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Preface

Preface
The concept of mitochondrial nuclei
Mitochondria are semi-autonomous organelles that posses their own
DNA, mitochondrial DNA (mtDNA). Early studies using electron microscopy
showed that a small amount of the DNA-like fi bers presents in electron transparent or semi -electron transparent spherical area of their mitochondria,
0.1-0.5 f.lm in diameter. However, such DNA structures is not always observed
in all mitochondria, and the amount of DNA-like fibers is much Jess than
expected. It seems likely th at the majority of mtDNA is embedded in semielectron-dense matrix in mitochondria and remains invisible under conventional
conditions of fixation and staining for electron microscopy. In 1970s, very
sensitive DNA-binding fluorochrome, 4', 6-diamidino-2-pheoylindole (DAPI)
was synthesized by Dann et a!. (197 1) and applied for the observation of
organelle DNA. DAPI bi nds A-T base pairs of DNA and emits strong, bluewhite fluorescence under UV irradiation.

The comb inatio n of DAPI with

fluorescence microscopy made it possible to observe the behavior of small
amount of organell e DNA in situ.

When observed by DAPI-fluorescence

microscopy, DNA-containing region of mitochondria appears as a tiny
flu orescent spot, indicating that the mtDNA is organ ized to form com pact
structures in vivo. Now , it is well established that such compact structures are
composed of mtDNA and protein s. From thi s point of view, Kuroiwa proposed
the term "mitochondrial nu clei" for the compactly organized DNA-protein
compl exes in mitochondria (Kuroiwa 1982) .

Mitochondrial nucl ei as a model system for DNA-protein complex
In cell nuclei, DNA is also compactly organ ized with proteins. The DNA
replication and transcription occur in the compactly organized nucleus. To .
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elucidate the mechanism of DNA replication and transcription in the highly
organized nuclear stn1cture such as chromatin, it is necessary to isolate DNAprotein complex in an intact form, both structurally and functionally. However,
the size of cell -nuclear genome is so large that neither the analyses of the entire
genome at a time, nor the isolation of the chromatin that contains specific genes,
is possible.
When compa red with ce ll -nuclei, mt-nuclei wou ld have several
advantages fo r the analyses of the mechanism of DNA replication and
transcripti on in the nuclear organization if the mt-nuclei were isolated in intact
forms, both structurally and fun ctionally.

(1) Because the genome size of

mitochondria is much smaller (16-570 kb) than that of cell-nuclei, it is possible to
analyze the entire genome at a time. (2) Infonnation of the complete nucleotide
equence of mitochondria genome are available for several species (Anderson
et al. J 98 1, Bibb et al. 198 L). (3) As the genome size and coding capacity are
smaJl, the factors involved in replication and transcripti on of mtDNA is
supposed to be much fewer than those operate in ceil-nuclei . Therefore, it may
be possible to detect and characterize al l the major factors involved in the
regu lati o n of repli cation and transc ription of mtDNA.

Based on these

considerations, I decided to use the mt-nuclei as a model system to analyze the
mechanism of DNA replication and transcription in the highl y organized nuclear
structure.

Isolation of mt-nuclei from Physarum polycephalum
Protein-DNA complex has been isolated in mitochondria of HeLa cell
(Aibring et al. 1977), Xenopus la evis (Pinon et al. 1978; Rickwood and Jurd,
1978), sea urchin embryos (Sevaljev ic et al. 1978, 1979), rat live r (Van Tuyle
and McPherson,l979; Van Tuyle and Pavco , 1985) and Param ecium aureLia
(O lszewska and Tait, 1980) . However, the question remains ambiguous as to
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whether isolated DNA-protein complexes correspond to the mt-nucleoids
observed in the electron microscope and whether they retain the morphological
intactness.

Mt-nuclei have been isolated from the plasmodia of Physarum

polycephalum, which has a large, rod-shaped mt-nucleus (Kuroiwa et al., 1976,
Suzuki et al., 1982). The integrity of their morphology seemed to have been
preserved; scan ning electron micrographs showed the same three-dimensional
rod-shaped structure and the same size distribution as mt-nuclei found in the
mitochondria. However, function of mtDNA in these isolated structurally intact
mt-nuclei bas not been investigated.

T he feature of mt-n uclei in Physarum polycephalum
The degree of mtDNA organization in one type of organism differs from
that in the other eukaryotes. To tbe best of our knowledge, the mt-nuclei of tme
slime molds such as Ph.ysarum

polycephalum have higher degree of

organization than those of other eukaryotes. MtDNA of P. polycepha!um is a
linear molecul e of 86.0 kbp, 6 times larger than mammalian mitochondrial DNA
(Takano et al. 1990) . The life history of P. polycephalum is that of a typical
haplodiplont, with two di ti nct stage: the diploid syncytial plasmodium and the
hap loid uninucleate myxamoebae . The mt-n uclei of P. polycephalum contains
about ten times more mtDNA than those from other sources, and the mt-nuclei
of amoebae and plasmodium contain about 18-24 and 32 mtDNA molecules
respectively in the logarithmic phase of growth (Kawano et al. 1983, Sasaki et
a!. 1994). A number of mtDNA molecules are packed tightly in the mt-nucleus,
and the packing ratio of mtDNA appears to be even higher than that of cellnuclear DNA.

T he purpose of this study
The purpose of this study is to analyze the mechanism of DNA
rephcation in the nuclear organization. To accomplish this, l used the mt-nuclei
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of P. polycephalum plasmodia as a model system. First, I investigated the
manner of mtDNA repli ca tio n in th e mt-nucleus of plasmodia by the
visualization of the sites of in situ mtDNA replication and suggested that tbe
replication of multiple mtDNA molecules occurred in the mitochondrial replicon
cluster, which cons ists of about 10 mtDNA molecules. This implied that the
nuclear stru cture may be related to the control of the mtDNA repli cation . Next,

I isolated the structurally intact mt-nuclei from the plasmod ia that were able to
support efficient mtDNA synthesis in vitro. Finall y, I analyzed the proteins that
were released from th e mtDNA by treating the isolated mt-nuclei with NaCI
and iden tified three DNA -binding proteins, including histon e Hl-like protein
(41 -kD a protein), which ma y participate in the nuclear organization and
mtDNA synthesis.

4
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Chapter 1
The manner of replication and organization of mitochondrial DNA in the
mitochondrial nucleus of Physarum polycephalum plasmodia

SUMMARY

The mitochondrion of Physarwn polycephalwn plasmodia has a large,
rod-shaped mitochondrial nucleus (rot-nucleus) , which conta in s about 32
mitochondrial DNA (mtDNA) molecules.

These mtDNA molecules bind

tightly to the mitochondrial membrane at specific duplicated regions of the
molecule. In this study, we studied plasmodia and visua lized the site of mtDNA
replication by immunofluorescence or immunoelectron microscopy.

The

replication of multiple mtDNA molecu les only occurs at a few discrete sites in
the mt-nuclei. The number of replication sites per mt-nucleus was proportional
to the copy number of mtDNA per mt-nucleus. The relationship between the
number of rep lication sites and the copy number of mtDNA indicated that
mtDNA replication is regu lated in groups of 10 adjacent mtDNA molecules.
We also studied the membrane-binding regions (MBRs) of mtDNA in
the mt-nucleus by fluorescence in situ hybridization with a DNA probe
specific for the MER.

Visualization of the MBR si tes in the mt-nucleus

suggested that the MBRs were grouped in a few discrete locations in the mtnucleus. The number of MBR clusters in the mt-nucleus was proportional to the
mtDNA copy number; one MBR clu ster consisted of the MBRs of about ten
mtDNA molecules. The MBR clusters appeared to organize a multiple mtDNA
in a rot-nucleus into a few unit, each of which contains abo ut 10 mtDNA
molecules.

INTRODUCTION
5
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Mitochondria are semi-autonomou sly replicating organelles that have
their own DNA, which is known as mitochondrial DNA (mtDNA).

It is

generally accepted that mtDNA is organized into a highly compact structure
with proteins, to fonn the so-called mitochondrial nuclei (mt-nuclei, synonym for
mitochondrial nucleoid, Kuroiwa, 1982; Kuroiwa et al. , 1994). Early results
obtained with electron microscopic autoradiography of [3H]thymidine-labeled
cell s showed that mtDN A replication occurs within the mt-nucle.i. However,
the precise site of mtDNA replication in the mt-nuclei is not detected with the
limited resolution of autoradiography.

immunofluorescence detection of

incorporated bromo-deoxyuridine (BrdU) or biotin-labeled dUTP allows a much
more accurate localization of the sites of DNA replication. In fact, the spatial
and temporal nuclear organization of DNA repl ication in the cell nuclei of
several cell types has been characterized using these techniques (Nakamura et
a!., 1986; Nakayasu and Berezney, 1989 ; O ' Keefe et al., 1992).

Some

experiments also detected BrclU in corporation into mitochondria (Thiry, 1992;
Suzuki et al, 1992; Davis and Clayton, 1996). However, it is difficult to
determine the precise sites of DNA replication in the mt-nuclei because tbe mtnuclei in these organelles are too small to observe.
Physarum polycephalum contains a large rod-shaped mt-nuc!ei with a

high mtDNA copy number. The mt-nucleus of the P. polycephalum amoebae
contains approximately 18 to 24 mtDNA molecules (Sasaki et al., 1994).
Previo usly, we visualized the sites of DNA replication in the mt-nuclei of the
amoebae after incubating cells with BrdU (Sasaki et al. , 1994). The replication
sites were not distributed randomly throughout the mt-nuclei , but were
concentrated in a few discrete regions. Fmthermore, the number of replication
sites along a single mt-nuclei was proportional to the copy number of mtDNA
per mt-nuclei; one replication signal corresponded to about lO mtDNA
molecules.

Therefore, we proposed that replication of individual mtDNA
6
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molecules in the mt-nuclei is not regulated independently, but that replication of
gro up s of approximately 10 adjacent mtDNA molecules is regulated
concertedly, within a structure defined as the mitochondrial replicon cluster
(MRC). The presence of the MRC implies that the organization of mtDNA in
the mt-nuclei plays an important role in the regulation of mtDNA replication.
The organization of the mtDNA in the mt-nuclei has only been studied
in the amoebae of P. polycephalum. The mtDNA of P. polycephalum is a
linear, 86.0 kb molecule (Takano et al. , 1990), which contains a specific region
that interacts with th e mitochondrial membrane. The mitochondrial membraneDNA complex of P. polycephalum was iso lated and restriction endonuclease
analysis identified a specific 3.5 kb region of mtDNA that interacts with the
mitochondrial membrane (Kawano and Kuroiwa, 1985; Kuroiwa et al. , 1994).
This membrane-binding region (MBR) was mapped to a 19.6 kb tandem
duplication located at each end of the linear 86 kb mtDNA molecul e (Takano,
1990; Kuroiwa et al. , 1994) . Visualization of the location of the MBRs in the mtnucleus by fluoresce nce in situ hybridization (FISH) with a DNA probe
specific for the MBR showed that the MBRs of approximately 10 mtDNA
mol ecules were clustered at a few discrete s ites along the rot-nucleus (Sasaki,
1995). This result suggested that the mtDNA molecules in the mt-nuclei might
be organized rather th an randomly distributed.
P. polycephalum has two distinct forms in its life cycle: the haploid

uninucleate amoebae and the diploid syncyti al plasmodium (Kawano et al. ,
1995). The mt-nucleus in the plasmodia has the same rod-like shape as in the
amoebae, and contains abo ut 32 mtDNA molecules (Kawano et al. , 1983). In
thi s chapter, I discuss the visualization of th e sites of mtDNA replication by
immunofluorescence microscopy and the location of the MBRs in the rotnucleu s of the plasmodia by fluore. cence in situ hybridization with a DNA
probe specific for the MBR.
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MATERIALS AND METHODS

Cell cultures
Microplasmodia of the P. polycephalum, Colo nia isogeni c strain KM
182 I KM 187, were cultu red in liquid medium at 23 °C using the meth od
described by Danjel and Baldwin (1964).

Observation of cells
Cells were fixed on a glass slide in 0.6% glutaraldehyde, sta ined with 1
mg/mL 4 ' ,6-diamidino-2-phenylindole (DAPI) in S buffer (0 .25 M sucrose, 10
mM Tris-HCl , pH 7.7 , 1 mM EDTA, pH 7.5 , 7 mM 2-mercaptoethanol, 0.75
mM spermidine and 0.4 mM PMSF) and observed under an epi.fluorescence
microscope equipped with a phase-contrast obj ective (BHS-RFC ; Olympu s
Optical Co. , Tokyo, Japan).

