
Introduction

　Mitochondrial DNA (mtDNA) is three-dimensionally 
organized and packaged into the mitochondrial nucle-
oids (mt-nucleoids) in association with specific pro-
teins (Kuroiwa, 1982; Sakai et al., 2004). The organiza-
tion of the mt-nucleoids is closely related to the 
molecular mechanisms for the replication, transcrip-

tion, and inheritance of mitochondrial genomes. Pack-
aging of mtDNA into the mt-nucleoids also protects it 
from attack by reactive oxygen species (ROS) pro-
duced by oxidative phosphorylation (O’Rourke et al., 
2002). So far, we have successfully isolated mt-nucle-
oids from spheroplasts of Saccharomyces cerevisiae 
with their size intact, and have identified several pro-
teins associated with the mt-nucleoids (Miyakawa et 
al., 1987, 1995; Sato and Miyakawa, 2004; Sato et al., 
2002). Recently, more than 20 proteins that interact 
with mtDNA have been identified by mitochondrial 
DNA-crosslinking experiments (Chen and Butow, 
2005; Chen et al., 2007; Kaufman et al., 2000). S. cer-

evisiae is now the best organism for elucidating struc-
ture and function of mt-nucleoids.
　Abf2p, a nonspecific DNA-binding protein with two 
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To elucidate the role of Abf2p, a major mitochondrial DNA-binding protein in the yeast Saccharo-
myces cerevisiae, we examined the morphology of the mitochondrial nucleoids (mt-nucleoids) in 
an ABF2-defi cient mutant (Δabf2) in vivo and in vitro by 4′,6-diamidino-2-phenylindole (DAPI) 
staining. The mt-nucleoids appeared as diffuse structures with irregular-size in Δabf2 cells that 
were grown to log phase in YPG medium containing glycerol, in contrast to the strings-of-beads 
appearance of mt-nucleoids in wild-type cells. In addition, DAPI-fl uorescence intensity of the mt-
nucleoids transmitted to the bud was signifi cantly lower in Δabf2 cells than in wild-type cells at 
log phase. However, the lack of Abf2p did not affect the morphology or segregation of mitochon-
dria. The protein composition of the mt-nucleoids isolated from Δabf2 cells grown to stationary 
phase in YPG medium was very similar to that of the mt-nucleoids isolated from wild-type cells 
cultured under the same conditions, except for the lack of Abf2p. These results together sug-
gested that in log-phase cells, the lack of Abf2p infl uences not only the morphology of mt-nucle-
oids but also their transmission into the bud. On the other hand, our result suggested that in 
stationary-phase cells, the lack of Abf2p does not signifi cantly alter the protein composition of 
the mt-nucleoids.
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HMG box domains, is the most fully characterized 
yeast mt-nucleoid protein. It was first purified from 
yeast mitochondria and designated HM (Caron et al., 
1979), and later was named Abf2p (Diffley and Still-
man, 1991). Abf2p is a unique protein with the most 
basic pI among the mt-nucleoid proteins of S. cerevi-

siae (Miyakawa et al., 1987, 1995) and introduces neg-
ative supercoiling to circular plasmids in the presence 
of topoisimerase I (Diffley and Stillman, 1991). The ho-
mologs of Abf2p were detected in other yeast species 
(Miyakawa et al., 2000; Umezaki and Miyakawa, 2002) 
and actually purified from the mt-nucleoids of Kluyver-

