, the product of the ILV5
gene, which functions in branched chain amino acid
biosynthesis (Troitskaya et al. 1995). The mechanism
of suppression of the Aabf2 phenotype by acetohydroxy
acid reductoisomerase, which has no obvious DNA-bind-
ing motifs, is unknown.

Recent studies have suggested that p" mtDNA in Aabf2
cells grown on glycerol medium is organized differently
than in wild-type ABF2 cells (Newman et al. 1996). First,
p" MtDNA in glycerol-grown Aabf2 cells stains more
diffusely with the DNA-binding dye 4',6"-diamino-2-phe-
nylindole (DAPI) than does p* mtDNA in ABF2 cells,
which shows a characteristic bright, punctate staining
pattern. Second, some mtDNA sequences are four- to
fivefold more sensitive to digestion by DNase | in perme-
abilized mitochondria from Aabf2 cells than in similarly
prepared mitochondria from wild-type cells. Finally, a
comparison of the protein profiles of purified mtDNA
nucleoids isolated from Aabf2 and ABF2 cells showed
that, in addition to the expected absence of Abf2p, the
nucleoids from Aabf2 cells lack polypeptides of 60 and
46 kD, both of which are present in amounts compara-
ble to that of Abf2p in nucleoids from wild-type cells.
Together, these findings suggest that Abf2p plays an
important role in the organization of mtDNA.

To better understand the role of Abf2p in mtDNA
maintenance, we have analyzed the sorting, copy num-
ber, and transmission properties of p* and p~ mtDNAs
in wild-type cells and in cells that either lack Abf2p or
contain elevated levels of the protein. Our experiments
indicate that both p* and p~ mtDNA copy number can
be modulated by the level of Abf2p; however, very high
levels of Abf2p result in mtDNA instability, an effect
that probably requires the DNA-binding properties of
the protein. Surprisingly, unlike p* mtDNA, p~ mtDNAs
are stable in Aabf2 cells when grown on rich dextrose
medium. These results, together with data showing that
mtDNA recombination is reduced in Aabf2 cells, suggest
that Abf2p influences both the replication and segrega-
tion of mMtDNA, perhaps through a role in forming or
stabilizing mtDNA recombination intermediates.

MATERIALS AND METHODS

Strains, growth media, and growth conditions: Strains of
S. cerevisiae used in this study are listed in Table 1. MAT«
derivatives of 14WW and 14WWAabf2 were made by mating-
type switching induced by expression of the HO gene under
galactose control (Herskowitz and Jensen 1991). For
mtDNA recombination studies, strains 70 and 43 were con-
structed by cytoduction (Conde and Fink 1976) to contain

mitochondrial genomes with the genotypes, respectively, p*
o™ C" O"and p™ ot C* O, with markers conferring resistance
or sensitivity to chloramphenicol (C) or oligomycin (O) [see
Azpiroz and Butow (1993) for details about those mtDNAs].
0’ derivatives of strains were obtained by growth of cells in
rich medium containing 2% dextrose and 25 p.g/ml ethidium
bromide. The mitochondrial genome of the HS40 p~ strain is
a 760-bp repeat containing ori5, a putative origin of mtDNA
replication (Parikh et al. 1989); that strain is a hypersuppres-
sive petite that, when crossed to p* tester strains, >98% of the
diploid progeny are p~ petites with the HS40 mitochondrial
genome. The mitochondrial genome of the p~ VAR1 strain
is a 2-kb repeat encompassing the VAR1 gene, which was
first analyzed in strain 5D2-33 (Lopez et al. 1981); it is only
moderately suppressive, yielding ~20% p~ diploid progeny
when crossed to p* testers. These p~ genomes were introduced
into a14WW and «14WWAabf2 by cytoduction; the desired
cytoductants were identified by colony hybridization or by
Southern blotting with petite genome-specific probes. All
standard yeast genetic analyses were performed as described
in Rose et al. (1988).

YP medium contains 1% yeast extract and 2% Bacto pep-
tone, and either 2% dextrose (YPD), 2% glycerol (YPG), or
2% galactose (YPGal). YNB medium contains 0.67% yeast ni-
trogen base without amino acids and either 4% dextrose
(YNBD), 4% dextrose and 1% casamino acids (YNBD+cas),
2% glycerol (YNBG), 2% glycerol and 1% casamino acids
(YNBG+cas), or 2% galactose and 1% casamino acids (YNB-
Gal+cas). All YNB media were supplemented with the requi-
site nutritional requirements. RG medium contains 0.2% yeast
extract, 0.2% Bacto peptone, 0.05% NacCl, 0.1% (NH,), SO,,
0.05% MgCl,, 0.05% KH,PO,, pH 6.5, and 3.2% glycerol. Solid
media contained 2% Bacto agar. Cells were grown at 30°.
Colonies were scored as p* or p~ by the tetrazolium overlay
method (Ogur et al. 1957); for adenine-requiring strains, it
was also possible to score p* and p~ by the red colony color
that p" adel and ade2 strains develop.

Plasmids: Plasmid DNAs were prepared by alkaline lysis
using E. coli strains DH5a or XL1-blue.

pGCS1 is a CEN-URA3 plasmid containing the CIT1 coding
region under control of the GAL1 promotor (Azpiroz and
Butrow 1993). pAM1A20 is a pUC119-based ARS1-CEN4-
URAS3 plasmid containing the 1.6-kb EcoRI fragment of yeast
DNA that includes the ABF2 gene (Diffley and Stillman
1991). pAM1A::TRP1 contains a TRP1 disruption of the ABF2
gene described by Diffley and Stillman (1991). YCpABF2
isthe CEN-URA3 plasmid YCp50 containing the wild-type ABF2
gene that was transferred from pAM1A20.

To construct plasmid pGAL68/ABF2, a 0.9-kb fragment of
DNA containing the entire ABF2 coding sequence flanked by
restriction sites 5-BamHI and 3'-Hindlll was generated by
PCR using the primers 5-GTAAACAGATTAACAAAGGATC
CAATCAATTACAACAAC-3" and 5-TCGTAAAGAAGCTTTG
TAAAGGTGAGGACG-3". The PCR product was digested with
BamHI and Hindlll, and the fragment containing the coding
region of ABF2 plus 24 bp of 5’ and 376 bp of 3’ sequences
was gel purified and ligated into the BamHI-HindlIll site of
pGAL68, which was previously called pSEYC68-Gal (Vida et
al. 1990).

Plasmid YIp356/ABF2 was constructed by cloning the 1.6-
kb EcoRI fragment of plasmid pAM1A20 containing the ABF2
gene into the EcoRlI site of plasmid YIp356 (Myerset al. 1986).
Plasmid YIp356/ABF2/TRP1 was constructed by cloning the
Pstl-Smal fragment from plasmid YDp-W (Berben et al. 1991),
which contains the TRP1 gene, into the Pstl-Smal sites of the
multicloning site in plasmid YIp356/ABF2.