Labeling with BrdU and indirect immunofluorescence microscopy with
BrdU-specific antibodies
Cultured am oebae and mi croplasmodia from th e logarithmic phase of
grow th were labe led for 1 b with 10 11M BrdU in the presence of J !J.M 5flu orodeoxy uridine (an inhibitor of th ymidine biosynthesis), which enhances th e
incorporation of BrdU. Cells were fixed in Carney's so lution for lO min. A drop
of fixed cells was th en spread on a coverslide, and the covers! ide was passed
through a flame rapidly to rupture and fix th e samples . Detection of BrdU was
performed using th e method of Sasaki et a!. (1994). Tbe coverslide was soaked
in ethanol for 5 min and then treated with 3 N HCl for 30 min . After denaturin g
th e DNA, the samples on th e coverslides were in cubated w ith mouse
monoclonal antibodies against BrdU (Becton Dickinson Immunocytometry
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Systems Co. , CA, USA) and a second an tibody, fluores cein isoth.iocyanateconjuga ted (FITC-conjugated) antibodies to mou e immunoglob ulins produced
in goats (Tago Inc., CA, USA) . Finally, the cells were stained with 1 J.lg/mL
4',6-diamidino-2-pheoylindole (DAPl) inS buffer [0.25 M sucrose, 10 mM TrisHCl (pH 7.7), 1 mM EDTA (pH 7.5), 7 mM 2-mercaptoethanol, 0.75 mM
spermidin e and 0.4 mM PMS F] and observ ed und er an epiflu orescence
microscope eq uipped with a pl1ase-contras t objective (B HS-RFC; Olympu s
Optical Co., Tokyo, Japan ). Photographs were taken at a magnification of 500x
with 35 mm Fuji Neopan 400 film (Fuji Photo Film Co. , Tokyo, Japan).

lmmunostaining with colloidal gold and electron microscopy
Cultured microplasmodia were labeled for 20 h with 10 mM BrdU in the
presence of l mM 5-fluorodeoxyurid.ine. Then 8% glutaraldehyde was added to
th e culture medium to fix Lhe cells in a flnal concentration of 2% glutaraldehyde
for l h at 4 °C. After three washes with distilled water, the fixe d cells were
embedded in 2% low-melting-temperature agarose and then the aga rose was
cut into blocks, which were dehydrated in an ethanol series. The ethanol was
replaced by propylene oxide and a number of blocks were immersed in LR
white resin (London Resin ; Woking, Surrey, U.K.) and embedded at 60 °C.
Serial th in section s (ca. l 00 nm ) were cut with glass knives on an
ultramicro tome (MT-6000 XL, RMC-Eiko Co. , Kaw asaki, Japan ).

Thin

sections o n grids were treated with phosphate- buffered saline (PBS ; pH 7 .4)
that conta ined 0.05 % Triton X- 100 for 15 min at room temperature and blocked
in blockin g buffer (5 % bovine serum albumin in PBS) for 20 minutes at room
temperature. The sections were then incubated for 1 h at 37 C with mouse
antibodies agai nst BrdU that had been diluted ten-fold with the blocking buffer.
After five washes w.ith PBS (pH 7 .4), each for 5 min at room temperature, the
samples were incubated with goat antibodies against mouse IgG conjugated to
10 nm colloidal go ld particles (Zymed Laboratories, CA, USA) that bad been
9
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diluted 160-fold with blocking buffer. The sections were washed for 5 min five
times with PBS (pH 8.2) at room temperature, rinsed once with distilled water,
stained with 3% uranyl acetate for 30 min at room temperature and examined
with a JEOL 1200 EX transmission electron microscope (1200 EX; JEOL,
Tokyo, Japan).

Estimation of the amount of mtDNA and the length of the mt-nucleus
Cells were fixed on a glass sl ide in 0.6% glu taraldehyde. The DNA was
stained with 1 11g/mL DAPI in S buffer and the samples were observed under
an epifluorescence microscope. The fluorescence intensity emitted from the
mt-nuclei was mea ured with a video-intensified microscope photon-counting
system (YlMPCS; Hamamatsu Photonics Ltd. Hamamatsu, Japan) connected
to an epifluorescence microscope, as previously described (Kuroiwa et al.,
1986). To evalu ate the fluorescence intensity of the mt-nuclei, T4 phage was
used as a standard DNA marker (l T= 170 kb; Freifelder, 1970). Since the P.
polycephalum mtDN A is 86 kb in JengtJ1 (Takano et al. , 1990), l T is roughly
equivalent to 2 mtDNA copies. At the same time, the length of each mt-nucleus
was measured on d1e YIMPCS video frame.

In situ hybridization and signal detection

Cells were washed with distilled water three times and fixed with
Carney's elution (25% glac ial aceti c acid in ethanol) for I 0 min. A drop of
fixed cells was then spread on a coverslide, and the coverslide was passed
rapidly through a flame to burst and fix the samples. In situ hybridization was
performed using the method of Hizume et a!. (1992). A 4.7 kb Xbai!Sphl
fragment that overlaps a 1.7 kb region of the MBR of P. polycephalum mtDNA
(Takano, 1990) was used as a probe.

DNA was labeled with digoxigenin

(DIG)-Iabeled deoxyuridine-triphosphate, using a random primer DNA labeling
system (Boehringer Mannheim Biochemicals, Mannheim, Germany).
10

The

Chapter I

samp le was heat-denatured at 70 oe for 5 min and then hybridized with the
DIG-labeled DNA probe at 37 oe for 12 h. After hybridization, the sample was
washed with 50 % formamide in 2

X

sse (0.3 M sodium chloride, 0.03 M

sodi um citrate) for 10 min at 37 oe and twice with 2

X

sse for 10 min. The

sample was washed three times in PBS (0.13 M Nae! , 7 mM Na2HP04, 3 mM
NaH2P04, pH 7.2) and blocked with 15

~LL

of blocking solution (PBS containing

5 % BSA and 0.02% Tween 20) at 25°C for 30 min . Then the sample was
incubated at 37°e for J h with primary anti-d igoxigenin mouse monoclonal
an tibody (Boehringer Mannheirn Biochemicals, Maonheim, Germany) that was
diluted to 1:40 in blocking so lution. After washing and blocking again , the
samp le was incubated at 37°e for 30 min with secondary anti-mouseimmunoglobulin goat antibody conjugated with fluorescein isothi ocyanate
(FITe, Tago Inc. , eA, USA) that was diluted to I :40 in blocking solution . The
sample was then wa shed in PBS, stained with DAPJ and obse rved with an
epitl uorescence microscope as described above.

RESULTS

Spatial distribution of the sites of mtDNA replication in the mt-nuclei of
plasmodia
The replication sites in the mt-nuclei were visualized by light and
electron microscopy (Fig. 1). Plasmodia from the logarithmic growth pbase
were labeled with BrdU and immunostained with antibodies against BrdU and
FITe-conjugated or colloidal gold-conjugated second antibodies , for light
microscopy and e lectron microscopy, respectively.

When the ce ll s were

treated with BrdU for a short time, the sites of DNA replication were seen as a
few fluorescent globules distributed along each mt-nucl eus under the light
i1
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microscope, in spite of the high number of mtDNA molecu les in the mt-nucleus
(Fig. I A, B). Incorporation of BrdU into DNA was detected with the electron
microscope when the labeling with BrdU was allowed to proceed for a
relatively long time (Fig. lC-E). The particles of colJoidal gold were selectively
distributed over the cell nuclei and the mt-nuclei (Fig. lC) . The replication sites
in the mt-nucl ei were not readily distinguished as clusters of colloidal gold
particles because of the prolonged period required for labeling (Fig. 1D).
However, we so me times observed a few di stinct clusters of colloidal gold
particles in a si ngle mt-nucleu s, as shown in Figure l E.

Our observations

revealed that mtDNA replication in the rut-nuclei of plasmodia is regulated
concertedly in groups of adjacent mtDNA molecules.
Next, we studied the relationship between the number of globular
replication signals and the mtDNA copy number per mt-nucleus in plasmodia
(Fig. 2). Since the length of the mt-nuc!eu is proportional to the copy number of
mtDNA per mt-nucleus, it was possible to calculate the copy number of
mtDN A in an mt-nucleus from its Length (Sasaki, 1995).

The number of

globular replication signals per mt-nucleus was propo1tionaJ to the copy number
of mtDNA per mt-nucleu s when cells were treated with BrdU for 1 hour. One
replication signal corresponded to about 10 mtDNA molecules. Thus, mtDNA
replication in the plasmodia was regulated in groups of roughly 10 mtDNA
molecules.

Spatial distribution of the sites of mtDNA replication in the mt-nuclei of
plasmodia
To visualize the location of the MBRs in the mt-nucleus of plasmodia,
we used FISH with a DIG-label ed DNA probe specific for the MBR (Fig. 3).
The locations where the MBR probes hybridized were observed as a few
fluorescence globules distributed along the mt-nuclei. This indicates that MBRs
of mtDNA are not distributed randomJy throughout the mt-nucleus but are
12
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clustered in a few discrete positions along the mt-nucleus.
The number of fluorescent sites in an mt-nucleus increased with the
length of the mt-nucleus . Then I investigated the relationship between the
number of MBR clusters and the copy number of mtDNA per mt-nucleus (Fig.
4).

The number of MBR clusters per mt-nucleu s was proportion al to the

amount of mtDNA per mt-nucl eus. One MBR cluster contained the MBRs of
about 10 mtDNA molecules.

DISCUSSION

Previou s studies of the amoeba of P. polycephalum suggested that a
cluster of about 10 mtDNA molecules, which is defined as a mitochondrial
repli co n cluster (MRC), might function a the unit of mtDNA replication in the
mt-nucleus (Sasaki et al. , 1994; Sasaki, 1995). In thi s stud y, I investi gated the
manner of mtDNA repLi cation in the mt-nucleus of plasmodia. The pattern of
BrdU incorporation into the mt-nucleus revea led that mtDNA replication is
regulated in groups of adjacent mtDNA molecules (Fig. 1) . Furth ermore, each
group consisted of about 10 mtDNA molecules (Fig. 2). These results sugge t
that mtDNA replication in the mt-nucleus of plasmodia also occurs in MRC
composed of about 10 mtDNA molecules.
MBRs were clustered at several sites along an mt-nucleus in plasmodia
and one MBR cluster consisted of the MBRs of about 10 mtDNA molecules
(Fig. 3, 4). These res ul ts agree with a prev ious study using amoebae (Sasaki ,
1995). The MBR clusters appear to organize many mtDNA molecul es into a
few units, each of which contains approximately 10 mtDNA molecules, in the
mt-nuc leus. The units orga ni zed within an MBR cluster should be the same as
the units of mtDNA replication, tbe MRC, because of the similarity of the
mtDNA copy number of each.
13
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Figure 5 is a model of the replication of multiple mtDNA molecules in
the mt-nucleus of P. polycephalum . mtDNA replication in the mt-nucleus
occurs in the MRC, which consists of approximately 10 mtDNA molecul es.
Electron microscopy of serial sections of intac t cells indicated that some
mtDNA molecules were appare ntly attached to the mitochondrial inner
membrane (Nasset al. , 1965 ; Kuroiwa et al ., 1977). Therefore, the MBRs of all
the mtDNA molecules in an MRC may be clustered at one location on the inner
mitochondrial membrane. Thus, each MRC may interact with the membrane at
a single site.
The MBR appears to play an important role in the segregation of
mtDNA because the as ociation of mtDNA with the membrane is important for
the regulation of mt-nuclear division (Kawano and Kuroiwa, 1985). The MBR
is very rich in A-T base pairs, like the centromere, wh ich f un ction s in the
segregation of chromosomes in the cell nuclei (Alberts et al. , 1989). Therefore,
the organizat ion of the MBR described here may be important for regulation of
the mtDNA segregation in the mt-nucleus.
Th e presence of MRC implies that DNA replication takes place in
specific domains within the mt-nuclei and that the organization of the mtDNA
and proteins in the mt-nuclei plays an important role in the regulation of mtDNA
replication. Similar functional domains have recently been identified in the cell
nuclei. Replicons are found in groups of adjacent replicons, called a replicon
clu ster, and each c lu ste r contains -20 replicons (Nakamura et al., 1986;
Nakayasu and Berezney , 1989).