omyces lactis (Miyakawa et al., 2003), Pichia jadinii 
(Miyakawa and Yawata, 2007; Miyakawa et al., 1996) 
and Candida parapsilosis (Miyakawa et al., 2009). In 
silico analyses of the yeast genome suggested that 
the amino acid sequence of Abf2p is relatively diver-
gent in yeast species phylogenetically distant from 
each other (Miyakawa et al., 2009; Nosek et al., 2006; 
Visacka et al., 2009).
　ABF2-deficient (Δabf2) cells can stably maintain 
mtDNA in YPG medium containing glycerol as the car-
bon source, but lose their mtDNA during culture in 
YPD medium containing glucose (Diffley and Stillman, 
1991). The instability of mtDNA in Δabf2 cells grown in 
YPD medium is suppressed by overexpression of the 
ILV5 gene, which encodes acetohydroxyacid reductoi-
somerase, a mitochondrial enzyme that functions in 
branched amino acid synthesis, but has no obvious 
DNA-binding motif (Zelenaya-Troitskaya et al., 1995). 
The mechanism underlying the instability of mtDNA in 
Δabf2 cells is associated with regulation by GCN4 
(Zelenaya-Troitskaya et al., 1998). Quantitative South-
ern blot analysis of mtDNA content showed that the 
mtDNA content in Δabf2 cells grown in YPG medium 
was reduced by roughly 50% compared with that of 
wild-type cells. In contrast, the content of both ρ+ and 
ρ- mtDNAs is increased in cells by 50‒150% by mod-
erate (two- to threefold) increases in the ABF2 copy 
number, suggesting that Abf2p plays a role in mtDNA 
copy control (Zelenaya-Troitskaya et al., 1998). Fre-
quency of mtDNA recombination in zygotes is reduced 
in crosses between Δabf2 strains (Okamoto et al., 
1998; Zelenaya-Troitskaya et al., 1998). In addition, 
Abf2p promotes or stabilizes Holliday recombination 
junction intermediates in ρ+ mtDNA in vivo, suggest-
ing an important role of Abf2p in mtDNA recombina-
tion (MacAlpine et al., 1998).
　Newman et al. (1996) first isolated the mt-nucleoids 

from Δabf2 cells grown in YPG medium and demon-
strated that these mt-nucleoids were organized differ-
ently than those from wild-type cells. They suggested 
from fluorescence microscopic observations that the 
mt-nucleoids in Δabf2 cells were more diffuse than 
those in the wild-type cells. So far, many studies have 
demonstrated important roles of Abf2p for mainte-
nance of the mitochondrial genome. However, mor-
phological studies of the mt-nucleoids in Δabf2 cells 
have not been performed in detail, except for a study 
of behavior of mt-nucleoids during zygote formation 
(Okamoto et al., 1998; Zelenaya-Troitskaya et al., 
1998). In the present study, we examined the morphol-
ogy and protein composition of the mt-nucleoids in 
Δabf2 cells in vivo and in vitro, in comparison with 
those in wild-type cells.

Materials and Methods

　Strain and cultivation.　Saccharomyces cerevisiae 

strain YAM101 (MAT a/α, ade2-1/ade2-1, ura3-1/ura3-1, 

his3-11,15/his3-11,15, trp1-1/trp1-1, leu2-3,112/leu2-

3,112, can1-100/can1-100, ABF2/abf2::TRP1 ; Diffley 
and Stillman, 1991) was used for tetrad dissection 
onto 1% yeast extract, 2% peptone and 2% glycerol 
(YPG) plates, and the resultant Δabf2 haploid strain 
(MATα, ade2-1, ura3-1, his3-11,15, trp1-1, leu2-3,112, 

can1-100, abf2::TRP1) and the ABF2 haploid strain 
(MATα, ade2-1, ura3-1, his3-11,15, trp1-1, leu2-3,112, 

can1-100, ABF2) were used in the present study. The 
strains were routinely maintained on YPG agar slants 
and were cultured in YPG medium, or in 1% yeast ex-
tract, 2% peptone, 2% glucose (YPD) medium, or in 
1% yeast extract, 2% peptone, 2% galactose (YPGal) 
medium at 30°C with reciprocal shaking.
　Isolation of mt-nucleoids.　The mt-nucleoids of S. 