Plasmid pRS416/Abf2-GFP (CEN URA3) was constructed
by ligating a 0.8-kb EcoRI-Xhol fragment containing the 5’
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TABLE 1

S. cerevisiae strains used in this study?

1765

Strain Genotype Reference
14WW MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 p* Troitskaya et al. (1995)
al4WW MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 p* This study
14WW/ABF2 MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 ura3::Y1p356/ABF2 p* This study
14WW/2ABF2 MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 ura3::Y1p356/ABF2 This study
trpl::Y1-356ABF2 p*
14WW/GAT MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 ura3::YIp356/GAT p*" This study
14WWAabhf2 MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 abf2::TRP1 p* Troitskaya et al. (1995)
a14WWAabf2 MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 abf2::TRP1 p* This study
15WW MATa his3 ura3-52 trpl leu2-3,112 citl::LEU2 p* This study
15WW Aabf2 MATa his3 ura3-52 trpl leu2-3,112 citl::LEU2 abf2::TRP1 p* This study
70 MATa ade2 ura3 trpl leu2-3,112 ahf2::TRP1 citl::LEU2 p" w* C" O' This study
43 MATa his3 trpl leu2-3,112 abft:: TRP1 citl::LEU2 p™ w* CSOS This study
HS40 p~ MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 HS40 p~ This study and
Parikh et al. (1989)
VARI p~ MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 VARI p~ This study and
Lopez et al. (1981)
14WW/GAT MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 ura::YIp356/GAT This study
(p HS40)

HS40 p~ Aabf2

VARL p~ Aabf2

MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 abf2::TRP1 HS40 p~

MATa ade2-1 ura3-52 trpl leu2-3,112 citl::LEU2 abft2::TRP1 VARL p~

This study and

Parikh et al. (1989)

This study and

Lopez et al. (1981)

@ Genealogies available upon request.

untranslated region (UTR) and coding region of ABF2 in
frame to a 0.73-kb Xhol-Kpnl fragment containing the coding
region of green fluorescent protein (GFP), followed by a
1-kb Kpnl-EcoRI fragment of the ABF2 3’ UTR, and cloned
into the EcoRlI site of pRS416. The mutant allele, abf2-172~
(see below), was cloned into pRS416 in the same way to yield
plasmid pRS416/Abf2-1"2~-GFP. pRS416/CS1-GFP was con-
structed by ligating a 0.9-kb EcoRI-Xhol fragment of the CIT2
gene containing the 5" UTR and the region of the open read-
ing frame encoding the first 52 amino acids of citrate synthase
1 (CS1) fused to the Xhol-Kpnl fragment of the GFP-coding
region, followed by a 0.5-kb Kpnl-Hindll fragment of the CIT2
3’ UTR, and cloned into the EcoRI-HindlIll site of pRS416.

Construction of mutant abf2-1727: The 1.6-kb EcoRI frag-
ment from pAM1A20 containing the ABF2 gene was cloned
into pRS416 (to generate pRSABF2) and site-specific muta-
tions were placed in the two HMG boxes. Primers correspond-
ing to box 1 (5"TAAGAAATAAGCAGATGTGGGGGCGCC
AGGAACCCTGTTTTATCAATTC-3") and box 2 (5’ CTTATT
GAAGGGTCCTGCTGGGCCGGCTGGAGGAAGTTTTTCGT
CAAAC-3") were used to mutate Lys*Arg® and Lys'7Lys'® to
GlyAla and AlaGly, respectively. Mutagenized plasmids (re-
ferred to as pRSabf2-1727) were propagated in E. coli strain
CJ236, and the presence of the mutations was monitored by
screening for the Narl and Nael restriction sites, respectively
(underlined).

Yeast transformations were carried out by the lithium acetate
method (Chen et al. 1992).

Strain constructions: YIp356/ABF2 was linearized at the
Ncol site in the URA3 gene and transformed into strain 14WW
p'; integration of the plasmid into the URA3 locus yielded
strain 14WW/ABF2 with two genomic copies of the ABF2 gene.
Plasmid YIp356/ABF2/TRP1was linearized at an internal Xbal
site in the TRP1 gene and integrated into the genomic TRP1
gene by transformation of strain 14WW/ABF2; the resulting
strain, 14WW/2ABF2, has three genomic copies of the ABF2

gene. To generate strain 14WW/GAT, in which one copy of
the ABF2 gene is under control of the GAL1 promoter, a 1.6-kb
EcoRI-Hindll1 fragment of plasmid pGAL68/ABF2 containing
the ABF2 gene under control of the GAL1 promotor was
cloned into the multicloning site of plasmid YIp356, yielding
YIp356/GA. A Klenow-filled BamHI fragment of plasmid YDP-
W containing the TRP1 gene was cloned into a Klenow-filled
HindlIll site of plasmid YIp356/GA. The resulting plasmid,
Y1p356/GAT, was linearized at the Ncol site, gel purified, and
transformed into strain 14WW p*. Ura® and Trp™ trans-
formants were selected, and integration was verified by South-
ern blot analysis.

Cells were cured of URA3 plasmids using standard methods
(Rose et al. 1988).

mtDNA recombination: Aabf2 strains 70 (MATa C" O") and
43 (MATa C° O%) and YCpABF2 transformants of those strains
were grown on YPG medium and mated in the four possible
combinations for 12-16 hr on solid YPG medium. Diploids
were selected by replica plating on appropriately supple-
mented YNBG medium. Diploid cells were then plated for
single colonies on RG medium. Resistance or sensitivity to
chloramphenicol (C) and oligomycin (O) was tested by replica
plating to RG medium containing either 3 mg/ml chloram-
phenicol or 3 pg/ml oligomycin, and plates were scored after
4 days incubation at 30°.

Analysis of mtDNA and Abf2p content: Total cellular DNA
from the various yeast strains was prepared by the rapid glass
bead method of Hoffman and Winston (1987). DNA was
digested with Haelll for p* mtDNA, Dral for HS40 p~ mtDNA,
or Hincll for VAR1 p~ mtDNA, and was fractionated on 1%
agarose gels. Blotted samples were hybridized with the follow-
ing 5" %P-end labeled probes: VARL, 5-ATGGTATCTTAAC
TAATTATCAACGTA-3'; HS40, 5-GATAAACAAGAAGATA
TCCGGGTC-3". For some experiments, HS40 DNA samples
were hybridized with random-primed HS40 DNA (Random
Primed DNA Labeling Kit; Boehringer Mannheim Biochemi-
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cals, Indianapolis) purified from strain 14WW p~ HS40 and
gel purified after cleavage with EcoRV. A 679-bp PCR-amplified
fragment of the COXII gene (nt 1335-2014 of GenBank acces-
sion number J01485) was labeled by random priming and
used as the probe for p* genomes. For each digest, the level
of the single-copy ACT1 gene was determined by hybridization
with a random-primed fragment of the ACT1 gene [the 0.6-
kb Xbal-Pstl internal fragment from the ACT1 gene from
pGEM:-actin (Ng and Abelson 1980)]. Signalswere quantified
using a Phosphorlimager (Molecular Dynamics, Sunnyvale,
CA), and the content of mtDNA was determined relative to
the ACT1 signal.

The amount of Abf2p in whole-cell extracts was determined
by Fluorlmager (Molecular Dynamics, Sunnyvale, CA) scan-
ning of Western blots using a polyclonal antibody to Abf2p
thatwas expressed and purified fromE. coli as described (New-
man et al. 1996). Protein inputs were determined by Bradford
analysis (Bio-Rad, Richmond, CA).