DNA replication takes place in specific

domains, call ed replication 'factories' , attached to ti1e diffuse nucleoskeleton
and DNA polymerase and proliferating cell nuclear antigen are concentrated in
these replication 'factori es' (Hozak et a!. , 1993; Hozak et al. , 1994).

My

knowledge of the repli catio n domain in mt-nucl ei is limited at present, but I
believe that the MRC is a good model for studying ti1e fu nctional domains in the
rnt-nucleus.

14
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Fig. 1. The spatial di stribution of newly replicated mtDNA in mt-nuclei, as
visualized by light (A, B) and electron (C-E) microscopy. For tbe observations
by light microscopy, microplasmodi a were labeled with BrdU for 1 hour at 23 ' C.
After fixing cells in Carnoy's solution , incorporated BrdU was immunolabeled
using the methods described in the text. A few sites of replicated mtDNA in
mt-nuclei (B) are shown together with DAPI-stained DNA fluorescence
images (A). For the observations by electron microscopy, mi croplasmodia
were labeled with BrdU for 20 hours at 23 oc. After cutting sections,
incorporated BrdU was immunolabeled with 10-nm gold particles and the
sections were stained with uranyl acetate. The mt-nu cle i are observed as
electron-dense structures in the mitochondria. Each mitochondrion contains a
single mt-nucleus. Colloidal gold particles are selectively distributed over the
cell nucleus and mt-nuclei (C-E) . D and E are bjgher-magnification views of
the mitochondria. A typical pattern of the distribution of colloidal gold in an mtnucleus is shown in (D), but sometimes the particles of colloidal gold formed
distinc t clu ster (E; three clu sters in the mt-nucleoid). CN , cell nucleu s; M,
mitochondrion ; MN, mt-nucleoid . Bars, 2 !J.ill (A, B) and 500 nm (C-E).
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Fig. 3. The spatial d istribution of MBR sites along an mt-nucleus. Plasm odium
were hybrid ized in situ w ith DlG-labeled DNA probe corresponding to the
MBR of mtD NA from p_ polycephalum, then stai ned with DAPI (A , C, E) a nd
anti-DfG antibody (B, D, F)_ Bar indicates 0.5 f-1111-
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Membrane-DNA binding region

MtDNA

Unit of 10 mtDNA molecules
(Mitochondrial replicon clus ter)

Fig. 5. A model fo r the replication and distribution of mtDNA in the mt-nucleus.
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Chapter 2
Isolation of structurally intact mitochondrial nuclei from the plasmodia of

Physarum polycephalwn and characterization of their DNA synthesis

SUMMARY

Structurally intact rot-nuclei that were able to support efficient mtDNA
synthesis in vitro were isolated from the pl asmodia of P. polycephalum and
characterized . I isolated rot-nuclei by dissolving the membranes of highly
purified mitochondria with 0.5% Nonidet P-40. Isolated mt-nucJei obtained by
treating 4.5 mg of mitochondria protein/mL (MN 1) with NP-40 contained 10
times as much inner mitochondrial membrane as mt-nuclei obtained using 0.15
mg mitochondria protein/mL (MN2), as demonstrated by electron microscopy
and marker enzymes. This sugges ts that th e protein concentration of the
mitochondria being treated with NP-40 affected the solubility of the inner
mitochondrial membrane. The isolated mt-nuclei were capable of incorporating
dCTP into DNA by endogenous plant-type DNA polymerase in the presence of
the four dNTPs, MgCl2. Although the amount of DNA synthesis in MN2 was
lower than that in the isolated mitochondria, MNl retained the same activity as
the isolated mitochondria. An in situ assay of DNA synthes is following SDSpolyacrylamide gel electrophoresis revealed that MN l contained the same
amount of DNA polymerase as the isolated mitochondria, while MN2 lost about
75% of its DNA polymerase. Furthermore, I demonstrated that MN! could
perform DNA synthesis in vivo; DNA synthesis in MNl occurred in each
mitochondrial rep!icon cluster (MRC) and the activity of DNA synthesis in
MN 1 iso lated from 12 day-old cultures wa lower than that from 5day-old
cultures. Therefore, the use of MNl should permit in vitro characterization of
20
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the molecular mechani sm of mtDNA repli cation in mt-nuclei.

INTRODUCTION

Mitochondria are semi-autonomously replicating organelles that have
their own DNA, known as mi tochondrial DNA (mtDNA).

It is generally

accep ted th at mtDNA does not exist in a naked fo rm but is OJganized into a
compact structure, the mitochondrial nucle us (m t-nucle us, synonym for
mitochondrial nucleoid ; Kuroiwa , 1994). Regulation of mtDNA replication
occurs in the rot-nuclei . Many researchers have studied the replicatio n of
mtDNA. The mechan isms for the initi ation of new DNA daughter strands have
been clarified (for a review, see Clayton, 1991 ), and a number of mtDNA
repli cati on enzymes have been characterized: DNA polymerase"{ (Yamaguchi
et al. , 19 80), DNA primase (Wong and Clayton , l 985a and 1986),
. topoisomerase (Castora and Simpson, 1979; Lazarus et a!., 1987) and DNA
helicase (Hehman eta!. , 1992). However, no attempt has been made to analyze
the mechani sm of the mtDNA replication in the intricate nuclear structure.
Th e isolati on of structurally and functionally intact mt-nu clei th at are
capable of mtDNA synthesis in. vitro fac ilitates stud y of the mechanism of
DNA replication in the nu clear organization.
synthes is in. vitro have been establi shed.

Some sys tems for mtDNA

These sys tem s use a fraction of

mitochondrial protein extract (Wong and Clayton, 1985b), mitochoudriallysates
(Dunon-Bluteau et al., 1987; Dani ell et a!. , 1995) or perrneabilized mitochondria
(Jui and Wong, 199 1; Enriq uez et al. , 1994). However, these earlier studies
fail ed to consider the compact structure of the mt-nucleus. In fact, the compact
mt-nuc lei observed in vivo rel ax spontaneously under the cond iti ons that are
generally used for the isolation of mitochondria (Kuroiwa , 1982). Mt-nuclei
21
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have been isolated from the plasmodia of Physarum polycephalum (S uzuki et
al., 1982). Electron and fluorescence microscopy show that the isolated rntnucleoids appear to retain th eir morphological structure in vitro. However,
DNA synthesis in these structurally intact, isolated mt-nuclei has not been
investigated. In this study, 1 characterized DNA synthesis in isolated mt-nuclei
from the plasmodia of P. polycepha/um, as the initial step in a stud y of DNA
replication in mt-nuclei.

MATERIALS AND METHODS

Isolation of mitochondria
I used a modified version of the method described by Suzuki et al. (1982)
to isolate mitochondria from the micropl as modia of P. polycepha/um. The
microplasmodi a were washed twice with distilled water by cen trifugation at
1001 g for 5 sec each and then suspended in an equal volume of chilled NE 1-S
buffer [0.5 M sucrose, 20 mM Tris-HCl (pH 7.7), l mM EDTA (pH 7.5), 7 mM
2-mercaptoethanol, 0.4 mM spermidine and 0.4 mM PMSF]. All subsequent
manipulation s were carried out at between 2 and 4 ·c. The suspension was
homogenized by two strokes with a Potter-type homogenizer. The homogenate
was diluted by the addition of three to four volumes of NEl-S buffer and
centrifuged at 7401 g fo r 5 min. The supernatant was filtered through a sheet of
coffee filter paper placed between two layers of 20-j.l.m nylon mesh. The filtrate
was centrifuged at 1,0001 g for 5 min to remove the cell nuclei. The supernatant
was recovered and centrifuged at 4,7001g for 15 min and the resulti.ng pellet
was suspended in NEl-S buffer. After the addition of 5 mg of a.-amylase
(Sigma Chemical Co., MO, USA) to the suspension , the mixture was allowed to
stand for 10 min and brought to a concentration of 10% (v/v) Percoil in NEl-S
buffer.

Then 5.5 mL aliquots were overlaid on discontinuou s Percoll
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(Pharmacia, Uppsala, Sweden) density gradients (2 mL of 40% and 4 mL of
20% Percoll in NEl-S buffer) in 11.5 mL centrifugation tubes.

After

centrifugation at 63,0001 g for 60 min in a swinging-bucket rotor (s wing rotor
RPS40T ; Hitachi Koki Co. , Ltd. , Tokyo, Japan), the band of mitochondria in
each tube was recovered. The isolated mitochondria in Percoll were diluted by
the addition of two volumes of NEl-S buffer and pelleted in a microcentrifuge at
18,5001 g for 2 min. The mitochondiial pellet was washed twice in NEl-S buffer
to remove residual Percoll. The isolated mitochondria were resuspended in S
buffer.

Isolation of mt-nuclei from mitochondria

1 isolated mt-nuclei from mitochondria that had been resuspended in
NEl-S buffer at various protein concentrations. To remove the mitochondrial
membran e, I treated the suspension with 0.5 % Nonidet P-40 (NP-40) for 1
minute, with subsequent centrifugation at 1,3001 g for 5 min in a microfuge to
remove debris . The supernatant was recovered and centrifuged at 18,5001 g for
10 min. The mt-nuc!ei were resuspended in S buffer and stored on ice until use.
Both the isolated mitochondria and the i olated mt-nuclei were observed under
an epifluorescence microscope after staining with DAPI.

Assay of DNA synthesis in vitro
DNA synthesis was monitored by measuring the incorporation of tritium
into polynucleotides after incubating the sampl es with [5-3H]dCTP.

The

isolated mitochondJia or mt-nuclei were mixed with 1.5 volumes of
concentrated reaction mixture to initiate DNA synthesis. The final reaction
mixture contained 40 mM Tris-HCI , pH 7.7; 3 mM MgC12; 0.01 % (w/v) NP-40;
180 )1M dATP, dGTP and dTTP ; 4 )1M dCTP and l!J.M [5-3H]dCTP (about 1 J I
TBq/mmol; Amersbam , Buckinghamshire, England). After incubation at 26' C,
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aliquots were spotted directly onto discs of paper (DE-81; Whatman
International Ltd. , Maidstone, U.K.) to stop tbe reaction. The filter discs were
dried, washed four times for 10 min each in 5% Na2HP04, twice in distilled
water, twice in 99% ethanol and dri ed again . Radioactivity was measured with
a liquid scintillation counter. Departures from standard reaction conditions are
indicated in the legends for the figures.

Assay of DNA polymerase activity in situ
Sedimentary mitochondria and mt-nuclei were di ssolved in standard
SDS sampl e buffer.

Th e samples were incubated for 3 min at 37'C and

subjected to electroph oresis following the method described by Spanos and
Hi.ibsch e r (1983).

The stacking gel contained 7.5% acryl amide, 0.2%

bisacryJamide, 0.375 M Tris-HCI (pH 8.8), 2 mM EDTA (pH 8. 0), 0. 1% SDS,
0.1 mg/mL heat-denatured salm on testis DNA, 0.05 % ammonium persulfate
and 0.05 % N,N,N',N'-tetramethyJ-eth ylenediamine (TEMED). The reso lving
gel contained 3.9% acrylamide, 0. I% bi sacrylamide, 65 .mM Tris-HCl (pH 6.8) ,
2 mM EDTA (pH 8.0), 0.1% SDS , 0.1% ammonium persu lfate and 0.1%
TEMED . After loading the samples, electrophores is was performed at ro om
temperature at 100 V for 2 hours in reservoir buffer [50 mM Tri s-HCl (pH 7.6),
384 mM glyci ne, 0.1 % SDS and 2 ruM EDTA (pH 8.0)].