cerevisiae were isolated from spheroplasts by the 
methods described previously (Miyakawa et al., 1987, 
1995). In brief, whole cells of 13‒15 g wet weight from 
the early stationary phase were converted to sphero-
plasts in SP buffer (0.8 M sorbitol, 50 mM K-phosphate 
buffer, pH 7.5) by treatment with Zymolyase 20T 
(Seikagaku Kogyo, Tokyo, Japan). Using differential 
centrifugation, mitochondria were prepared from dis-
rupted spheroplasts in NE1 buffer (0.3 M sucrose, 
20 mM Tris-HCl (pH 7.6), 1 mM EDTA, 0.4 mM spermi-
dine, 7 mM mercaptoethanol and 0.4 mM PMSF; Mi-
yakawa et al., 1987). The mt-nucleoids were isolated 
from mitochondria after the lysis of mitochondrial 
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membranes with a detergent, 0.5% (w/v) Nonidet P-40 
(NP40), and subsequent sucrose density gradient 
centrifugation with 20% and 60% (w/v) sucrose. The 
mt-nucleoids that formed a band at the boundary 
between 20% and 60% sucrose were pooled, precipi-
tated by centrifugation at 100,000×g for 1 h, thor-
oughly suspended in NE2 buffer (0.5 M sucrose, 20 mM 
Tris-HCl (pH 7.6), 2 mM EDTA, 0.8 mM spermidine, 
7 mM β-mercaptoethanol and 0.4 mM PMSF), and 
stored at -85°C until use.
　SDS-PAGE and 2D-gel electrophoresis.　For SDS-
PAGE of the fractions obtained at each step of mt-nu-
cleoid isolation, mitochondrial proteins (2 μg) and mt-
nucleoid proteins (1 μg) were loaded on a 15% 
polyacrylamide gel. Proteins on the gels were detect-
ed by the silver-staining method. A low-molecular-
mass calibration kit from Pharmacia (Uppsala, Swe-
den) was used to estimate molecular mass. For 2D-gel 
electrophoresis, the mt-nucleoid proteins (2 μg) were 
dissolved in 8 M urea, 2% (w/v) Nonidet P-40, 2% am-
pholines (a mixture of 1.6% of pI 3.5‒10 and 0.4% of 
pI 9‒11), and 5% 2-mercaptoethanol. The first dimen-
sion gels of non-equilibrium pH gradient electrophore-
sis contained a mixture of 1.6% pI 3.5‒10 and 0.4% 
pI 9‒11 ampholines in acrylamide. After samples were 
loaded, the gels were run at 200 volts for 15 min; 
300 volts for 30 min; 400 volts for 2 h 15 min; and 
800 volts for 30 min. The separation gel of the second 
dimension contained 12% acrylamide.
　Fluorescence microscopy.　Whole cells and sphero-
plasts were fixed with 5% (w/v) glutaraldehyde for 1 h 
at room temperature and were washed twice with NS 
buffer (20 mM Tris-HCl, pH 7.6, 0.25 M sucrose, 1 mM 
EDTA, 1 mM MgCl2, 0.1 mM ZnSO4, 0.1 mM CaCl2, 
0.8 mM PMSF, and 0.05% 2-mercaptoethanol; Miyaka-
wa et al., 1987). Samples were suspended in NS buffer 
and mixed with an equal volume of 4′,6-diamidino-2-
phenylindole (DAPI) (2 μg/ml) in NS buffer on a glass 
slide. For visualization of mt-nucleoids in living cells, 
cells were vitally stained with DAPI in YPG medium at 
a final concentration of 0.6 μg/ml for 20 min (Miyakawa 
et al., 1994). The isolated mt-nucleoids were mixed di-
rectly with an equal volume of DAPI (2 μg/ml) solution 
without chemical fixation. To visualize mitochondria, 
cells were quickly washed with NS buffer twice and 
suspended in NS buffer containing 0.5 μg/ml 3,3′-di-
hexyloxacarbocyanine iodide [DiOC6(3)] for 10 min at 
30°C. Cells were immediately observed under B exci-
tation.

　Immunofluorescence microscopy was performed 
according to the methods of Pringle et al. (1991) with 
slight modifications. Cells were converted to sphero-
plasts and fixed with 3.7% (w/v) formaldehyde. The 
fixed spheroplasts were applied to polylysine-coated 
coverslips. The coverslips were treated for 6 min in 
methanol and for 30 s in acetone at -20°C. After a 
wash with phosphate-buffered saline (PBS), the sam-
ples were incubated with the anti-Abf2p antibody at a 
1：1,000 dilution for 1 h at 30°C (Miyakawa et al., 
2000). After a second wash with PBS, a rhodamine-
conjugated secondary antibody was added at a 1：80 
dilution. After incubation for 1 h at 30°C, the coverslips 
were washed with PBS, stained with DAPI, and mount-
ed in mounting medium.
　For visualization of mitochondria and mt-nucleoids 
in the same cells, Δabf2 and the wild-type cells were 
transformed with pVT100U-mtGFP plasmid (Wester-
mann and Neupert, 2000) by one-step transformation 
methods (Akada et al., 2000). Cells grown to log phase 
in YPG medium were fixed with 3.7% (w/v) formalde-
hyde for 1 h at room temperature and washed twice 
with NS buffer. Mitochondria and the mt-nucleoids 
were observed under B and UV excitation in the same 
field, respectively. All observations were made with an 
epifluorescence microscope (BHS-RFK; Olympus Op-
tical, Tokyo, Japan) equipped with appropriate objec-
tives (Dplan Apo 100UVPL and 100UV; Olympus). 
Photographs were taken with Fuji Neopan 1600 film.