Staining and microscopy: To analyze the sorting of the mito-
chondrial matrix protein CS1 and mtDNA in zygotes, fixed
cells (4% formaldehyde for 1 hr at 30°) were washed in P
buffer (40 mm KH2PO4, pH 6.5, and 0.5 mm MgCl2). Sphero-
plasts were prepared and placed on poly-I-lysine-coated
multiwell slides as described in Azpiroz and Butow (1993).
DNA was stained by brief incubation with 1 wg/ml DAPI in
PS buffer (1.2 m sorbitol in P buffer). After washing in PS
buffer, samples were air dried and mounted. Microscopy was
performed using an Axioplan microscope (Carl Zeiss, Thorn-
wood, NY) equipped for epifluorescence using filter set G365/
FT395/LP420. Synchronized matings, labeling of parental cells
with mitochondrial CS1, immunofluorescence, and zygote
scoring were performed as described in Azpiroz and Butow
(1993). The percentage of p°cells in cultures was determined
by direct count of DAPI-stained cells. For microscopic analysis
of GFP fusion proteins, p* cells of strain 14WW were trans-
formed with pRS416/ABF2-GFP, pRS416/abf2-1"2"-GFP, or
pRS416/CS1-GFP, and were grown in YNBR+cas medium to
midlogarithmic phase. Cells were collected by centrifugation
and resuspended in sterile distilled water to a density of 5 X
108 cells/ml. A small drop of the cell suspension (2-3 wl) was
placed on a microscope slide, covered with a cover slip (22 X
22 mm), sealed with 0.5% agarose, and observed under the
microscope. Cells were observed by fluorescence with a cooled
CCD (model C5810; Hamamatsu Photonic Systems, Bridge-
water, NJ) camera on a DMRXE microscope (Leica, Deerfield,
IL) equipped with the following filter set: excitation, 450-490
nm; dichroic, 510 nm; barrier, 515 LP, an HBO 100W/2 mer-
cury arc lamp, and a X100 Plan-Apochromat objective. Fluo-
rescence and differential interference contrast (DIC) digitized
images were acquired using Adobe Photoshop (Adobe Sys-
tems, Mountain View, CA).

RESULTS

Altered sorting of mitochondrial constituents in zygotes
formed from Aabf2 parents: We previously developed
a system to follow the kinetics of sorting of mtDNA and
mitochondrial matrix proteins in zygotes from synchro-
nously mated cells (Azpiroz and Butow 1993). We
showed that mtDNA movements can be distinguished
from the movements of mitochondrial matrix proteins,
suggesting the existence of an independent mtDNA seg-
regation apparatus. In those experiments, a mitochon-
drial matrix protein, such as CS1, was transiently ex-
pressed in one of the two parents of a cross, e.g., between

p" cells or between a p° petite and a p' strain, and the
sorting of the protein was then followed at different time
intervals after synchronous zygote formation by indirect
immunoflourescence using anti-CS1 antiserum. Sorting
of mtDNA was determined either by pedigree analysis
of the mitochondrial genotype of zygote end buds or
by direct vizualization of mtDNA by DAPI staining.

Animportant finding of those experimentswas that in
ap’ X p*cross, the matrix protein marker equilibrated
throughout the zygotes after ~4 hr of zygote maturation
while the p* parental mtDNAs remained largely un-
mixed (detected as progeny of end buds that were ho-
mogeneous for one parental mtDNA or the other). In
the p* X p°cross, an intermediate in the sorting process
was observed as a population of zygote forms in which
the matrix marker protein, initially present only in the
mitochondria of the p°parent, had quantitatively moved
to the p" end of the zygote before equilibrating with
mtDNA throughout the zygote and into the emerging
diploid bud. This unusual zygote form was called “asym-
metic” (A). We concluded in those studies that A-form
zygotes were not the result of the transfer of bulk mito-
chondria from the p° to the p™ end because the CS1
fluorescence and DAPI staining of mtDNA were colo-
calized in one end of the zygote. Although the mecha-
nism accounting for this quantitative transfer of the
matrix protein from the p° to the p* end of the zygote
is not known, the formation of A-form zygotes requires
the presence of p* mtDNA in one parent of the cross,
although that parent need not be respiratory competent
(Azpiroz and Butow 1993). Together, those experi-
ments indicated that mtDNA sorting can occur indepen-
dently of the sorting of matrix protein.

The appearance of A-form zygotes in p° X p* crosses,
aswell as the subsequent equilibration of matrix protein
and mtDNA throughout the cell, which yields mixed,
M-form zygotes, provides a convenient assay to deter-
mine whether Abf2p plays a role in the sorting process.
To examine this possibility, we first verified that the
wild-type (ABF2) strains used in the present study show
the same zygote-sorting properties described previously
by Azpiroz and Butow (1993) for a different set of
parental strains. Figure 1A shows the kinetics of forma-
tion and disappearance of the various zygote forms derived
from a synchronous mating between strains 14WWp*
(CS17) and 15WWp° (CS1*), each of which has a wild-
type ABF2 allele. Unmixed, U-form zygotes containing
CS1in the p°end and mtDNA in the p* end are present
initially. By 4 hr after mating, the U-form zygotes have
been largely replaced by mixed, M-form zygotes in which
CS1and mtDNA have equilibrated in the cell. Two inter-
mediates in the mixing process are observed: first, par-
tially mixed, P-form zygotes are present in which CS1 has
begun to move to the p* end; later, asymmetric, A-form
zygotes are seen in which essentially all of the CS1 from
the p°end has moved into the p* end of the zygote and
colocalizes with mtDNA. These zygote forms and the
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Figure 1.—Altered pattern of sorting of mitochondrial con-
stituents in zygotes lacking Abf2p. Shown is the time course
of appearance and disappearance of various zygote forms ob-
tained from a synchronous mating between the ABF2 strains,
15WW p°CS1, and 14WW p* CS1~ (A), and their Aabf2 deriva-
tives (B). In both crosses, the p° parent, transformed with
plasmid pGCS1, which carries the CS1 gene under control of
the GAL1 promoter, was prelabeled with the mitochondrial
matrix protein CS1 by growth in YPGal medium for 2 hr.
Subsequent matings and microscopic analysis of zygotes were
carried out as described in Azpiroz and Butow (1993) with
the modifications described in materials and methods. Dia-
gramatic representation of the various zygote forms and the
designation assigned to each (type U, unmixed; type P, par-
tially mixed for protein; type A, asymmetric; type P-D, partially
mixed for protein and DNA; type M, mixed) are indicated to
the right of the figure. All of these zygote forms, plotted as
fractions of the total zygotes scored, were observed by direct
microscopic analysis and are indistinguishable from the zygote
forms that were fully documented for another pair of strains
in Azpiroz and Butow (1993). In the diagrams of zygotes,
the thick lines refer to CSl-labeled mitochondrial profiles
visualized by indirect immunofluorescence, and the circles
refer to mtDNA visualized by DAPI staining. At least 100 zy-
gotes were scored for each time point.

kinetic pattern of their appearance and disappearance
are identical to those described previously using other
strains (Azpiroz and Butow 1993).