Following

electrophoresis, the gel was rinsed in renaturation buffer [50 mM Tris-HCJ (pH
7.6), 1 mM EDTA (pH 7.5) , 5 mM 2- mercaptoethanol] and then soaked in l L
of this buffer at room temperature with shaking. The buffer was changed after
30 and 60 min . Then the gel was stored overnight in renatu ration buffer at 4 ' C.
The gel was incubated in the assay mi xture [0.5 M sucrose, l mM EDTA (pH
7.5) , 0.4 mM spermidine, 7 mM 2-mercaptoethanol, 0.4 mM PMSF, 40 mM
Tri s-HCl (pH 7.7), 3 mM MgC12, 0.0 I% (w/v) NP-40, 180 J.LM dATP, dGTP and
dTTP, 4 11-M dCTP and 1.85 MBq of [32P]dCTP (abo ut Ill TBq/mmol ;
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Amersham, Buckinghamshire, England)] at 3TC for 24 h. It was then washed
ten times with 100 mL of washing buffer (5% trichloroacetic acid, 1% sodi um
pyrophosphate) over the course of two days. The gel was dried on filter paper
and subjected to au toradiography. DNA polymerase activity was detected as a
dark band that represented the [32P]-dCTP incorporated into DNA. For an
analysis of polypeptides, the procedure was repeated using another gel without
salmon testis DNA. This was then silver-stained using the method described by
Oakley et al. (1980).

Labeling with BrdUTP in vitro and indirect immunofluorescence
microscopy with BrdU-specific antibodies
Isolated mitochondria or isolated mt-nuclei were mixed with 1.5 volumes
of concentrated reaction mixtme to initiate DNA synthesis. The final reaction
mixture contained 40 m.M Tris-HCJ , pH 7.7 , 3 mM MgCI2, 0.01 % (w/v) NP-40,
180

~

dATP, dGTP and dCTP and 300 iJ.M bromodeoxyuridine triphosphate

(B rdUTP). After incubation for 1 hour, samples were fixed in Carnoy's solution
for l 0 min. Then the BrdU was i.mmunolabeled in the manner described above.

Quantification of the incorporated BrdU into mtDNA by slot blot analysis
Five and twelve day old cultures were labeled for 2 h with 10 mM BrdU
1n the presence of 1 m.M 5-fluorodeoxyuridine. Then mitochondria were
isolated from the cultures using the methods described above. 450 iJ.L of DNA
extraction buffer [50 m.M Tris-HCJ (pH. 8.0), lOOmM EDTA, 300 mM NaCI ,
2% (w/v) Sarkosyl, 4% (w/v) SDS] were added to 50 iJ.L of the mitochondria
fraction, mi xed by vortexing and then incubated at 65"C for 15 min. Then I0 iJ.L
of 20 mg/mL Proteinase K was added, and incubation was continued for 15 h.
DNA was ex tracted with phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v).
The mtDNA was slot blotted onto nitrocellulose filters and incubated with antiBrdU a ntibody and alka line phosphatase-conjugated second antibody.
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Immuno-blot detection was performed with an immuno-assay kit under the
conditions recommended by Lhe manufacturer (lmmuno-Biot Assay Kit, BioRad Laboratories, California).

RESULTS

Improved purification of mitochondria from the plasmodia of P.
polycephalum
I i olated the mt-ouclei from the plasmodia of P. polycephalum. Initial
isolation of mt-nuc.lei from plasmodia used a published purificatio n procedure
(Suzuki et al. 19S2). They isolated mitochondria by di ssolving the membranes
of the purified mitochondria with tbe detergent NP-40. However, I found that
these mt-nuclei fractions contained cell nuclei, which would have hampered our
biochemical analysis. To obtain a very pure mt-nuclei fraction , I improved the
method used for isolating mi.tochondria. Figure 1 summarizes the fractionation
procedure I developed.

The crude mitoc hondria obtained by differential

centrifugation were purified on a discontinuous gradient of Percoll.

After

centrifugation, the mitochondria were recovered as a single band located in the
centre of the tube (Fig. 7).
Light microscopy confirmed the homogeneity and integrity of the
mitochondrial preparation. There was no contamination with cel l nuclei in the
mitochondrial fraction (Fig. SB, C).

Each mitochondrion contain ed a rod-

shaped mt-nuclei sim il ar to those observed in vivo (Fig. SA, D, E).

Observation of the isolated mt-nuclei by light and electron microscopes
The mt-nuclei were obtained by dissolving the membranes of the highly
purified mitochondria with the detergent NP-40 (Fig. SF, G). It is known that
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the concentration of the membrane protein affects the solubility of the
membrane when the concentration of detergent is fixed.

For example, the

solubility of the membrane is lower when the concentration of membrane
proteins is hi gh. When observed by light microscopy, all the isolated mt-nuclei
that were obta ined by treatment of variou s concentration s of isolated
mitochondria with 0.5% NP-40 retained their rod-shaped mt-nuclei and had no
mitochondrial membrane (Fig. 9).
Us ing electron microscopy after negative staining, however, I found that
there was a difference between the mt-nuclei iso lated from mitochondria with
concentrations of 4.5 and 0.15 mg mitochondrial protein/mL. Hereafter these
samples will be referred to as MNI and MN2 respectively.

Th ough the

mtDNA was organized into a compactly folded and chromatin-like structure in
MNl and MN2, some mitoch ondria l membrane-like patches remained
attached in MN J (Fig. 10).
To identify the origin of these membrane-like patches, 1 measured the
specific activ ity of mitochondrial membrane marker enzymes (Table 1).
Isolated mitochondria with intact membranes contain kynurenine hydroxylase
(outer membrane) , adenylate kinase (intermembrane space) and cytochrome c
oxidase (inner membrane). Both MNJ and MN2 had no specific activity for
k:ynurenine hydroxylase or adenylate kinase (Table 1). The specific activity of
cytochrome c was determined for MN 1 (20%) and MN2 (l %). Therefore, the
membrane-like patches observed in MNl

were identified as inn er

mitochondrial membrane.

DNA and RNA synthesis activity in the isolated mt-nuclei
The iso lated mt-nuclei were ab le to incorporat ed dCTP into
polyn ucleotides. The time course for the incorporation of dCTP in isolated
mitochondria and MNl is shown in Figure 11 A. The incorporatio n of dCTP in
MN 1 was similar to that in isolated mitochondria. In both cases, incorporation
of dCTP began immediately after the addition of the sample and increased at a
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constant rate for 15 min, thereafter continuing at a slightly decreased rate for up
to 2 h. The mitochondria and mt-nuclei incorporated approximately 30 and 34
pmol of dCTP per microgram of DNA during a 60- min incubation, respectively.
The respective effects of vario us treatments on th e incorporation of
dCTP by isolated mitochondria and isolated mt-nuclei were simi lar (Tab le 2) .
The level of .incorporated radioactivity decreased upon the addition of DNase l
to the reaction mixture after the standard assay. In contrast, a similar treatment
with RNase A bad no effect. These results prove that the material labeled with

[3H]-dCTP was DNA. The incorporation of dCTP was completely inhibited by
treating the samples with proteinase K before the assay. Intercalating agents,
such as ethidium bromide and actinomycin D, also inl1ibited DNA synthesis.
These results prove that the incorporation of dCTP was catalyzed by DNA
polymerase. Aphidicolin, which inhibits the activity of DNA polymerase a., had
no effect at 25 ).lg/mL.

Under similar conditions, P. polycephalum DNA

polymerase a loses 40% of its activity (Matsuzawa et al., 1987). On the other
hand , mitochondrial polymerase from P. polycephalum was slightly sensitive to
dideoxycytidine triphosphate (ddCTP) and N-ethylmaleimide (NEM), inhibitors
of animal mitochondrial polymerase 'Y (Wernette and Kaguni, 1986; Yamaguchi
et al. , 1980; Insdolf and Borgenhagen, 1989). Although inhibition was observed
at low concentrations of ddCTP (5 ).lM) and NEM (2. 5 mM), it was not
observed at high concentrations of ddCTP (I 00

~LM)

and NEM (25 mM).

Sensitivity to low concentrations of ddNTPs has been reported for
mitochondrial DNA polymerase from many plant sources (Daniell et al., 1995;
Christophe et al., 1981 ; Heinhorst et al., 1990; Sato and Fukuda et al., 1996) .
Similar sensitivity to low concentrations of NEM has a lso been reported for
mitochondrial DNA polymerase from a few plant sources (Daniell et al. 1995,
Christophe et al. 1981 ).

Therefore, the mitochondrial polymerase of P.

polycephalum should be classified as a plant-type DNA polymerase, rather
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than animal DNA polymerase y.
The isolated mt-nuclei

were able to incorporate UTP into

polynucleotides. The time course for the incorporation of UTP in the isolated
mitochondria and MNl is shown in Figure llB. The incorporatio n of UTP
began immediately after the addition of the sample, and increased for 15 min in
both MNJ and the isolated mitochondria. The incorporation of UTP in MNl
was lower than that in isolated mitochondria. The mitochondria and mt-nuclei
incorporated about 48 and 74 pmol of UTP per microgram of DNA during a 15min incubation, respectively.
The respective effects of vario us treatments on the incorporation of OTP
by isolated mitochondria and the isolated mt-nuclei were similar (Table 3). Tbe
material labe]ed with [3H]-UTP was shown to be RNA, because the level of
incorporated radioactivity decreased upon the addition of RNase A to the
reaction mix ture after the standard assay.

The incorporation of UTP was

completely inhibited by treating the samples with Proteinase K or DNase I
before the assay.

Moreover, actinomycin D also inhibited RNA synthesis.

These results are consistent with DNA-dependent RNA polymerase.
Transcription by mt-nu clei was slightl y sensitive to rifampicin, which binds to
bacterial RNA polymerase and prevents initiation. Futthermore, heparin , which
competes with DNA for initial binding of the polymerase, did not affect the
transcriptional activity, suggesting that little or no transcription ini tiation
occurred under our experimental conditions. Therefore, it appears that the
incorporation of UTP in isolated rot-nuc lei was the result of chain elongation of
nascent transcripts, which were formed by mitochondrial RNA polymerase
before the isolati on.
I then examined DNA and RNA synthesis in isolated mt-nuclei obtained
from various concen trations of mitochondria.

DNA synthesis activity

decreased as the protein concentration of the mitochondri a treated with NP-40
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decreased (Fig. 12A). The level of DNA sy nthesis in MN2 was about 20% of
that in MNl. On the other hand, the level of RNA synthesis was not affected by
the protein concentration (Fig. 12B).

Comparison of the amount of mtDNA polymerase in MNl and MN2
I then compa red the amounts of DNA polymerase in isolated
mitochondria , MNJ and MN2.

Th is was accompli shed by monitoring th e

incorporation of j32P]-dCTP into a gel that contained heat-denatured salmon
testis DNA after SDS-PAGE (Fig. 13). Lanes J -3 show th e patterns of proteins
in th e isolated mitochondria, MNJ and MN 2 after silver staining. Each lane
contains the same amo unt of mtDNA. The protein pattern in MNl was similar
to that in MN2 although this pattern was different from that of the mitochondria.

mtDNA synthesis was detected as a band in the position of a 120 kDa protein
(lane 4-6). Since th e density of th e band is proportional to the amount of DNA
polymerase, it appears that MN 1 re tained th e same amount of DNA
polymerase as present in the isolated mitochondria, while MN2 lost about 75 %
of its DNA polymerase.

Integrity of the mitochondda repUcon cluster during the isolation
In Chapter 1, 1 visualized the . ite of DNA replication in th e mt-nucl ei of
the plasmod ia, after incubating cells with 5-bromodeoxy uridine (BrdU). The
replication sites are not di stributed randomly throu ghout the mt-nuclei but are
concentrated in a few discrete regions. Therefore, I proposed that replication of
individual mtDNA molecules in th e mt-nucleus is not regu lated independently,
but that th e replication of groups of adjacen t mtDN A molecules is reg ulated
concertedly within a stru cture defined as the mitochondria l replicon cluster
(MRC) . To examine the structural integrity of the MRC during isolatio n,
mjtochondria and mt-nu clei were isolated fro m cells that had been treated with
BrdU for 1 hour and were then immunosrained with BrdU-s pecific antibodies
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(Fig. 14). In both isolated mitochondria and MN 1, g lobular repli cation signals
were observed along th e rod- shaped rut-nuclei.

Thus, both the rod-sh aped

structure of th e mt- nucleus and the MRC within the mt- nu cleus were retained
dUiing isolation.
Next, to examine the functional integrity of th e MRC durin g isolation , l
visualized the sites of DNA sy nth esis in vitro by immuno-fluore scence
microscopy usi ng BrdU-specific antibodies (Fig. 15). In vivo, exogenous Brd U
is converted to the corresponding triphosph ate, wh ich is then incorporated into
DNA . Since the convers ion reaction does not occur in isolated mitochondri a
and MN 1, I used BrdUTP instead of BrdU. The co mpact stru cture of th e mtnuclei in the is ol ated mitochondria and in MN 1 was maintained durin g the
incubation with BrclUTP. In both isolated mitochondria and MNl, several sites
of mtDNA sy nthes is were distributed along th e mt-nucle i. Therefore, it appears
th at DNA synth esis in MN 1 might occur in each MRC.