Results

Morphology of the mt-nucleoids in ΔAbf2 and the wild-

type cells

　Indirect immunofluorescence microscopy using an-
ti-Abf2p antibody demonstrated that Abf2p is localized 
to the punctate structures in wild-type cells, which well 
corresponded to the mt-nucleoids as revealed by DAPI 
staining. On the other hand, no fluorescent structures 
were visible in the cytoplasm of ΔAbf2 cells (Fig. 1). 
When wild-type and ΔAbf2 cells that reached the sta-
tionary phase in YPG medium were inoculated into 
YPG, YPD and YPGal media, the growth of Δabf2 cells 
was delayed in both YPG and YPGal medium com-
pared to the growth of wild-type cells (Fig. 2A and C), 
while the growth of Δabf2 cells was almost the same 
as that of wild-type cells in YPD medium (Fig. 2B). The 
doubling times of wild-type and ΔAbf2 cells were 1.5 
and 3.4 h in YPG medium, 1.2 and 1.3 h in YPD medi-
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um, and 1.5 and 2.7 h in YPGal medium, respectively 
(Fig. 2).
　The morphology of the mt-nucleoids in wild-type 
and ΔAbf2 cells during growth was examined with 
DAPI staining (Fig. 3). Mt-nucleoids in the wild-type 
cells appeared as strings-of-beads through the log 
phase in YPG, YPD, and YPGal media (Fig. 3A‒C, 
shown by arrows). In contrast, the mt-nucleoids in 
Δabf2 cells at the log phase appeared as punctate 
structures in all three media (Fig. 3D‒F). The number 
of mt-nucleoids in Δabf2 cells grown in YPD and YP-
Gal media seemed to be lower than that in wild-type 
cells (Fig. 3BC and EF). On the other hand, the num-
ber of mt-nucleoids in Δabf2 cells grown in YPG me-

Fig. 1.　Immunofluorescence localization of Abf2p.
　Spheroplasts of wild-type (A, B) and Δabf2 cells (C, D) at 
early stationary phase grown in YPG medium were labeled with 
anti-Abf2p antibody and rhodamine-conjugated secondary an-
tibody for localization of Abf2p (B, D), and were stained with 
DAPI for visualization of the mt-nucleoids (A, C).　Bar repre-
sents 5 μm.

Fig. 2.　Growth of wild-type and Δabf2 cells in three different 
media.
　Wild-type (■)and Δabf2 (□) cells were grown to the station-
ary phase in YPG medium, after which, an aliquot of cells was 
inoculated to YPG (A), YPD (B), and YPGal medium (C) at 
OD660 = 0.01, followed by culturing at 30°C with reciprocal 
shaking.