To determine whether the absence of Abf2p affects
the sorting of mMtDNA and matrix proteins, we repeated
the p* X p°cross with Aabf2 derivatives of the parental
strains used above. As summarized in Figure 1B, no
A-form zygotes were detected in the population of this
homozygous Aabf2 cross. Instead, a small population of
the P-D-form zygotes was observed in which CS1 from

the p° end of the zygote and mtDNA from the p* end
moved toward each other and appeared colocalized in
the neck region of the zygote. We have previously ob-
served P-D-form zygotes only in crosses between p°and
p_cells (Azpiroz and Butow 1993), but not in crosses
between p°and p* cells, even if the p* cells were respira-
tory deficient. We previously interpreted the A-form
zygotes as indicating the association of p* mtDNA with
a segregation apparatus, and the P-D-form zygotes as
reflecting a poorer association of p~ mtDNA with the
putative segregation apparatus. Thus, the absence of
A-form zygotes and the presence of P-D-form zygotes in
crosses between p°and p* cells lacking Abf2p show that
Abf2p influences the distribution and mixing of mito-
chondrial DNA and protein in crosses. Finally, other
than the differences in the sorting patterns noted above,
we have not detected any obvious changes in the mito-
chondrial structure of Aabf2 cells.

mtDNA recombination is reduced in crosses between
Aabf2 strains: Recombination of mtDNA requires the
mixing and subsequent pairing of parental mtDNA mol-
ecules in zygotes. The alterations in the “normal” pat-
tern of both mtDNA and protein sorting in zygotes
lacking Abf2p described in the preceding section raise
the possibility that mtDNA recombination might also
be affected. To examine this, crosses were carried out
with the Aabf2 strains 70 and 43 that either lacked or
contained the CEN plasmid YCpABF2 encoding the
wild-type ABF2 gene. The mtDNAs in these strains con-
tain markers conferring either resistance (strain 70) or
sensitivity (strain 43) to chloramphenicol and oligomy-
cin (C" O" and C* O, respectively). In standard crosses,
these two markers yield the maximum level of ~25%
recombination and, therefore, appear to be unlinked.
The actual level of recombination observed, however,
is lower than that maximum in so-called “biased” crosses
where the parents have unequal inputs of mtDNA
(Dujon 1981). The maximum of 25% recombination is
not expected here because all four of these crosses shown
have unequal inputs of markers from the two parents.

Table 2 shows that the homozygous ABF2 cross
(cross 1) yields ~11% C-O recombinants. Similar values
were obtained in the reciprocal heterozygous crosses
(crosses Il and I11) where one parent is Aabf2 and the
other is ABF2. In the homozygous Aabf2 cross (cross 1V),
however, recombination was reduced five- to sevenfold.
Although there are differences in the input bias associ-
ated with the Aabf2 allele (see below), the comparison
of crosses 111 and IV, where the parental allele outputs
are essentially identical, shows clearly that the absence of
Abf2p suppresses mtDNA recombination. We conclude
that Abf2p is important for efficient recombination of
mtDNA. These results and those of the zygote-sorting
experiments above establish new phenotypes for the
Aabf2-null allele.

p~ MtDNA is stable in Aabf2 cells: The mitochondrial
genomes of p~ petite mutants have sustained large dele-
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TABLE 2

Recombination of mtDNA in homozygous and heterozygous ABF2 and Aabf2 crosses

Cross N cor COs cos COr % Rec. Output?
I. ABF2 C:O® X ABF2 C'O" 518 126 333 28 31 114 0.30
Il. ABF2 C:O® X Aabf2 C'O" 545 178 315 22 30 10.1 0.37
I11. Aabf2 C:O° X ABF2 C'O’ 551 434 73 33 11 7.9 0.83
IV. Aabf2 C*O® X Aabf2 C'O’ 546 463 74 8 1 1.6 0.86

The wild-type (ABF2) and Aabf2 derivatives of the p* strains 70 (C"O") and 43 (C°0O°) used in the experiment
were mated on YPG medium in both homozygous and heterozygous configurations of ABF2 and Aabf2, and
the resulting diploid progeny were scored for parental and recombinant combinations of alleles of CAP1 and
OLI1 loci. The crosses and marker scoring were carried out as described in materials and methods. N equals
the total number of diploid progeny scored in the cross.

2 Output is given as 1/2(C" + O")/N.

tions of p™ mtDNA. Despite differences in the extent of
deletion of p* MtDNA sequences, the proportion of total
cellular DNA represented by p~ mtDNAs is comparable
to that of p* mtDNA (Nagley and Linnane 1972; Hal
et al. 1976). It has also been generally observed that p~
mtDNAs are often stable in genetic backgrounds where
p" mtDNA is unstable. For instance, Lorimer et al.
(1995) showed that p~ genomes are stably maintained
in cells containing a null allele of RPO41, the gene
encoding mitochondrial RNA polymerase, whereas p*
mtDNA is unstable in such cells. Those experiments
underscore the well-documented but poorly understood
observation that mitochondrial gene expression, includ-
ing protein synthesis, is required for the maintenance
of p" mtDNA (Weislogel and Butow 1970). With these
considerations in mind, we tested whether Abf2p is re-
guired for the stability of p~ mtDNA, as it is for p*
mtDNA. Petites containing two different p— mitochon-
drial genomes (HS40 and VARL1) were analyzed. These
p_ genomes were chosen because they retain similar-
sized small fractions of the p™ genome (0.8-2 kb) and
have a similar A + T content; however, they have no
sequences in common and they differ in the extent of
suppressiveness (see materials and methods for more
details). Each p~ mtDNA was transferred by cytoduction
into cells of strain 14WWAabf2, which contained the
ABF2 gene on the plasmid YCpABF2. The plasmid was
then cured from each strain, and the stability of the p~
genomes was analyzed during growth of the strains on
YPD medium. As controls, these p~ genomes were also
introduced into the parent (ABF2) strain and tested for
stability in the same way.

The ABF2 and Aabf2 p~ strains, grown in liquid YPD,
and the control p* strains, grown in liquid YPG, were
inoculated into liquid YPD and sampled at various
times. Total cellular DNA was isolated from the samples,
cleaved with the appropriate restriction enzymes, blot-
ted, and hybridized with probes specific for the p" and
p- MtDNAs, as described in materials and methods
and in the legend to Figure 2. A specific probe to the
single-copy nuclear ACT1 gene was included to allow

normalization of the mtDNA content to that of nuclear
DNA. Figure 2 shows a progressive decrease in p*
mtDNA level in the Aabf2 cells during growth on YPD
medium. The time course of loss of p™ mtDNA has not
been analyzed previously, and it is worth noting that
the p" mtDNA is lost at a rate that is slower than would
be expected if cells, upon shiftto YPD medium, immedi-
ately failed to replicate their mtDNA. If that were the
case, by six generations of growth on YPD medium,
the population would have contained only 1-2% of the
normalized mtDNA content of the starting population,
which was clearly not observed in the data of Figure 2.
In contrast to these results for p™ Aabf2 cells, neither the
HS40 nor the VAR1 Aabf 2 p~ strains had any appreciable
decrease in mtDNA content relative to the ACT1 signal
when grown on YPD medium for the same number of
generationsas the p* strain. Indeed, we find that these p~
mtDNAs can be maintained indefinitely in Aabf 2 strains
grown on YPD medium. Inspection of the data of Figure
2 also shows that there is no significant difference be-
tween the ABF2 and Aabf2 strains in the amount of the
HS40 and VAR1 p~ mtDNAs. On the other hand, asseen
in the lanes marked “0 Generations,” glycerol-grown p*
Aabf2 cells have about half as much mtDNA as do p*
ABF2 cells (see below). Together, these data show that
p- mtDNAs respond differently to a lack of Abf2p than
does p* mtDNA both in terms of mtDNA stability and
copy number.