Change in the activity of DNA synthesis in the isolated mitochondria and

MNl during culturing
In a previous study, I showed that mtDNA was synthesized during the
log-growth phase, and not during the stationary growth pha ·e irr the amoebae of

P. polyceph.alum (Sasaki et al. 1994). Similar changes irr the level of DNA
synthesis during culture were observed in the plasmodia. Figure 16 shows the
chan ge in the amount of protein per mL of culture. The microplasmodia grew
vigorously until the 7th day , as revea led by the expone ntial increase in the
amount of protein per mL of culture.

The amount of prote in reached a

maximum on the 8th day and th e n decreased gradua ll y by auto lysis.

To

examine DNA sy nthesis in 5- and 12-day- old cultures , those cultures were
treated with BrdU for 2 hours and were inununostained with BrclU-specific
arrtibodies. In the 5-day-old c ulture, most mt-nu clei we re labeled with BrdU
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(Fig. L7 A, C). On the other hand, a few mt-nucJei were slightly labeled in the
12-day-old culture (Fig. 17B , D) . The amount of BrdU incorporated into
mtDNA was quantified by slot blot analysis. 5- and 12-day-old cu ltu res were
treated with BrdU for 2 b and the mtDNA was extracted from the highly
purified mitochondria. Then , a serial dilution of mtDNA was slot blotted onto a
nitrocellulose filter and probed with the BrdU-specific antibodies (Fig.l8). The
amo unt of BrdU incorporated into the mtDNA in the 5-day-old culture was >5
time. higher than that in the 12-day-old culture. Such changes in the activity of
DNA synthesis observed in vivo generally reflect those seen in vitro. The
isolated mitochondria and MN 1 from the 5-day-old culture exhibited more
DNA synthesis activity than those from the 12-day-old culture (Fig. 19).

DISCUSSION

I isolated structurally intact mt-nuclei that were able to support efficient
mtDNA and RNA synthes is.

The isolated mt-nuclei were obtained by

dissolving the membranes of highly purified mitochondria with NP-40.
Observation by light mi croscopy after DAPI staining showed the rod-shaped
structure of the mt-nuclei was retained durin g the isolation (Fig. 8, 9). We also
showed that the isolated mt-nucleoids retain intact MRCs (Fig. 14).

The

retention of MRCs strongly suggests that the three-dimen sional nuclear
structure of the isol ated mt-nucleo ids reflects the structure in vivo and that the
isolated mt-nucleo.ids are structurally intact.

Observation by electron

microscopy after negative stai ning showed that so me membrane-like patches
were attached to the MN 1 mt-nuclei, which were obtained from the treatment
of hi ghly concentrated mitochondria (4.5 mg protein/mL) with NP-40 (Fig. 9A).
Kuroiwa et al (1979) also found membrane-like patches attached to the mt32
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nuclei obtained by mild NP-40 treatment, on electron microscopic observation
of thin sections.

The membrane enzyme experiment showed that the

membrane-like patches were parts of the inn er membrane that were not
dissolved by the mild treatment with NP-40 (Table 1). These membrane-like
patches were not observed in MN2, which was obtained by th e treatment of a
low concentration of mitochondria (0.15 mg protein/mL) with NP-40. MN2 had
a lower cytochrome c oxidase specific activity than MN 1 (Table J).

Thi s

indicated that the protein concentration of isolated mitochondria being treated
with NP-40 affected the dissolution of the inner mitochondrial mem brane.
The level of DNA synthesis in the isolated mt-nuclei decreased as the
concentration of isolated mitochondria treated with NP-40 decreased. The
level of DNA synthesis in MNl was about 5 times higher than that in MN2 (Fig.
12A).

MN 1 retained the same capacity fOJ DNA synthesis as the isolated

mitochondria , and approximately 34 pmol of dCTP per microgram of DNA was
incorporated into the synthesized DNA during a 60-min incubation (Fig. ll).
Since 34 pmol of dCTP (M.W. 307.2) corresponds to about 0.010 f.Lg of dCTP,
and the CO content of mtDNA is 30%, it was calculated that roughly 0.066 f.Lg
DNA, or 6.6% of the template DNA, was synthesized during a 60-minute
incubation. This rate of DNA synthesis is comparable to that seen in a good in

vitro system for mtDNA replication that use the mitochondrial lysate of
Xenopus laevis oocytes (D un on-Bluteau et al. 1987). The assay of DNA
synthesis in situ after SDS-polyacrylamide gel electrophoresis revealed that
the same amount of mitochondrial DNA polymerase found in isolated
mitochondria was retained in MN 1 (Fig. J 3).

This suggests that no

mitochondrial DNA polymerase was lost during the isolation of MN 1. The site
of mtDNA synthesis in MNl was distributed along the mt-nuclei and the
pattern of distribution of these replication sites was similar to that observed in

vivo. This suggested that mtDNA synthesis in MN l occurred at each MRC.
Furthermore, MN 1 mt-nuclei isolated from a 5-day-old culture had a greater
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level of DNA syn thes is than those from a 12-day-old culture (Fig. 19). These
results suggest that M N l mt-nuclei are capable of efficient DNA synthesis and
that the DNA synthesis in MNl reflects that in. vivo.
In the past, it has been ass umed that mtDNA is attached to the inner
mitochondrial membrane, based on electron microscopy o bservations (Nass et
al. , 1965). In analogy with bacterial chromoso mes, it bas been suggested that
the mitochondri al membrane plays an importan t role in the replication of
mtDNA (Jacob et al., 1964; Nasset al. , 1965). There are some reports thaL the
membrane plays an ac tive role in mtDN A replication.

l n. vivo, HeLa cell

mtDNA is attached to the inner mitochondrial membrane at or near the origi n of
mtDNA replicati on (Albring et al. , 1977). fnn er membrane-DNA complexes,
enric hed wit h new ly synthesized DNA , we re isolated from rat liver
mitochondria, and the complex was able to sy nthe size DNA in vitro
(S hearman and Kalf, J977). A high mol ecular weight compl ex associated with
the mitochondrial membrane was isolated from wheat embryo mitochondria
and the compl ex actively synthesized DNA and RNA in. vitro (Echeverria et
a!., 1991). In this study, the mt-nuclei from MNl, which retained a part of the
inner membrane, main tained an efficient capacity fo r DNA synthesis. The level
of DNA synthes is in the isolated mt-nuclei decreased as the concentration of
isolated mitoc hondria treated with NP-40 decreased.

The level of DNA

synthesis in MN2 was about 20% of that in MNl (Fig. 12A). Since MN2
possessed only a quarter of the DNA polymerase found in MN 1, it was clear
that this decrease in the level of DNA synthesis was caused by the loss of DNA
pol ymerase (Fig.l3).

Therefore, it seems reaso nable to expect th at DNA

polymera e is associa ted with the inn er mitochondrial membrane attached to
the mt-nuclei in MN I , but further work is necessary to exami ne thi s issue.
Unlike DNA synth esis in. vitro, the level of RNA sy nthesis in the
isolated mt- nucle i was not affected by the protein concentration of the
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mitochondria treated with NP-40. Both MNl and MN2 had relatively high
levels of RNA sy nthes is (Fig. !2 B).

These res ults suggest that RNA

polymerase might be associated with the mt-nuclei rather than the
mitochondrial membrane.
As described above, both MN l and MN2 were able to support mtDN A
synthesis and mtRNA synthesis. However, MN I was capable of more efficient
DNA synthes is than MN2 and I observed that the level of DNA synthesis in
MNl reflected that seen in vivo. Therefore, I believe that MNl is more useful
for the analysis of the mechanism of the replication in the rot-nuclei than MN2.
Furthermore, the use of MN J should permit in vitro characterizat ion of th e
molec ular mechanism of mtDNA replication in the MRC , becau e MN I
retained structurally and functionally intact MRC.
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Tab le 1. The specific activity of mitochondrial membrane marker enzymes in the iso lated
mitochondJia, MN I and MN2.
Kynurenine
hydroxy rase
Fraction s

(Outer membrane)

Sp. act.

Ad e ny late
kinase
( lnt crmemb ran t:. space)

%

Sp. act.

%

Cyto c hrome
oxyd ase
( ln ncr mernbnu1c)

Sp. act.

%

Mitochondria

9.1

100

O.t4

100

1.57

100

Mt-nuclei (A)

0.0

0.0

0.0

0.0

0.33

21

Mt - nucl e i ( B)

0.0

0.0

0.0

0.0

0.015

0.95

*Spcci ri c activi ty is exp resse d as unils per )lg DNA
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Table 2. Characteristics of the incorporation of [3H] dCTP by isolated mitochond ri a and by
isolated rut-n ucle i

Incorporation of [3H]dCTP(%)

Condition
Optimal
With DNase I b (400 u/m l)
RN ase b (200 ~g/m l )
Protetnase K a (4 mg/ml)
Proteinase K b (4 mg/mJ)
Ethidium bromide (25 ~g/ml)
Actinomyci n D (25 ~g/!J.l )
Aphidicolin (25 fi g/ml)
ddCTP (5 ~M)
ddCTP (100 f!M )
NEM (2.5 mM)
NEM (25 mM)

Isolated
mitochondria

Isola ted
mt-nuclei

100
0
83
4
90

100
5
97
2
!09
14
39
102
108
59
98
15

10
38
11 5
96
41
104
3

The method used to perform the assays is described in the tex t. Optimal conditions were
40 mM Tris- HCJ (pH 7.7), 3 mM MgCI2, 0.01% (w/v) NP-40, 180 mM each dATP , dGTP
and dTTP, 4 mM of dCTP and I mM [3H]dCTP, with incubation at 26'C for 60 min .

a: Iso lated mitochondria and iso lated mt-nucleoids were treated with the indi ca ted enzyme
before the assay.
b: Reac tion mixtures were treated with the indicated enzyme after the assay.
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Table 3. Characteristics of the incorporation o f L3H]UTP by isolated mitochondria and by
isolated ml-nuclei.

Incorporati on of [3H]UTP(%)

Condition
Optimal
With DNase I • (400 u/mJ )
RNase b (200 !lg/ml)
Proteinase K • (4 mg/ml)
PrOteinase K b (4 mg/ml)
Actinomycin D (25 !lg/1.Ll )
Rifampicin (1 00 !lg/ml)
Heparin (1 00 !lglml)

Isolated
mitochondria

Isolated
mt-nuclei

100

100
J.7
2.2
0
90
43
78
126

2.8
2.8
6.7
92
42
89
123

The method used to perform the assay is described in the text. Optimal conditions were
40 mM Tri s-HCJ (pH 7.7), 3 mM MgCl 2, O.QI % (w/v) NP-40, 180 mM each ATP, GTP and
CTP, 4 mM of UTP and I mM [3HJUTP, with incubation at26'C for 60 min .

a: Iso lated mitochondri a and iso lated mt-nucleoi ds were treated with the indicated enzyme
before the assay. b: Reac tion mixtures were treated with the indicated enzyme after the
assay.
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W as hed microplasmodia (in NE1-S buffer)
Potter-type homogenizer

Sup

Ppt

1

20-~m

nylon mesh

1 ,OOO•g for 5 min

.----'---------,

Sup

Ppt

I

4,700• g lor 15 min
~-_L_~I

Sup

Ppt (Crude m it ochon dr ia )

5 mg of u -amylase

Percoll dens ity gradient
centrifugation

63,000 •9 for 60 min

40%
Highly pu r ifi e d m itochondri a

Fig. 6. Flow diagram for the purifica tion of mitochondria from P. polycephalum
plas modia. Details are given under Materials and Meth ods.
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Fig. 7. Photograph of a tube after the Percoll density gradient centrifugation of
crude mitochondri a. The mitochondria were separated from the cell nuclei,
debris and pigment by centrifugation. A band of cell-nuclei and debris was
located at the top of the tube (A). The band of mitochondri a was situated in the
middle of the tube (B). The band of pigments was situated at th e bottom of the
tube (C).
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micrographs
polycephalum plasmodia. A, DAPI-stained DNA fluorescence image of
pl as modium; B-E, Phase-contrast (B, D) and DAFT-stained DNA flu orescence
(C, E) images of isolated mitochondria. D and E are higher-mag nification
views; F, G, Phase-co ntrast (F) and DAPI- sta ined DNA fluorescence (G)
images of isolated mt-nuclei. CN, cell nuc leus; M, mitochondri on; MN , mtnucleoid . Bars, 10 1101 (A-C) and 5 !llll (D-G) .
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Fig. 9. Phase-contrast (A, C, E) and DAPI-stained DNA fluorescence (B , D,
F) images of isolated mt-nuclei of P. polycephalum plasmodia. The mt-nuclei
were isolated by the treatment of 4.5 (A, B) , 2.25 (C, D) and 0. I 5 (E, F) ~J-g
protein/~-tL purified mitochondria with 0.5% NP40. Bar, 3
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A

8

Fig. 10. Electron micrograph of the mt-ouclei after negative staining. The mtnuclei were isolated by the treatment of 4.5 (A) and 0.15 (B) mg protein/mL
purified mitochondria with 0.5% NP40 . Membrane-like patches (arrow) were
attached to the isolated mt-nuclei (A). Bar, 200 nm.
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Fig .ll. Time courses for mtDNA sy nthesis (A) and RNA synthesis (B) in
isolated mitochondria (0) and in MN l

C• ).