Fig. 3.　Morphology of the mt-nucleoids in wild-type and 
Δabf2 cells stained with DAPI.
　Photomicrographs (A)‒(F) show cells at log phase, and 
(G)‒(L) show cells at stationary phase. For observation of cells 
at log phase, cells were inoculated at OD660 = 0.01 to each 
medium and were fixed at appropriate times. (A‒C) Wild-type 
cells grown for 8 h in YPG (A), YPD (B), and YPGal medium (C). 
(D‒F) The Δabf2 cells grown for 12 h in YPG (D), for 8 h in YPD 
(E), and for 12 h for YPGal medium (F). For observation of cells 
at stationary phase, cells were fixed at 40 h for both wild-type 
and Δabf2 cells, and then were treated with zymolyase for 
spheroplasting. (G‒I) Wild-type cells grown in YPG (G), YPD 
(H), and YPGal medium (I). (J‒L) The Δabf2 cells grown in YPG 
(J), YPD (K), YPGal medium (L). Arrowheads indicate the mt-
nucleoids. Bar represents 5 μm.
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dium seemed to be similar to that in wild-type cells; in 
particular, some mt-nucleoids in Δabf2 cells appeared 
more diffuse than those in wild-type cells (Fig. 3A and 
D).
　The mt-nucleoids in wild-type cells at the stationary 
phase appeared as many punctate structures with 
similar sizes in YPG, YPD, and YPGal media, which 
were uniformly scattered in the cytoplasm (Fig. 3G‒I). 
In contrast, the number of mt-nucleoids in Δabf2 cells 
significantly varied depending on the culture medium 
(Fig. 3J‒L). The mt-nucleoids were stably maintained 
in Δabf2 cells grown in YPG medium, but the number 
of mt-nucleoids was significantly lower in Δabf2 cells 
than in wild-type cells (Fig. 3G and J). The mt-nucle-
oids in a stationary-phase cell were counted in highly 
squashed spheroplasts (Fig. 4). In YPG medium, the 
average numbers of mt-nucleoids per cell were 11 in 
Δabf2 cells and 37 in the wild-type cells (Fig. 3G and J, 
Fig. 4A). The Δabf2 cells grown in YPD medium re-
tained only a few mt-nucleoids or completely lacked 
them (Fig. 3K). Counting the mt-nucleoids in highly 
squashed spheroplasts revealed that approximately 
50% of Δabf2 cells lost the mt-nucleoids and thus pro-
duced ρ0 cells in YPD medium, and the average num-
ber of mt-nucleoids per cell was only 1.3 in Δabf2 cells 
under these conditions (Fig. 4B). These observations 
well coincided with previous report that demonstrated 
the significant instability of mtDNA in cells grown in 
YPD medium (Diffley and Stillman, 1991). On the other 
hand, the mt-nucleoids in Δabf2 cells grown to the sta-
tionary phase in YPGal medium were more stable than 
those in Δabf2 cells grown in YPD medium, and they 
were visible as even brighter particles than those ap-
pearing in cells grown in YPG and YPD media (Fig. 3L, 
Fig. 4B). Only approximately 20% of Δabf2 cells lost 
mt-nucleoids under these conditions, and the average 
number of mt-nucleoids was 3.4 per cell (Fig. 4B). Av-
erage numbers of mt-nucleoids of wild-type cells cul-
tured in YPD and YPGal medium to stationary phase 
were 30 and 33, respectively.
　We found an interesting feature of the mt-nucleoids 
in Δabf2 cells grown in YPG medium. Representative 
images of the mt-nucleoids and mitochondria in wild-
type and in Δabf2 cells during log phase are shown in 
Fig. 5. In wild-type cells, as the bud size gradually in-
creased, the mt-nucleoids were transmitted from the 
mother cell to the bud with a strings-of-beads appear-
ance (Fig. 5A, a‒d). In these cells, the DAPI-fluores-
cence intensity of the individual mt-nucleoid was simi-

lar between mother cells and bud cells (Fig. 5A, 
arrowheads). In contrast, the DAPI-fluorescence inten-
sity of an individual mt-nucleoid was distinctly reduced 
in the buds of Δabf2 cells, although the mother cells 
had many spherical mt-nucleoids with irregular sizes 
(Fig. 5A, e‒h, arrowheads). This suggested that the 
buds receive only small mt-nucleoids, into which lower 
copy numbers of mtDNA are packaged. The difference 
in distribution of the mt-nucleoids between mother and 
bud cells is evident in the comparison of wild-type and 
Δabf2 cells, as shown in Fig. 5A. The percentage of 
budded cells, in which the bud cells have small mt-
nucleoids with low fluorescence intensity and the 
mother cells have relatively large mt-nucleoids, 
reached 79% in the Δabf2 mutant, whereas only 2% of 
budded cells showed this feature in wild-type cells 
(Table 1). To examine whether or not the morphology 