The ABF2 gene dosage influences mtDNA copy num-
ber: To investigate further the influence of Abf2p on
p” MtDNA copy number, we examined the effects of
increased dosages of ABF2 on the amount of p* mtDNAs
in cells grown on glycerol or dextrose medium, and on
the levels of VAR1 and HS40 p~ mtDNAs in cells grown
on dextrose medium. For these experiments, we ana-
lyzed derivatives of p* strain 14WW (ABF2) carrying an
average of two extra copies of the ABF2 gene on a low
copy number plasmid, YCpABF2 (based on plasmid
copy number estimates, data not shown), or two extra
copies of ABF2 integrated into the nuclear genome, one
near the TRP1 gene and another near the URA3 gene.
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Figure 2.—Stability of mtDNAs in Aabf2 cells. Strains were
constructed with p* or p~ mtDNAs containing (14WW) or
lacking (14WW Aabf2) a functional copy of the ABF2 gene.
The p~ mitochondrial genomes HS40 and VAR1 contain, re-
spectively, 760 bp of mtDNA, including the ori5 sequence
(Parikh et al. 1989), and 2 kb of mtDNA, including the VAR1
gene (Lopez et al. 1981). The p™ ABF2 and Aabf2 strains were
maintained on YPG medium and shifted to liquid YPD me-
dium at time zero. Cultures of the p~ strains were grown in
liquid YPD medium throughout the experiment. Aliquots
from the different YPD cultures were removed at various times,
total DNA was extracted, and Southern blot analysis was car-
ried out to determine the level relative to ACT1 DNA se-
quences of the p* and p~ mtDNAs by using a COXII probe
for the p" mtDNAs and HS40 and VARL sequences as probes
for the p~ mtDNASs, as described in materials and methods.

We analyzed derivatives of the p~ strains containing YC-
pABF2. Aliquots from logarithmic phase cultures of
these strains were removed, and the amount of mtDNA
was determined by quantitative Southern blot analysis.
Figure 3, A and B, are representative experiments show-
ing that increasing the gene dosage of ABF2 by two- to
threefold (and Abf2p in parallel, as determined by dot
blot analysis) results in a 50-150% increase in the
amount of mtDNA. Similar results were obtained when
these cells were grown in dextrose medium. In six inde-
pendent experiments that we have carried out with the
p" and p~ strains with the integrated or plasmid-borne
extra copies of ABF2, the overall average increase in
mMtDNA copy number was 100%, ranging from 30 to
330%, with no discernible difference between the p*
and p~ mtDNAs. The data of Figure 3 also show that
the p* mtDNA content is reduced ~70% in these Aabf2
cells grown in YPG medium, as was evident in an inde-
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Figure 3.—ABF2 dosage modulates mtDNA copy number.
(A) p" mtDNA. Strains 14WW, 14WWAabf2, and 14WW trans-
formedwith YCpABF2 or one copy of the ABF2 gene integrated
into each of the TRP1 and URAS loci to yield strain 14WW/
2ABF2 (see materials and methods) were grown to an ODgg
of ~0.8 in liquid YPG medium. Total DNA was extracted, and
the relative abundance of mtDNA relative to the ACT1 gene,
normalized to a value of 1.0, was determined by quantitative
Southern blot analysis using COXII DNA sequences as probes.
(B) p- mtDNASs. The relative mtDNA content in the VAR1 and
HS40 p~ petites grown in dextrose medium was determined as
for p mtDNA using petite DNA-specific probes in strains with
or without the plasmid YCpABF2. The probes and restriction
digests used are described in materials and methods.

pendent experiment shown in Figure 2. This decrease
is not likely to be caused by a large accumulation of p°
petites in the population because >95% of colonies of
Aabf2 cells pregrown on glycerol medium contain some
p' cells when grown on medium containing dextrose
(data not shown). Thus, we conclude that ABF2 not only
plays a role in the maintenance of p* mtDNA, but also
influences the amount of MtDNA in both p* and p~ cells.

High levels of ABF2 expression result in loss of p*
and p~ mtDNA: Megraw and Chae (1993) noted that
overexpression of ABF2 from a galactose-regulated pro-
moter resulted in the formation of petite mutants. They
did not report, however, the extent of Abf2p overpro-
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duction or the kinetics of petite formation in those
experiments. To reconcile their findings with the results
presented here, showing that a moderate (two- to three-
fold) increase in the level of Abf2p increases mtDNA
content with no apparent compromise in the stability
of mtDNA, we have overexpressed Abf2p in p* cells of
strain 14WW containing an extra copy of ABF2 under
the control of the GAL1 promoter integrated near the
URAS3 gene. This strain, 14WW/GAT, and the parental
strain, 14WW, were grown in YPG medium, shifted to
YPGal, and monitored for the formation of petites by
direct plating on YPD medium, for the level of mtDNA
by quantitative Southern blotting, and for the amount
of Abf2p by Western blot analysis.

Figure 4 shows that after the shift of the 14WW/GAT
cells from YPG to YPGal medium, the Abf2p content
increases by 8-10-fold by two generations and by about
another twofold after a total of four generations. Coinci-
dent with the increase in Abf2p is a rapid decrease of
mtDNA content and a concomitant production of petite
mutants, which account for 100% of the cell population
by four generations. Inspection of the kinetics of de-
crease in mMtDNA content suggests that net synthesis
of mtDNA ceases at high levels of Abf2p because the
normalized loss of mtDNA roughly follows cell dou-

D 80-

©

> —A— mtDNA
O 60 .

.5 —Jl— petites
3 40- — O~ Abf2p
o

20

|
0 2 4 6

Generations on galactose

Figure 4.—Instability of p" mtDNA in cells overexpressing
Abf2p. Strain 14WW/GAT, containing a single integrated
copy of the ABF2 gene under control of the GAL1 promoter,
was maintained on liquid Y PG medium, shifted to YPGal me-
dium, and aliquots removed at the times indicated. The Abf2p
content, the fraction of petites in the population, and the
mtDNA content were determined as described in materials
and methods.

blings. No mtDNA is detected by DAPI staining of the
petite colonies (data not shown), indicating that this
regime induces p°petites. Growth of the parental strain,
14WW (having just one copy of the ABF2 gene), in
YPGal medium caused no increase in Abf2p, no induc-
tion of petite mutants, and no loss of mtDNA other
than what can be accounted for by the shift from glycerol
to galactose medium. These experiments show that al-
though moderate increases in Abf2p result in an in-
crease in the copy number of p* mtDNA (Figure 3),
larger increases have the opposite effect, causing a strik-
ing failure of MtDNA maintenance that leads to petite
formation.