The assay of DNA synthesis and

RNA synthesis in vitro was carried out und er standard co nditions.
Radioactivity incorporated into th e mtDNA after incubation for different periods
was quantified in th e manner described in the text.
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Fig. 12. Change in the activity of DNA synthesis (A) and RNA synthesis (B) in
the isolated rot-nuclei. The mt-nuclei were isolated by the treatment of various
concentrations of mitochondria with 0.5% NP-40 .

The assays of DNA

synthesis and RNA synthesis in vitro were carried out under standard
conditions. Radioactivity incorporated into mtDNA after incubation for 15 min
was quantified in the manner described in the text. The activity in the isolated
mitochondria was arbitrarily set at 100%.
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(kDa)
170-

2

4

3

5

6

.... 120

11 6- -

Fig. 13. Detection of DNA polymerase by an in situ assay after SDS
polyacrylamide gel electrophoresis. Proteins from isolated mitochondria and
isolated mt-nuclei (equivalent to 0.5 !lg of DNA) were separated by
electrophoresis in an SDS-polyacrylamide gel that contain ed heat-denatured
salmon testis DNA. After renaturation of the enzyme, the DNA polymerase
assay was performed in situ in the manner described in the text. [32P]dCTP
incorporated into the salmon testis DNA was detected as a dark band after
autoradiography. To analyze the polypeptides, another gel, without salmon
testis DNA, was silver-stained. Lane 1: polypeptides in isolated mitochondria
after si lver staining. Lane 2: polypeptides in MNl after silver staining. Lane 3:
polypeptides in MN2 after silver stai ning. Lane 4: an autoradiogram showing
the DNA polymerase activi ty in isolated mitochondria. Lane 5: an
autoradiogram showing the DNA polymerase activity in MNl. Lane 6: an
autoradiogram showing the DNA polymerase activity in MN2. The numbers
on the left and right indicate the mobility of standard proteins and their
molecular masses in kDa, respectively.
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Fig.14. The site of in vivo mtDNA replication in isolated mitochondria and the

isolated mt-nuclei (MNI).

Mitochondria and mt-nuclei were isolated from

microplasmodia labeled with BrdU for I h at 23 ' C. After fixing the isolated
mitochondria and isolated mt-nuc!ei in Carnoy's solution, incorporated BrdU
was inununostained using the method described in the text. The site of in vivo
mtDNA replication in isolated mitochondria (C) and in isolated mt-nuclei (D) is
shown , together with DAPI-stained DNA fluorescence images (A and B,
respectively). Bar, 3 !llTI.

47

Chapter2

Fig. 15. The sites of in vitro DNA rep lication in isolated mitochondria and the
isolated rot-nuclei (MN 1).

After isolation of mitochondria and mt-nuclei,

samples were labeled with BrciUTP for 1 hat 23 ' C. Tbe incorporated BrdUTP
was immunostained using the method described in the text. Sites of in vitro
mtDNA rep lication in iso lated mitochondria (C) and in isolated mt-nuclei (D)
are shown, toge ther with DAPI-stain ed DNA fluorescence images (A and B,
respectively). Bar, 2 fl.ill.
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Fig. 16. Growth curve for P. p olycephalum micropl as modia . The prote.in
content per 1 mL of culture was measured by Lowry's method.
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Fig. 17. Light microscopy observation of the BrdU incorporated into the rot-

nuclei of the 5- (A, C) and 12-day-old cultures (B, D). Cells were treated with
BrdU for 2 h. The incorporated BrdUTP was immunostained using the method
described in the text. Sites of DNA repli cation in the 5-day-old (C) and 12-dayold cultures (D) are shown, together wi th DAPI-stained DNA fluorescence
images (A aod B, respectively). Bar, 5 j..lm.
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Fig. 18. Slot blot analysis of the BrdU incorporated into the mtDNA of the 5and 12-day-olcl cultures.

Cell s were treated with BrclU for 2 h.

Then ,

mitochondria were isolated and their DNA was extracted. Serial dilution of the
mtDNA (0.9 - 9 ).lg) from the 5-clay-old culture and 9 ~Lg mtDNA from the 12day-o.ld culture were slot blotted onto a nitrocellu lose filter. Anti-BrdU antibody
was used to detect th e BrdU incmporatecl into the mtDNA.
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Fig. 19. Change in the activity of DNA synthesis in the isolated mitochondria
and the isolated mt-nuclei (MN 1) during the culture.

The mt- nuclei were

isolated from the 5- and 12-day-old cultures. The assay of DNA synthesis in

vitro was carried out und er standard conditions. Radioactivity incorporated
into the mtDNA after incubation for 15 min was quantified using the method
described in the text. T he activ ity in the isolated mitochondria was arbitrarily
set at 100%.
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Chapter 3
Analysis of mitochondrial nuclear proteins that may be associated with
structure and function of mitochondrial DNA

SUMlVIARY

I investigated the disruption of the stru cture and funct ion of

mitochondrial DNA (mtDNA) in the isolated mitochondrial nuclei (mt-nuclei) of

Physarum polycephalum plasmodia by treatment wi th NaCLand identi.fied the
mitochondrial proteins that were released from the mtDNA. Treatment with
low co ncentrations of NaCl (::::;0.2 M) separated the mtDNA molecules in the
mt-nuclei.

When the sa lt concentration was inc reased to 0.2 M NaCl, the

activity of DNA synthesis decreased and DNA polymerase was released from
U1e mt-nuclei. At a concentrati on of 0.5 M NaCI , the mtDNA was dispersed
and the activity of RNA synthesis decreased . Analysis by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) showed that 41- and 56-kDa proteins were
released into the supernatant in 0.2 M NaCl, whil e 39-kDa protein was released
in 0.5 M NaCI. A protein gel blot probed with mtDNA indicated that these
proteins possess DNA binding activity. Thi s suggests that these proteins are
associated with mtDNA in the mt-nuclei .
To characterize the 4 1-kDa protein, the major protein in the mt-nuclei, I
seq uenced 6 17 n ucleoticles, which encode a part of the 41-kDa protein, by PCR
ampli fication usin g two degenerate primers corresponding to the N-terminal
seq uence and the internal amino acid sequence, the 41-kDa protein . The amino
acid sequ ence predicted from the DNA sequence revealed some remarkab le
properties of the 41-kDa protein, including a hi gh lysi ne content and signi ficant
homology with theN-termi nal region of the HI class of eukaryotic bistones.
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INTRODUCTION

Mitochondrial DNA (mtDNA) forms a highly organized structure with
proteins , the so-called mitochondrial nucleus (Kuroiwa et al. , 1994).
Visualization of the sites of DNA replication by autoradiography of
[3H]thymidine- labeled cells (Kuroiwa et al., I 978) and immunofluorescence
detection of incorporated bromodeoxyuridine (Chapter 1) clearly shows that
mtDNA replicates withi n the mitochondrial nucleus (mt-nuc.:Jeus) in vivo. In
Chapter 2, I discu ssed the isolation of rot-nuclei from the Physarum

polycephalum that retained their nuclear organization and could efficiently
synthesize mtDNA.

This suggests that the proteins that are essential for

nuclear organization and mtDNA sy nthesi s are organized in the mt-nuclei .
To understand the mechanism of mtDNA replication in the organized
nuclear structure, it is important to identify the mitochondrial nuclear proteins
that play roles in the nuclear organization and mtDNA synthesis. To identify
these proteins , I analyzed the proteins that were released from the mtDNA
when the nuclear organization was disrupted and the activity of mtDNA
synthesis decreased in vitro.

It is known that heat shock, NaCl, EDTA,

EGT A+MgClz, Pronase E, SDS and HCl will all disrupt isolated mt-nuclei
(S uzuki et al. , 1982). In this study, I treated the isolated mt-nuclei with NaCI to
disrupt the nuclear organization, because neutral salts separate DNA and the
DNA binding prote ins without affecting the primary structure of either
molecule. Treatment with NaCl also decreases the levels of DNA and RNA
synthes is . In the analysis of the proteins that are released from mtDNA by
treatment with NaCI , I i.dentified three DNA binding proteins in the mt-nuclei
and one of these proteins (41-kDa) showed significant homology to histone Hl.
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MATERIALS AND METHODS

Culture of cells and isolation of mitochondria and rot-nuclei
Mt-nuclei were isolated from the microplasmodia of P. polycephalum ,
Colonia isogenic strain KM 182 I KM 187. The conditions used for cell culture
and the proced ures used for the isolation of the mitochondria and mt-nuclei
were the same as described in Chapters I and 2.

Disorganization of isolated mt-nuclei
Isolated mt-nuclei with a protein concentration of 1 mg protein/mL
were treated with various concentrations of NaCl to disrupt the interaction
between the mtDNA and DNA-binding proteins. An eq ual volume of NEl -S
buffer that contained NaCl at twice the final concentration was added to th e
suspension of isolated mt-nuclei. Jn aU these treatments, the samples were
incubated at 26'C for 1 h.

Microscopic observations
The disorganization of the isolated rot-nuclei was observed by DAFTfluorescence microscopy using the method described in Chapter l.

Estimation of the copy number of mtDNA molecule
Th e di sorganized mt-nuclei were stained with DAPI using the
previously described method. The intensity of fluorescence emitted by the mtnuclei was measured with a video-intensified microscope photon -counting
system (VIMPCS; Hamamatsu Photoni cs Ltd . Hamamatsu, Japan ) connected
to an epifluorescence microscope, as described in Chapter 1.
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Assay of DNA and RNA synthesis in vitro
Isolated mt-nuclei (4 f.Lg) were treated with various concentrations of
NaCI. The disorganized mt-nuclei were pelleted by centrifugation at II 0,000 x
g at 4 ' C for 1 h. The pellets were gently washed with NEl-S buffer to remove
most of the NaCl and then were gently resuspended in NEl-S buffer. Four
microli.ters of the suspension were then mixed with 6 !J.L of assay mixture as
described in Chapter 2. After a 15 min incubation at 26' C, the amount of
[3H]dCTP or [5,6-3H]UTP in the DE-81 bound fraction was determined by
scintillation counting.

Assay of DNA polymerase activity in situ.
Isolated mt-nuclei (6 !J.g) were treated with various concentrations of
NaCl. Then they were centrifuged at 110,000 I g and 4' C. The supernatant
was mixed with 1/10 volum e of TCA, cooled on ice for 30 min, and then
centrifu ged atl8,500 I g for 15 min. The pellet was washed with cold acetone.
The pellets from the centrifugations and the supernatant were dissolved
separately in standard SDS sample buffer. The samples were incubated for 3
min at 3TC and subjected to electrophoresis. DNA synth esis activity was
detected in situ using the methods described in Chapter 2.

Polypepide analysis
The methods used to prepare the isolated mitochondria and tnt-nuclei,
and the pellet and . upernatant from the centrifugation have already been
described. All the fractions were dissolved in standard SDS sample buffer and
incubated in a boiling water bath for 3 min. Electrophoresis was performed
using the methods described by Laemrnli (1970) with 12% gels. Polypeptides
were detected on the gel by Coomassie brilliant blue (CBB) stainin g.
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Southwestern blotting
Proteins in the isolated rut-nuclei were separated by SDS-PAGE.
Separated proteins were then transferred to PVDF membrane (Bio- Rad,
California) by one of two methods.