Fig. 4.　The number of mt-nucleoids per cell examined by 
DAPI staining.
　(A) The number of mt-nucleoids in wild-type and Δabf2 cells 
grown to stationary phase in YPG medium. The cells grown for 
40 h were fixed with glutaraldehyde and then subjected to Zy-
molyase treatment for spheroplasting. Spheroplasts were high-
ly squashed on glass slides and stained with DAPI. The mt-nu-
cleoids contained in a cell were counted under fluorescence 
microscopy. The total number of cells examined was 52 in each 
strain. (B) The number of mt-nucleoids per Δabf2 cell grown in 
YPD and YPGal media. The stationary-phase cells grown for 
40 h in each medium were fixed and subjected to spheroplast-
ing. The total number of cells examined was 100 in each 
strain.
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and distribution of mitochondria were affected in Δabf2 

cells, mitochondria was vitally stained with DiOC6(3) 
(Fig. 5B). However, almost all the wild-type and Δabf2 

cells grown in YPG medium had similar tubular mito-
chondria that were elongating from mother to bud 
cells. These results suggested that the lack of Abf2p 
did not affect the morphology or segregation of mito-
chondria.
　Morphology of mitochondria that were labeled with 
GFP and the mt-nucleoids stained with DAPI was ob-
served in the same cells in Δabf2 and wild-type cells 
(Fig. 6). The mitochondria in Δabf2 cells showed nor-
mal morphology and transmission to the bud. How-
ever, it was evident that mitochondria transmitted to 

the bud of Δabf2 cells contained smaller mt-nucleoids 
than those in wild-type cells.

Comparison of mt-nucleoids in vitro between wild-type 

and Δabf2 cells

　To avoid artifacts derived from chemical fixation, the 
mt-nucleoids in wild-type and Δabf2 cells at the sta-
tionary phase were vitally stained by DAPI (Fig. 7A, a 
and b). The mt-nucleoids in both cells appeared as 
discrete fluorescent particles with similar size. The mt-
nucleoids were isolated from both wild-type and Δabf2 
cells grown to the stationary phase in YPG medium by 
methods using sucrose gradient centrifugation. The 
mt-nucleoids, which were pooled from 20‒60% bound-

Fig. 5.　Morphology of the mt-nucleoids and mitochondria in 
wild-type and Δabf2 cells.
　(A) The wild-type (a‒d) and Δabf2 cells (e‒h) at log phase in 
YPG medium were fixed with glutaraldehyde and stained with 
DAPI. (B) Mitochondria in wild-type (a‒d) and Δabf2 cells (e‒h) 
at log phase in YPG medium were vitally stained with DiOC6(3). 
Note that the DAPI-fluorescence intensity of the mt-nucleoids 
transmitted to the bud is rather lower in Δabf2 cells than in wild-
type cells. Bar represents 5 μm.

(A)

(B)

Table 1.　Distribution of the mt-nucleoids in 
wild-type and Δabf2 cells.

　The budded cells (n =211 each culture) grown to log-phase 
in YPG medium were examined by DAPI-fluorescence micros-
copy and grouped into 4 types according to the morphology 
of the mt-nucleoids. (A) Strings-of-beads appearance, (B) 
strings-of-beads appearance with small mt-nucleoids in the bud, 
(C) punctate structure, (D) punctate structure with small mt-
nucleoids in the bud. The percentage of each group is shown.

Fig. 6.　Visualization of mitochondria and mt-nucleoids in the 
same cells.
　The wild-type and Δabf2 cells transformed by pVT100U-mtG-
FP plasmid were grown to log phase in YPG medium and fixed 
with 3.7% formaldehyde for 1 h at room temperature. The same 
cells were observed under B excitation for visualization of mito-
chondria or under UV excitation for mt-nucleoids. Bar repre-
sents 5 μm.
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ary of the sucrose gradient, were visible in vitro as 
compact fluorescent particles with a size similar to 
those appearing in vivo after DAPI staining (Fig. 7A, c 
and d). The protein composition of mitochondria and 
that of the mt-nucleoids were nearly the same between 
wild-type and Δabf2 cells, except for the absence of 
Abf2p at the position of 20 kDa in mitochondria and 
the mt-nucleoids from Δabf2 cells (Fig. 7B). Moreover, 
more than 40 proteins of mt-nucleoids from two strains 
were separated and compared by 2D-gel electropho-
resis (Fig. 6C, Miyakawa and Sato, 2001). In these 
analyses, a slight increase of a 50-kDa protein was 
recognized in the mt-nucleoids from Δabf2 cells. No 
distinct decrease or increase of specific mt-nucleoid 
proteins was recognized in the mt-nucleoids from 
Δabf2 cells, except for the lack of Abf2p at 20 kDa.