To determine whether hyperexpression of ABF2 also
destabilizes p~ mtDNA, we introduced the HS40 p~ mito-
chondrial genome by cytoduction to yield strain 14WW/
GAT(p~ HS40) with an extra copy of ABF2 under galac-
tose control. These cells were grown in YPD medium,
transferred to YPGal medium, and monitored for the
level of HS40 mtDNA by Southern blot hybridization.
Figure 5 shows that after a brief lag, there isa progressive
decrease in the ratio of p~ HS40 mtDNA to nuclear DNA
during the time course of Abf2p overproduction, with
the mtDNA content falling to ~20% of the starting
level after six generations of growth on galactose. A
comparison of the data of Figures 4 and 5 shows that
the rate and extent of HS40 mtDNA loss is lower than
for p* mtDNA: the amount of mtDNA in p* cells has
dropped by >50% between one and two generations
of growth on galactose, whereas there is very little de-
crease in p- mtDNA during the first two generations of
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Figure 5.—Instability of HS40 p~ mtDNA in cells overex-
pressing Abf2p. Strain 14WW/GAT (p HS40), containing the
HS40 p~ mitochondrial genome and a single integrated copy
of the ABF2 gene under control of the GAL1 promoter, was
maintained in liquid YPD medium. Cultures were shifted to
YPGal medium, and aliquots were removed to determine the
Abf2p content and the mtDNA content, as described in mate-
rials and methods.
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growth of the petite strain on galactose. These data
suggest that the reduction of mtDNA relative to nuclear
DNA is caused by an inhibition of net mtDNA synthesis
by the excess Abf2p.

Loss of mtDNA caused by high levels of Abf2p is
relieved by mutations of the DNA-binding motifs of the
HMG boxes of Abf2p: One can envisage that the loss
of mtDNA in cells overproducing Abf2p is caused by
some indirect effect on mitochondrial biogenesis. For
example, the large increase in Abf2p synthesis may satu-
rate some component of the mitochondrial protein im-
port system, which then could conceivably lead to an
imbalance of intramitochondrial components that are
necessary for replication and maintenance of mtDNA.
Alternatively, a large increase in the amount of Abf2p
could have a direct effect on the ability of mtDNA to
be propagated. In that case, the deleterious effect of a
large dose of Abf2p would be expected to depend di-
rectly on its DNA-binding properties. To distinguish
between these possibilities, we made site-directed muta-
tions in key residues of both HMG box domains of
Abf2p that are expected to compromise the ability of
the protein to bind to DNA, and we tested effects of
that mutant allele on the stability of mtDNA.

A highly conserved motif near the N terminus of
HMG boxes contains a Pro followed by one or two basic
residues (Baxevanis and Landsman 1995). Mutating
that motif in a model polypeptide derived from the rat
HMGL1 gene reduced its binding to four-way junction
DNA by 10-fold (Falciola et al. 1994). In the ABF2
gene, that motif (Figure 6A) is Pro-Lys-Arg-Pro (residues
43-46) in box 1 and Pro-Lys-Lys-Pro (residues 116-119)
in box 2 (Diffley and Stillman 1991). To test whether
DNA binding is important for the Abf2p overproduc-
tion phenotype of mtDNA instability, we mutated the
box 1 and box 2 sites (see Figure 6A) to Pro-Gly-Ala-
Pro and Pro-Ala-Gly-Pro, respectively (see materials and
methods). This mutant abf2 allele, which we refer to as
abf2-1-2-, was transformed into Aabf2 p* cellsin the CEN
plasmid pRSabf2-1727, and its expression was compared
with that of the wild-type ABF2 allele, which is also ex-
pressed in the same strain from the same CEN vector.
Western blot analysis of extracts from these cells grown
on YPG medium shows that the wild-type and mutant
proteins accumulate to comparable levels (Figure 6B).

We next determined whether Abf2p-1-2~ complements
the mtDNA instability phenotype of Aabf2 cells. Deriva-
tives of strain 14WWAabf2 p* with ABF2 or abf2-1"2 "~ on
a CEN plasmid, as well as a control strain transformed
with vector pRS416 and lacking the insert, were con-
structed. Cells were grown on Y NBG+cas medium and
then transferred to liquid YNBD+cas medium, grown
for ~15 generations, and aliquots were plated directly
on YPD medium. After 3 days growth, the colonies were
scored as p* or petite using the tetrazolium overlay agar
method, in which colonies of respiratory-competent p*
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Figure 6.—Analysis of an HMG box mutant of Abf2p. (A)
Mutations in the HMG box domains of Abf2p. Shown are
amino acid residues 43-50 of the HMG box 1 domain and
amino acid residues 116-123 of the HMG box 2 domain. (B)
Abf2p and Abf2p-1"2~ are expressed at comparable levels.
For Western blot analysis, equal amounts of protein obtained
from a NaOH lysate were fractionated on a SDS-15% polyacryl-
amide gel, transferred to nitrocellulose, and incubated with
polyclonal antiserum to Abf2p. (C) Abf2p-1"2~ weakly com-
plements mtDNA instability in Aabf2 cells. Cells of strain
14WWAabf2 p* and derivatives transformed with pRSABF2 or
pRSabf2-1-2-, grown on YNBGIy + cas medium, were innocu-
lated into YNBD + cas medium and grown for ~15 genera-
tions. Aliquots of these cultures were plated on YPD medium,
grown for 3 days, and then overlayed with tetrazolium agar
to stain for respiratory-competent colonies (Ogur et al. 1957).
Plate 1, 14WWAabf2; plate 2, 14WWAabf2 transformed with
PRSABF2; plate 3, 14WWAabf2 transformed with pRSabf2-1727;
plate 4, 14WWAabf2 transformed with pRS416 (no insert).
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cells stain red, while those of respiratory-deficient petite
cells remain white (Ogur et al. 1957). Figure 6C shows
representative petri dishes from that experiment. As ex-
pected, ~100% of the colonies derived from the Aabf2
cells were petite (white; plate 1), whereas only ~5% of
the colonies derived from Aabf2 cells containing the wild-
type ABF2 allele were petite (plate 2). By contrast, ~80%
of the colonies derived from cells containing the
abf2-1-2 " allele were petite (plate 3), comparable to the
Aabf2 cells transformed with the vector pRS416 alone
(plate 4). These results show that Abf2p-1-27, although
present at a comparable level as Abf2p, is substantially
defective because it only weakly complements the
mMtDNA instability phenotype of Aabf2 cells.

Although these HMG box mutations in Abf2p-172~
were chosen on the basis of the reduced in vitro DNA-
binding capacity of the rat HMG1 polypeptide (Fal-
ciolaetal. 1994), it was conceivable that such mutations
in the context of Abf2p would have little effect on the
ability of the protein to bind to mtDNA. Gel shift ex-
periments using recombinant Abf2p and Abf2p-172~
showed that these mutations do inhibit binding to dou-
ble-stranded DNA by at least fivefold (not shown), but
these experiments allow no conclusion as to whether
binding is affected in vivo.

To address this question, we constructed expression
plasmids encoding fusion proteins between the C-terminal
end of full-length Abf2p, the mutant protein Abf2p-172-,
and GFP so that the tagged proteins are expressed from
the natural promoter of the ABF2 gene and targeted to
mitochondria. As a control, another construct was made
between the promoter and sequences encoding the first
52 amino acids of CS1 (which contains the matrix-tar-
geting presequence) and coding sequences of GFP.
Cells of strain 14WW p* were transformed with a plasmid
carrying each gene fusion, and the intracellular localiza-
tion of the resulting fusion proteins was examined by
epifluorescene microscopy. Figure 7 (top panel) shows
a typical result for Abf2p-GFP: this fusion protein shows
a bright, punctate staining pattern that colocalizes with
the punctate, DAPI staining of mtDNA. In contrast,
Abf2p-1"2~-GFP (middle panel) is localized diffusely
throughout the mitochondrial reticulum in a pattern
that is more similar to that of CS1-GFP (bottom panel).
These results strongly suggest that while most, if not all,
of the Abf2p-GFP is associated with mtDNA in vivo, the
vast majority of Abf2p-1"27-GFP is not bound to mtDNA
and is probably localized in the mitochondrial matrix.