In the first method, proteins were

transferred in SDS contain ing Towbin buffer (25 mM Tris, 192 mM glycine,
20% methanol and 0.03 % SDS) onto a membrane that was placed beside the
anode at 20 V for 30 min. In th e second method, the proteins were transferred
in 0.7 % ace ti c acid onto a membrane placed bes.ide the cathode at 20 V for 30
min. Hindiii-digested mtDNA was end-labe led by phosphorylation with T4
polynucleotide kinase and [32P]ATP.

The protein-blotted membrane was

blocked in 5% skim milk (Difco), 20 mM Tris (pH 7.7) at 4•c for 1 hand then
incubated with end-labeled mtDNA probes dissolved in binding buffer [0.25 %
skim milk, 20 mM Tris (pH 7.7), 1 mM EDTA and 7 mM 2-mercaptoeth anol] at
room temperature for 2 h.

The membrane was then washed four times in

binding buffer containing 50 mM NaCl for 15 min each. The membrane was
sealed in a thin polypropylene bag and then autoradiographed .

Protein sequence analysis
Proteins from the isolated mt-nu clei were separated by SDS-PAGE as
described above. Separated proteins were tra nsferred in 0.7% acetic acid onto
a membrane that was placed beside the cathod e at 20 V for 30 min.
membrane was sta in ed with CBB.

The

The membrane was then wasbed

ex tensively with DW and air-dried. The band co ntai ning the 41-kDa protein
was excised and the amino-terminal amino acid seq uence determined using the
HP G I OOSA protein seq uenci ng system (Hewlett Packard). To detem1ine the
internal a mino acid sequence, the excised band was treated with lysy l
e ndop eptid ase, a nd the digested peptide was separated by reverse-phase
HPLC with a linear gradient of acetonitril e in 0.1% triflu oroacetic acid. The
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peptide of the 37 .7' (the number indi cates the retention time of the peptide that
was eluted by reverse-phase HPLC) frag ment was sequenced in a s imil ar
manner.

DNA cloning and sequencing
The fo llowi ng underlined portion of th e am.ino-terminal and internal
amin o acid sequ ences of the 41-kDa protei n were used to constru ct primers
[amino-termin al amino acid sequence, SVGKGKPTPKAYTPAKKAPPPP;
interna l amino ac id sequence, K EN POLPVT A VLG(E)EIAK].

The

oligon ucleotide primers co nstru cted were 5'-AARGGHAARCCCACICCIAARGCIGT-3' and 5'-AAGAGAACCCJCARYTBCCCGTIACTGC-3'.
Fifty pi co mol es of each oli go nu cleotide were used to amplify from tota l P.
polycephalum DN A. The amplifi cation protoco l consisted of 40 cycles of 1 min

at 94' C, 1 min at 58 ' C and 3 min at

n ·c.

The PCR produ cts we re cloned into

the EcoR V site of pT7Blue (Novagen) and subsequ entl y sequ enced.

Preparation of polyclonal antibodies
Isolated mt-nuclei were treated with 0.5 M NaCl. Then the mixture
was centrif uged at 110,000 I g and 4· c for 1 h. Proteins in th e supernatant
fraction were separated by SDS-PAGE and then stain ed with CBB in water.
The gel co ntaining the 41-kDa protein was homogeni zed and inj ected into tl1e
abdominal cavities of six-week-old BALB/c mice. Two boosters were given by
subcutaneous inj ection at interv als of 1 month , and the serum was coll ected 1
week after the last booster.

Western blot analysis
Protein s in th e who le cells, th e iso lated cell nucl e i, the iso lated
m.itochondria and th e isolated mt-nuclei were separated by SDS-PAG E. These
proteins were then transferred in SDS containing Towbin buffer (25 mM Tris,
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192 mM glycine, 20% methanol and 0.1% SDS) onto a PVDF membrane that
was placed beside the anode at 20 V for 30 min. The membrane was blocked in
3% gelatin in TBS [20m Tri s (pH 7.5), 0.5 M NaCl] for I h; incubated with
primary antibody (anti-41-kDa antiserum diluted 1:200) in TIES (TBS with
0.05% Tween-20) containing I % gelatin; washed twice in TIBS; incubated for
I h in anti-mouse IgG conj ugated to alkaline phosphatase (Bio-Rad) diluted
1:3000 in 1% gelatin TTBS; washed twice in TTBS , then twice in TBS ; and
then finally developed.

RESULTS

The effects of various concentrations of NaCI on the structure of the
isolated mt-nuclei
P. polycephalum bas large rod-shaped mt-noclei containin g a high
mtDNA copy number. l isolated mt-nuclei from P. polycephalum plasmodia by
dissolving the membranes of highly purified mitochondria (4.5 mg protein/mL)
with 0.5% Nonidet P-40. These isolated mt-nucJei definitely retained their
morphological

tructure ru1d the capacity for DNA and RNA synthes is

(Chapter 2). The isolated mt-nuclei were treated with NaCl to separate the
mtDNA and proteins.

Figure 20 shows the nuclear structure observed by

DAPI-fluorescence microscopy whe n the isolated mt-nuclei were treated with
various concentrations of NaCI at 26· c for I h (Fig. 20). The isolated mt-nuclei
retained thei r rod-shaped structure in 0 and 0.05 M NaCJ (Fig. 20A, B). With
0.1 M NaCI, the mt-nuclei became shorter and no longer appeared rod-shaped
(Fig. 20C). In 0.2 M NaCI, many fluorescent clots were observed (Fig. 200).
At high concentrations, between 0.5 and 1.0 M NaCI, the compact structure of
the mt-nuclei almost completely disappeared and large amo unts of DAPI59
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staining materi als were released surrounded by long filaments. These filaments
were ass umed virtu ally naked DNA molecules.
I used VIMPCS to measure the copy number of mtDNA molecules
from the individual compact structures that were produced by treatment with a
low concentraLion of NaCl (:=;; 0.2 M) . At 0 and 0.05 M NaCl, the copy number
of mtDNA mol ecules withi.I1 indi vidual fluorescent structures was large (Fig.
21 A, B) . Approximately half of the fluorescent structures in the fraction
contai ned more than 15 mtDNA molecule . In 0.1 M NaCI, the fluoresce nt
stru ctures with a hi gh copy number of mtDNA molecu les grad uall y
disappeared and fl uorescent stru ctures wi th I 0-15 molecul es were most
abundant (Fig. 21C). With 0.2 M NaCI , the copy number of mtDNA molecules
rapid ly decreased and fluorescent structures containing 0-5 molecules were
most abundant (Fig. 210). On average, individ ual fluorescent structures in 0.2
M NaCl contained abou t 4 mtDNA molecul es, which is approximately 1/4 the
number seen in 0 M NaCl (Fig. 22A). On the other hand, the number of
fluoresce nt stru ctures per microliter of suspension grad uall y increased as the
co ncentrati on of NaCl rose.

The number of fluorescent structures iu the

fraction treated with 0.2 M NaCl was about 4 time greater than in the fraction
with no NaCI (Fig. 22B). The total copy number of mtDNA molecules per
microliter remained constan t (Fig. 22C).

These results sugges t that th e

treatment with low concentratio ns of NaCl separated the mtDNA molecules in
the mt-nuclei.

The effects of various concentrations of NaCl on DNA and RNA synthesis
in the disorganized mt-nuclei
1 then investigated the activity of DNA and RNA synthes is after the
diso rgani za tion of the stru cture of mt- nuclei by the treatment with variou s
concen trations of NaCl (Fig. 23). The disorganized mt-nuclei were collected by
centrifuoation
to remove the NaCl and mitochondrial nuclear proteins that were
0
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released from the mtDNA, and then used for the as ay. The in vitro assays of
DNA and RNA sy nthesis were carried out for 15 min. The level of DNA
sy nthesis decreased slightly in 0.1 M NaCl and decreased markedly in 0.2 M
NaCJ. On the other hand, RNA synthesis was not affected by the treatment
with 0.2 M NaCl, but treatment with 0.5 M NaCl decreased the level of RNA
synthesis.
To determine the concentration of NaCl at which the DNA polymerase
was released from the mtDNA, the disorga nized rnt-nuclei were centrifuged
and then the lev els of DNA synthesis in the pellet and supernatant were
monitored by the incorporation of [32P]-dCTP into a gel that contaiDed heatdenatured salmon testis DNA after SDS-PAGE (Fig. 24). DNA synthesis in
the gel was detected as a 120 kDa band, as described in Chapter 2. DNA
synthe is occurred in the gels containing a suspension of the pellet from the 0,
0.05 and 0. I M NaCI treatments and the upernatant from the 0.2 and 0.5 M
NaCI treatments. Therefore, it appears that DNA polymerase is re leased from
the mtDNA by the treatment with 0.2 M NaCI.

Analysis of the protein released from the mtDNA
The above-discribed results Jed me to expect that the proteins which
were essential for nuclear organization and mtDNA function would be
selectively released from the insoluble fraction at concentrations higher than 0.2
M.

Figure 25 shows a SDS-PAGE analysis of proteins in the pellets and

supernatants after the treatment with various concentrations of NaCJ. When
the mt-ouclei were treated with 0.2 M NaCL, 41- and 56-kDa proteins were
found in the supernatant for the first time. However, the 41-kDa protein was
also observed in the pellet fraction at 0.2 M NaCI. When the mt-nuclei were
treated with 0.5 M NaCl, ail the 41-kDa proteins were released into the
supernatant and a 39-kDa protein first appeared in the supernatant.
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Identification of DNA-binding proteins in mt-nuclei
The DNA binding activity of the 39-, 4J- and 56-kDa proteins was
analyzed by Southwestern blotting.

I used two effective methods for

transferring the proteins onto the membrane. In the first, 0.3% SDS containing
Towbin buffer was used and the membrane was placed beside the anode. Thi
method transfers almost all but the basic proteins onto the membrane. To
efficiently blot basi c proteins, I selected another method that used a 0.7 % acetic
acid buffer, and the membra11e was placed beside the cathode. The 39- and 56kDa proteins were transferred onto the membrane efficiently with the first
method (Fig . 26, lane l , 2) , while the second method was effective for the 39and 41-kDa proteins (lane l , 3). Therefore, the 39- and 41-kDa proteins are
probabl y basic . All three proteins were able to bind to mtDNA (Janes 4, 5).
However, tile DNA binding capability of the 39- and 41-kDa proteins that were
blotted using tile second method (lane 5) was much lower than that of the 39and 56-kDa proteins that were blotted witil the first method (lane 4). Since the
DNA binding activity of the 39 k:Da protein in lane 5 was much lower than tilat
of the 39-kDa protein in lane 4, yet the amount of protein in each lane was
similar, it appears tilat the second method decreased the DNA binding capacity.

Sequence analysis of the 41 kDa protein.
The 41 kDa protein is the predominant protein in the mt-nuclei, although
it is a minor constituent of tile mitochondria (Fig. 25) . I analyzed the sequence
of the 41 kDa protein to characterize it. The 41 kDa protein was electrob lotted
onto membranes using the second method described above, and its N-terminal
amino acid seq uence was determined (Fig. 27). The blotted protein wa also
digested in situ with lysyl endopeptidase and the peptides were separated by
reverse-phase HPLC (Fig. 28). The amino acid sequence of the 37.7' fragment
was determined (Fig 27). Since the 41-kDa protein was digested into many
62

Chapter3

smaller peptides by lysyl endopeptidase, it is thought to be a lysine rich protein
(Fig. 28). To cl one the ge ne that encodes the 4 J -kDa protein, PCR was
performed with degenerate primers that were designed from the N-terminal
amino ac id seque nce and an internal ami no ac id seq uence described in
Materials and Methods. The 617 bp PCR prod uct was identified as a part of the
gene encod ing the 41-kDa protein . Figure 29 shows the amino acid sequence
deduced fro m the nucleotide sequence of the PCR product. In the figure, the Nterminal deduced amino ac id seq uence of the protein is undertined; however.
one am ino acid at the C-terminal end of this region i different from the ami no
ac id sequence determined from the protein seq uence (TPAKKAPP.LP, Fig. 29).
The deduced amino acid sequence of the 4 1-kDa protein was
compared with sequences in the GenBank and Ge nomeNET databases using
BLAST (Altschul et al., 1990) and Beauty (Kim et al. , 1995) program s. T he Nterminal region and the C-terminal region shared significant homology with the
H J c lass of eukaryotic his tones and high- mobility groupe (HMG )-box

repecti vely (Fig. 30). A · fa r as histone HJ , the best alignment (p=1.2e-9) was
found in th e C-terminal reg ion of Hl protein of the angulate sea urchin

Parechinus angulosus with 22% identity in a 126-amino ac id overlap (Fig. 30).
The region of homology between 41-kDa protein and H 1 overlaps of a high
persentage of lysin e and al anin e residues .