Discussion

Morphology and stability of the mt-nucleoids in a Δabf2 

mutant

　During the observation of the mt-nucleoids in Δabf2 
cells, we found interesting features concerning the mt-
nucleoid morphology and its distribution between 
mother and daughter cells during budding. As men-
tioned in Figs. 3 and 5, mother cells grown to log-
phase in YPG medium contain diffuse mt-nucleoids 
with irregular size. Appearance of the diffuse mt-nucle-
oids in Δabf2 cells coincided with the results of New-
man et al. (1996). Appearance of diffuse mt-nucleoids 
was evident in mother cells, but rare in the small bud. 
The fluorescence intensity of large mt-nucleoids in 
Δabf2 cells appeared to be higher than that of mt-nu-

Fig. 7.　Analysis of the mt-nucleoids isolated from wild-type and Δabf2 cells.
　(A) Morphology of the mt-nucleoids in vivo and in vitro. The mt-nucleoids were vitally 
stained with DAPI in wild-type (a) and Δabf2 cells (b) grown to the stationary phase in 
YPG medium. The mt-nucleoids isolated from wild-type (c) and Δabf2 (d) cells were 
also stained with DAPI. Bar represents 5 μm. (B) Comparison of the protein compo-
nents of mitochondrial and the mt-nucleoids isolated from wild-type and Δabf2 cells by 
SDS-PAGE. Arrow indicates the position of 20 kDa Abf2p, (C) 2D-gel electrophoresis of 
the mt-nucleoid proteins from wild-type and Δabf2 cells. Arrow indicates the position of 
Abf2p and arrowhead indicates a 50-kDa protein.

(A) (B)

(C)
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cleoids of wild-type cells. In Δabf2 cells, strings-of-
beads-like mt-nucleoids are disorganized and several 
mt-nucleoids may aggregate to form large mt-nucle-
oids with different sizes. At the stationary phase, the 
mt-nucleoids in Δabf2 cells appeared as normal punc-
tate structures with sizes similar to those in wild-type 
cells. This indicates that the lack of abf2p differently 
affects the morphology of the mt-nucleoids at log 
phase and stationary phase.
　Another feature is that DAPI-fluorescence intensity 
of the individual mt-nucleoids transmitted to the bud 
was significantly lower in Δabf2 cells than that in wild-
type cells. This means that the daughter cells of a 
Δabf2 mutant receive only a low copy number of mtD-
NA compared to those of wild-type cells. This unequal 
distribution of the mt-nucleoids in Δabf2 cells was ob-
vious from comparison of Δabf2 and wild-type cells 
(Figs. 5 and 6, Table 1).
　As revealed by observation with DiOC6(3) staining 
and mitochondria-targeted GFP, the tubular mitochon-
dria with several branches were elongating from the 
mother cell to the bud cell even in Δabf2, as did the 
wild-type cells (Figs. 5 and 6). Therefore, it is unlikely 
that the lack of Abf2p significantly impairs the mor-
phology of mitochondria and their migration to the 
bud. Considering together the morphology of mito-
chondria and the mt-nucleoids, our results suggest 
that the lack of Abf2p induces some defects in the rep-
lication of mtDNA and/or in the segregation of mt-nu-
cleoids that occur in tubular mitochondria, which are 
located at the site of bud emergence. A recent study 
revealed that the recombination-dependent segrega-
tion of mtDNA to the bud occurs near the neck of 
mother cells via rolling circle mechanisms (Shibata 
and Ling, 2007). Thus, it is possible that the lack of 
Abf2p directly affects the recombination-dependent 
replication of mtDNA coupled with the transmission of 
mtDNA to the bud. A model for morphology of mt-nu-
cleoids and the role of Abf2p is depicted in Fig. 8. The 
behavior of mitochondria and mt-nucleoids near the 
bud neck should be focused on so as to elucidate the 
correlation between transmission of mitochondria and 
inheritance of mtDNA.
　The Δabf2 cells undergo respiration-dependent 
growth in YPG medium. Therefore, if the bud cells re-
ceive few copies of mtDNA in Δabf2 cells, it will take 
longer to replicate mtDNA at a level that is adequate to 
complete the next cell cycle with a non-fermentative 
carbon source. This may explain why Δabf2 cells re-

quire more than twice the doubling time of wild-type 
cells in YPG medium. The yeast cells can proliferate 
with glucose independently of respiration; actually, 
Δabf2 cells grow at nearly the same rate as wild-type 
cells in YPD medium (Fig. 2). Under these conditions, 
the high cell growth rate may finally overcome the rate 
of replication and segregation of mtDNA, and may re-
sult in the gradual decrease in the copy number of 
mtDNA.