We next tested whether overexpression of abf2-172~
causes the loss of p" mtDNA. To insure comparable
retention of plasmids containing the wild-type ABF2 and
mutant abf2-1-2" alleles under control of the GAL1 pro-
moter, galactose induction was carried out in selective
YNBGal+cas medium. The experiment of Figure 8
shows that, after a shift of cells from glycerol to galactose
medium, both the wild-type and mutant proteins are
induced with similar kinetics and reach the same maxi-
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Figure 7.—Abf2p-GFP and Abf2-1"27p-GFP localize differ-
ently in mitochondria of 14WW p* cells. The top panel shows
the colocalization of Abf2p-GFP with DAPI-stained mtDNA
in cells transformed with the plasmid pRS416/Abf2-GFP. The
middle panel shows the more diffuse localization of Abf2-1727p-
GFP in cells transformed with the plasmid pRS416/Abf2-1"2™-
GFP. The bottom panel is a control showing the localization
of CS1-GFP in 14WW p* cells transformed with the plasmid

pRS416/CS1-GFP. Shown are the DIC, GFP, and DAPI images,
as indicated in the figure.

mum level after about three generations. As seen in
Figure 8, cells overexpressing wild-type Abf2p rapidly
produce petite mutants, such that by two generations
only ~5% of the population is p*. In contrast, at two
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Figure 8 —Overproduction of Abf2-1"27p induces fewer pe-
tite mutants than does overproduction of wild-type Abf2p. Strain
14WW was transformed with pGalABF2 or pGALabf2-172.
Transformants, maintained on YNBGIy + cas medium, were
transferred to liquid YNBGal + cas medium to induce expres-
sion of Abf2p or Abf2-1"27p. Aliquots from each culture were
removed after various generations of growth on YNBGal +
cas medium, analyzed by Western blotting for the level of
Abf2p or Abf2-1"27p, and plated on YPD medium to deter-
mine the number of petites in the population.
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generations, >70% of the cells in the culture overex-
pressing the mutant protein are still p*, and even by six
generations, ~60% of the cells are p*. Thus, despite
comparable kinetics and levels of induction of the wild-
type and mutant proteins, these mutations in the Abf2p
HMG boxes that are involved in DNA binding largely
suppress the production of petites when the mutant
protein is overexpressed.

DISCUSSION

Abf2p has been suggested to play a structural role in
mtDNA metabolism through its ability to bend and wrap
DNA (Diffley and Stillman 1992; Fisher et al. 1992;
Newman et al. 1996)—features that are general proper-
ties of the HMG family of DNA-binding proteins (Lands-
man and Bustin 1993). In the present work, we have
identified and characterized new phenotypes associated
with the deletion or overexpression of the ABF2 gene
in yeast. Our studies illustrate the importance of Abf2p
in avariety of mtDNA transactions, and they reveal unex-
pected differences in the requirements of p* and p~
mtDNAs for Abf2p.

The absence of Abf2p affects mtDNA recombination
and the sorting of mitochondrial constituents in crosses:
We have previously characterized the pattern of sorting
of mitochondrial matrix protein and mtDNA in zygotes
derived from parental strains with different mitochon-
drial genotypes, particularly the mixing of these mito-
chondrial constituents in o’ by p* crosses (Azpiroz and
Butow 1993). The present results show that the absence
of Abf2p changes the sorting pattern in a p® by p* cross
such that it resembles the sorting pattern previously
described for p®by p~ crosses, namely the loss of A-form
zygotes and the appearance of the P-D form, in which
matrix protein and mtDNA are concentrated in the
neck region of the zygote. Those results suggested that
the p~ mtDNA movement through the zygote was altered
with respect to p* mtDNA. In addition, although we do
not yet understand the mechanism accounting for the
vectorial movement of matrix protein in p° by p* crosses
that gives rise to the A-form zygotes, the fact that this
form is absent in Aabf2 zygotes and that the P-D form
is detected suggests that the absence of Abf2p may have
a similar effect in altering the movement of p* mtDNA.

We have also shown that the absence of Abf2p mark-
edly reduces the efficiency of mtDNA recombination. Be-
cause the extent of mtDNA recombination must clearly
depend on the extent to which parental mtDNA mole-
cules mix in the zygote, itis conceivable that the reduced
level of recombination observed in the cross between
p" Aabf2 parental strains could be caused by some effect
on mtDNA mixing. Earlier genetic data showed that
the mixing and recombination of mtDNA is restricted
largely to the medial portion of the zygote, where the
parental mitochondria presumably fuse (Strausberg
and PerlIman 1978; Zinn et al. 1987). This conclusion

was recently confirmed by direct visualization of paren-
tal MtDNAs in zygotes (Nunnari et al. 1997). Although
it is possible that the absence of Abf2p somehow affects
the mixing of parental mtDNAs in this limited region of
the zygote, it is also plausible that Abf2p is likely to play
a more direct role in mtDNA recombination (see below).

Variations in the content of Abf2p affect the amount
and stability of mtDNA: In Aabf2 p* cells maintained
on glycerol medium, the mtDNA content is reduced by
roughly 50% compared with ABF2 cells, whereas in p*
and p~ cells carrying several extra copies of the ABF2
gene, the amount of mtDNA increases typically by 50—
150%. These findings imply that the amount of mtDNA
could be regulated through regulation of Abf2p levels.
Little is known about the regulation of Abf2p levels in
mitochondria, although it has been shown that Abf2p
mMRNA abundance is not repressed by glucose in cells
in which there is repression of the p" mtDNA content
(Ulery et al. 1994). The amount of mtDNA in wild-
type cells is typically in the range of 5-15% of the total
cellular DNA (depending on the strain and carbon
source), so any control of mtDNA copy nhumber that
might be exerted by Abf2p is likely to be within that
range and to be limited by other effects of the protein
on mtDNA stability. For example, high levels of Abf2p
(=10-fold the wild-type amount) result in a failure of
both p* and p~ mtDNAs to be propagated. These find-
ings confirm and extend the observation reported by
Megraw and Chae (1993) that there is a high rate of
petite formation when the ABF2 gene is expressed in
p* cells from a galactose-inducible promoter.

Our results strongly suggest that the dramatic instabil-
ity of mtDNA in cells with high levels of Abf2p depends
on the interaction of the protein with mtDNA. We con-
structed and characterized a new allele of the ABF2 gene
with mutations in a highly conserved motif of both HMG
boxes. Analogous mutations in a polypeptide fragment
of a mammalian HMGL1 protein reduced its binding
to cruciform DNA by ~10-fold (Falciola et al. 1994).
Analysis of the location of the fusion constructs Abf2p-
GFP and Abf2-1727p-GFP shows clearly that the wild-
type protein colocalizes precisely with mtDNA in vivo,
whereas localization of the mutant protein closely re-
sembles that of a matrix marker, CS1-GFP. While the
mutant protein, with or without the GFP tag, accumu-
lates in cells at levels comparable to that of the wild-
type protein, it only weakly complements the mtDNA
instability phenotype of Aabf2 cells. And when overex-
pressed in p* cells, Abf2-1727p is much less effective
than Abf2p in inducing petites.