The role of Abf2p in mtDNA packaging into nucleoid 

structure

　Newman et al. (1996) first compared the protein 
components of mt-nucleoids obtained from wild-type 
cells and Δabf2 cells. They showed that the mt-nucle-
oid fraction was associated with several proteins in-
cluding Abf2p and other mt-nucleoid-specific proteins 
(70, 28, 21 and 15 kDa). Moreover, they found that the 
two mt-nucleoid proteins of 60 and 46 kDa, which are 
of comparable abundance to Abf2p, were absent in 
the mt-nucleoids isolated from Δabf2 cells, concomi-
tant with the lack of Abf2p. However, our results from 
SDS-PAGE and 2D-gel electrophoresis showed that 
the protein composition of the mt-nucleoids is almost 
the same between wild-type and Δabf2 cells, except 

Fig. 8.　A model for morphology of the mt-nucleoids and the 
role of Abf2p.
　In wild-type cells, mtDNAs are compactly organized to form 
mt-nucleoids by associating with Abf2p and other nucleoid pro-
teins. Each mt-nucleoid containing newly replicated mtDNAs is 
normally transmitted to the bud cells. In Δabf2 cells, the mt-nu-
cleoids are diffuse and partially aggregated. As Abf2p plays a 
role in mtDNA replication and transmission, bud cells receive 
small mt-nucleoids containing low copy of mtDNA.
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for the lack of Abf2p. Although more than 40 protein 
components were associated with the mt-nucleoid 
fractions in our preparation, the absence of the 60 and 
46 kDa proteins was not detected in the mt-nucleoids 
from Δabf2 cells (Fig. 7C).
　Recently, it has been reported that yeast cells alter 
the protein composition of mt-nucleoids depending on 
culture medium (fermentative or non-fermentative) 
(Kucej et al., 2008), and culture conditions (aerobic or 
anaerobic) (Shiiba et al., 1997, 2005). The size and 
DNA content of individual mt-nucleoids also vary de-
pending on the culture condition of cells (Miyakawa et 
al., 2004). In the present study, we have isolated the 
mt-nucleoids from cells at early stationary phase. On 
the other hand, Newman et al. (1996) have isolated the 
mt-nucleoids from cells at log phase. Although we 
cannot explain why the protein components of the mt-
nucleoids differ between the two preparation proto-
cols, the difference in protein components of mt-nucle-
oids may be derived from the difference in growth 
phase of cells from which the mt-nucleoids were iso-
lated.
　The instability of mtDNA from lack of Abf2p is com-
pensated by overexpression of Ilv5p (Macierzanka et 
al., 2008; Zelenaya-Troitskaya et al., 1995) and of aco-
nitase (Chen et al., 2005, 2007). In addition, the mt-
nucleoids contain many other proteins (Chen and Bu-
tow, 2005; Nosek et al., 2006), which include three 
components of α-ketoglutarate dehydrogenase (Kauf-
man et al., 2000; Sato et al., 2002) and mitochondrial 
ribosomal protein Mnp1p (Sato and Miyakawa, 2004). 
A high-resolution atomic force microscopy indicated 
that the interaction between Abf2p and mtDNA is rath-
er weak, compared to that between nuclear DNA and 
histones, and that Abf2p compacts DNA by simply in-
troducing a number of sharp bends into the DNA back-
bone (Brewer et al., 2003; Friddle et al., 2004). Even if 
Abf2p plays important roles in mtDNA packaging, oth-
er mt-nucleoid proteins may serve as mtDNA-packag-
ing proteins to compensate for the loss of function due 
to the lack of Abf2p. More detailed investigations are 
needed to elucidate the correlation between protein 
components of mt-nucleoids and the morphology of 
mt-nucleoids.
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