Functions of Abf2p in the maintenance of mtDNA:
One possibility to account for some of the observations
described here is that Abf2p functions directly in
mtDNA replication as a transcription factor for the gen-
eration of RNA primers. This would be analogous to
the role of the human mitochondrial homologue of
Abf2p, h-mtTFA, in promoter activation of human
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mtDNA (Fisher and Clayton 1988; Fisher etal. 1987).
However, the mechanism of yeast mtDNA replication,
specifically whether origin-dependent RNA priming is
involved, is unclear. To date, there has been only one
study providing evidence for RNA priming of yeast
mtDNA replication (Baldacci et al. 1984). In vitro
studies with Abf2p and h-mtTFA show only a modest en-
hancement of transcription of yeast mtDNA promoter
templates by Abf2p, in contrast to a much more robust
stimulation of transcription with h-mtTFA (Parisi et
al. 1993). Moreover, unlike h-mtTFA, Abf2p lacks a
C-terminal tail that provides some sequence specific-
ity to DNA-binding and a function in transcription (Par-
isi and Clayton 1991, Parisi etal. 1993). Indeed, when
the C-terminal tail of h-mtTFA was fused to the C termi-
nus of Abf2p, the chimeric protein was able to activate
transcription from the human mitochondrial light
strand-specific promoter in vitro, whereas unmodified
Abf2p was inactive (Dairaghi et al. 1995).

It has also been shown that p~ mtDNAs can be main-
tained in cells lacking the product of the nuclear RPO41
gene (Fangman et al. 1990), which encodes the only
known mitochondrial RNA polymerase activity. Al-
though the RPO41 gene is required for the stability of
p" MtDNA (Greenleaf et al. 1986), it is well known that
a block of p* mtDNA gene expression at many different
levels results in instability of the mitochondrial genome
(Tzagoloff and Meyers 1986; Weislogel and Butow
1970); thus, it is not possible at the present time to
pinpoint the requirement for mitochondrial RNA poly-
merase in the replication or stability of p™ mtDNA. It is
conceivable that p~ mtDNAs replicate by a mechanism
entirely different from that of p* mtDNA, but definitive
evidence supporting that view is lacking. Finally, recent
studies showing that hypersuppressivity—the preferen-
tial transmission in crosses of p~ MtDNAs containing
putative origin sequences—is maintained in the absence
of the RPO41 gene product (Lorimer et al. 1995), rai-
sing further uncertainties as to whether RNA priming
is @ mechanism for yeast mtDNA replication.

An alternative possibility is that Abf2p affects mtDNA
stability and copy number through a function in recom-
bination. This view is consistent with the following obser-
vations: (1) HMG box proteins, including Abf2p, bind
preferentially to cruciform DNA (Teo et al. 1995), which
is the equivalent of a four-stranded Holliday junction
recombination intermediate; (2) HMG box proteins
stimulate a site-specfic, double-strand DNA cleavage re-
action in vitro catalyzed by the RAG1 and RAG2 proteins,
which is the first step in V(D)J recombination (van
Gent et al. 1997); (3) some fraction of steady-state
mtDNA in yeast exists as recombination intermediates,
and changes in the level of these intermediates can
influence mMtDNA transmission (Lockshon et al. 1995);
and (4) replication of yeast mtDNA may be a recombina-
tion-dependent processs (Bendich 1996; Lockshon et
al. 1995). Although electron microscopic evidence sug-

gesting that yeast mtDNA replication proceeds via a rolling
circle mechanism has been presented (Maleszka et al.
1991), structures that resemble rolling circle intermedi-
ates of DNA replication can also be generated via recom-
bination-driven replication (Asai et al. 1993). Finally, it
has recently been shown that the replication of mtDNA
from the malarial parasite Plasmodium falciparum is asso-
ciated with recombination (Preiser et al. 1996).

The yeast mitochondrial genome is very active in re-
combination, where 1% recombination corresponds to
a mtDNA interval of ~100 bp. A significant fraction of
yeast mtDNA in wild-type cells is known to exist as larger
than unit size molecules (Bendich 1996); these are
branched structures that accumulate to very high levels
in the mitochondria of cells that lack the product of
the MGT1 gene (Lockshon et al. 1995). MGT1 encodes
a mitochondrial enzyme that cleaves four-way DNA junc-
tions, which are the equivalent of Holliday recombina-
tion intermediates (Evans and Kolodner 1988; Kleff
et al. 1992). Recombination-dependent replication,
whereby DNA replication is primed from the 3’ end of
an invading DNA strand, has been shown to be used
for the replication of some plasmid and bacteriophage
DNAs (Asai et al. 1993; Formosa and Alberts 1986;
Luder and Mosig 1982).

Animportant relationship between recombination in-
termediates and mtDNA transmission has been estab-
lished from the studies of Zweifel and Fangman (1991)
and Lockshon et al. (1995). These investigators showed
that deletion of the MGT1 gene resulted in loss of sup-
pressivity of hypersuppressive petite mitochondrial ge-
nomes, as well as an increase in mitotic instability of
mMtDNA, particularly of p~ mtDNA. The mechanism of
hypersuppressivity is not known, but it is generally
thought to result from outcompetition by hypersuppres-
sive p~ mtDNA of p" mtDNA in zygotes of hypersuppres-
sive p~ X p' crosses. Although the effect of loss of the
MGT1 product on the stability of p* mtDNA was more
subtle than the dramatic loss of hypersuppressivity in
hypersuppressive p~ X p" crosses, the overall conclusion
of those studies was that the requirement to cleave re-
combination intermediates in an MGT1-dependent re-
action affects transmission of mtDNA during mitotic
growth and in crosses.

The observed decrease in p™ mtDNA copy number in
Aabf2 cells grown on glycerol medium may result from
a reduction in the steady-state level of recombination
intermediates, whereas in cells containing greater than
wild-type levels of Abf2p, more mtDNA would be pres-
ent as recombination structures. By stabilizing recombi-
nation intermediates, increased Abf2p levels would ef-
fectively increase the recombination-dependent priming
of mtDNA replication that leads to higher levels of
MtDNA. In the extreme case of cells with =10-fold
higher levels of Abf2p, however, most of the mtDNA
might be trapped as networks of recombination struc-
tures. That such structures could lead to arapid produc-
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tion of p°petites is suggested by the studies of Lockshon
et al. (1995), who showed that a null allele of the MGT1
gene leadsto large mtDNA networks that severly hamper
efficient mtDNA transmission. The fact that the MGT1
null mutation has only a modest effect on the stability
and transmission of p™ mtDNA (Lockshon et al. 1995)
suggests that the relationship between recombination,
Abf2p, and mtDNA stability is likely to be complex.

It is possible that the dramatic effect of high levels
of Abf2p on mtDNA replication and stability may result
from the general DNA-binding activity of Abf2p rather
than or in combination with its cruciform-binding activ-
ity. For example, large increases in the amount of Abf2p
may convert mtDNA to a more bent or twisted structure
that is less accessible to the replication apparatus, de-
spite the potential for stabilizing recombination struc-
tures. Finally, the finding that p~ mtDNAs are stable in
the absence of Abf2p could be accounted for by the
fact that many p~ mitochondrial genomes, such as the
VAR1 and HS40 mitochondrial genomes studied here,
are organized as short, tandem repeating units of identi-
cal sequence that would be expected to enhance greatly
the opportunity for homologous recombination. This
increased opportunity for recombination could thus
override any requirement for Abf2p to stabilize recom-
bination structures.
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