As far as HMG box , the best

alignment (p=8.7e- 5) was fo und in the HMG box of the stru cture-sp ecif ic
recogni zation protein (SSRP) of Saccharomyces cerevisiae with 55% identity in
a 26-amino acid overl ap (Fig. 30). Since the C-terminal region of Hl protein
and HMG -box are DNA-bi nding motiefs, those results indicated the presence
of at least two DNA-binding regions in the 41-kDa protein .

Immunoblot analysis of the 41 -kDa protein
Altho ugh hi ghl y purified mitochondria were used in these experiments,
it was necessary to prove that th e 41-kDa pro te in was not a nu cl ear
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contaminant.

I determined its sub cellu lar loca lization by immunoblotting

experiments using pol yclon al antibodies raised against the 41-kDa protein. The
subcellular locali zation indicated that the 41-kDa protein was found in purified
mitochondri a and mt-nuclei, but not in the cell nuclei (Fig. 3 1). Furthermore, the
41-kDa protein was concentrated in the mt-nuclei fraction.

These results

indicate d1 at thi s protein is not a cel l-nucleus protein but a mitochondrial nucleus
protein.

DISCUSSION

mtDNA is highl y organized with proteins to form mt-nuclei within the
mitocho ndria.

The nu clea r organi zation in mt-nuclei isolated from P.

polycephalurn was disrupted by treatment wi.th NaCl (Fig. 20) . Treatment

with 0. 2 M NaCl caused the mtDNA molecules in the mt-nuclei to separate
(Fig. 21 and 22). When the isolated mt-nuclei were treated with 0.5 M NaCJ,
the compact packaged form of mtDNA was destroyed and filamentous mtDNA
was observed. This suggests that the protein s that hold groups of mtDNA
molec ules to geth er and keep the molecules in compact units were released
from the mtDN A at NaCl concentrations of 0.2 M and 0.5 M, respecti vely.
Treatment with NaCl also caused a decrease in the levels of DNA and
RNA synthesis in the iso lated mt-nuclei (Fig. 23). When the mt-nuclei were
treated with 0.2 M NaCl, the DNA synthes is activity in the pelletabl e fraction
decreased and DNA polymerase was released from the mtDNA (Fig. 23, 24).
At this concentration of NaCI , the mt-nuclei became a more di so rga ni zed,
compact structure containing approximate ly 4 mtDNA mol ecules (Fig. 22).
Since this copy number of mtDNA i smaller than that in the mitochondrial
replicon cluster that might function as a unit of mtDNA replication in mt-nuclei
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(Chapter. 1), it is possible that disorganization of the structure of MRC might
cause the decrease of DNA synthesis activity and the release of DNA
polymerase. On the other hand, the disorganization of the MRC did not affect
RNA sy nthesis, because RNA synthesis activity only decreased in 0.5 M NaCI
(Fig. 23).
Three proteins (39-, 41-, 56-kDa) were released from the mtDNA
when the isolated mt-nuclei were treated wi th either 0.2 M NaCl or 0.5 M NaCl
(Fig. 25). Since all three proteins possess DNA binding activity, these proteins
are probably associated with mtDNA in the mt-nuclei (Fig. 26). DNA binding
proteins in the mitochondria have been identified in several organisms. Singlestranded DNA-binding proteins have been identified in humans (Genuario and
Wong, 1993), rats (Pavco and Van-tuyle, 1985), Xenopus laevis (Ghrir et al. ,
1991), yeast (Van-Dyck et al. , 1992), Drosophila melanogaster (Stroumbaki
et al., 1994), and Paracentrotus lividus egg mitochondria (Roberti et al., 1997) .
In addition , mitochondrial pause-region binding protein l from sea urchi n
embryo (mtPBP I, Qureshi and Jacobs, 1993), avian mitochondria DNA-binding
protein from the chick embryo (aMDP, D'agostino and Nass , 1992),
mitochondrial transcription factor l from humans (mtTFl, Fisher and Clayton,
1988) and autonomously replicating sequ ence binding factor 2 from yeast
(ABF2, Diffley and Sti llman , 1988) have also been identified.

Where the

function of these proteins has been identified, it indicates that they are essential
for DNA replication or transcription. Only two of these proteins play roles in
nuclear orga ni :z.ation: mtTF l has the ability to wrap or condense and un wind
DNA in vitro and bend DNA at specifi c sites (Fisher et al., 1992); and ABF2,
which is identi cal to HM, appears to have a simil ar function to the E. coli
histone- like protein HU (Meg raw and Chae, 1993).

Those two protein s

contain s two HMG box DNA binding motifs th at have been found in a number
of regulatory DNA-binding proteins (D iffley and Stillman, 1991, Fisher et al.,
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1992). In this study, the analysis of the amino acid sequence showed that the
4 1-kDa protein bas not only significant homology with the HMO box, but shares
significant homology with the Hl histone family (Fig. 30). In eukaryotes, the Hl
histones appear to interact with the DNA between nucleosomes, unlike the
core histones, and are thought to be responsibl e for forming higher-order
chromat in structures.

HI-like proteins were identified in a prokaryote,

Chlamydia trachomatis (Hackstadt et al. , 199 1), and the kinetoplast of the
trypanosomatid Crithidia fasciculata (Xu et al. , 1996). In C. trachoma tis, the
gene of this protein (Hc l ) is on ly expressed during th e late stage of the
chlam ydia! life cycle, concomitant with the reorganization of chl amydia!
reticulate bodies containing a dispersed chromatin into elementary bodies
contain in g a dense core of apparently condensed chromatin. When He! was
expressed in E. coli, a co ndensed nucl eoid structure was observed with li ght
and electron microscopy (Clifon et al., 1992). In C. fasciculata, expression of
HI - like proteins in an E. coli mutant lacki ng the HU protein eliminated a defect
in chromosome condensation. These results suggest a ro le for I-ll-like proteins
in the condensation of DNA. Since the mt-nuclei in P. polyceph.alum were also
condenced form, the 41-kDa protein may play a similar role in the condensation
of mtDNA.

Moreover, the 41-kDa protein may also be invol ved in the

interac ti o n between mtDNA molecules, because it was foond in the
supernatant, not with the pelletable mt-nuclei, when the isolated mt-nuclei were
treated with 0.2 M NaCI (Fig. 21, 22).
Although the major function of the 41 -kD a prote in may be related to the
stru cture of the mt-nuclei, it wi ll interesting to determine its effect on the
repl ication and transcription of mtDNA.
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Fig. 20. Disorganization of mt-nuclei by increasing the concentration of NaC I.
The isol ated mt-nuclei were treated with 0 (A), 0.05 (B), 0.1 (C) , 0.2 (D), 0.5
(E), 1.0 (F) M NaCL at 26·c for lh, stained with DAPl and obse rved by
epifluorescence microscopy. Bar, 5 !J.lll
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Fig. 21. The copy number of mtDNA molecules within individual fluorescent

stru ctures that res ul ted from tbe treatment with NaCl. The isolated mt-nuclei
were treated with 0 (A) , 0.05 (B), 0.1 (C), 0.2 (D) M NaCl at 26·c for lh . The
copy number of mtDNA mol ecul es was calculated from the fluorescence
intensity that was measured by VIMPCS , as described in the text.
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that was measured by VIMPCS as described in the text.
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Fig. 23. The change in the activity of DNA synthesis (0) and RNA synthesis
(e ) resulting from treatment with various concentrations of NaCI. The isolated

rot-nuclei were treated with various concentrations of NaCI at 26·c for lh and
then centrifuged to separate the pelletable fraction and the supernatant. The
pelletable fractions were used for the assay. The assay of DNA synthesis and
RNA sy nth es is in vitro was carried out under standard conditions.
Radioactivity incorporated into mtDNA after a 15 min incubation was quantified
in the manner described in the text. The activity in the pelletable fractions from
0 M NaCI-treated isolated mitochondria was arbitrarily set at 100%.
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[NaCI ] (M)
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05
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Fig. 24. Detection of DNA polymerase in the pelletable fraction (ppt) and the
supernatant fraction (sup) by an in situ assay after SDS polyacrylamide gel
electrophoresis. Identi cal amounts of the isolated mt-nuclei were treated with
various concentrations of NaCI at 26"C for lh and then centrifuged to separate
the pelletable fraction and the supernatant. Proteins in the two fractions were
separated by electrophoresis in an SDS -polyacry lamide gel that contained
heat-denatured salmon testis DNA.

After ren aturation of the enzyme , the

DNA polymerase assay was performed in situ in the manner described in the
~ext.

[32 P]dCTP incorporated into salmon testis DNA was detected as a dark

band after autoradiography.
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Fig. 25. SDS-PAGE patterns of proteins in the isolated mitochondria (mt) and
isolated mt-nuclei (mt-N) , pelletable fraction (ppt) and the supernatant (sup) .
The isolated mt-nuclei (6 llg) were treated with various concentrations of NaCJ
at 26"C for lb and tben centrifuged to separate the pelletable fraction and the
supernata nt. Proteins from the isolated mitochondria (6 11g), the isolated rotnuclei (6 11g), the pe!Jetable fraction and the supernatant were separated by
electrop horesis in an SDS-polyacrylamide gel and stai ned with Coomassie
brilliant blue. The numbers on the left and right indicate the mobility of standard
proteins and their molecular masses in kDa.

72

Chapter 3

2

3

4

5

(kDa)

9667~ s6

43 -

30-

Fig. 26. DNA binding analysis of mi tochondrial nuclear proteins. Proteins from
the isolated mt-nuclei were separated by electrophoresis in an SDSpolyacrylamide gel, blotted on to a membrane using two methods , (Method A
used Towbin transfer buffer containing 0.3 % SDS and the membrane was
placed beside th e anode. Method B used 0.7 % acetic acid buffer and the
membrane was placed beside the cathode) and hybridized with 32P-labeled
mtDNA. Lane 1, CBB-staining gel after SDS-PAGE of isolated mt-nuclei ; lane
2, CBB-staining gel after blotting by Method A; Jane 3, CBB-staining gel after
blotting by Method B; lane 4, an au toradiogram showing the DNA binding
activity of polypeptides blotted by Method A; Jane 5, an autoradiogram showing
the DNA binding activity of polypeptides blotted by Method B. The numbers on
the left and right indicate the mobi lity of standard proteins and their molecular
masses .
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Amino-termin a l seq uenc e

SVGKGKPTPKAVTPASKKAPPPP
37 .7' flagment sequence

EN PQLPVTAVLG (E) E IAK

Fig. 27. Partial amino acid sequence of peptides from the 41-kDa protein.
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Fig. 28 . Reverse-phase HPLC of proteolytic fragments obtained by lysyl
endopeptidase digestion. The sample was loaded into a column and eluted with
a linear gradient of acetonitrile in 0.05 % trifluoroacetic acid.

The arrow

indicates the frac tion selected for amino acid sequence analys.is. The sol id
curve shows ab orbance at 215 nm .
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Fig. 29. Nucleotide and predicted amino acid sequences of the 41-kDa protein.
Double underlining indicates the degenerate primers corresponding to the Nterminal sequence and the internal amino acid sequence and underlining
indicates the corresponding peptide sequence, which was determined with a
protein sequencer.
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41 kon protein
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Fig. 30. Alignment of the amino acid sequence of th e 41-kDa protein with the
amino acid sequences of angu late sea urchin Parechinus angulosus Histone Hl
and Saccharomyces cerevisiae SSRP (HMG box) . Red amino acid residues
indicated identities and blue amino acid residues indicated conserved amino
ac.ids replacements.
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Fig. 3 1.

Subcellular localization of the 4 1-.kDa protein determined by

immunoblotting. Proteins of the whole cell , the isolated cell nuclei, the isolated
mitochondria and the iso lated mt-nuclei were separated by electrophores is in
an SDS-polyacrylamide gel and blotted onto a membrane. The 41-kDa protein
was detected by immunoblotting. Lane 1, polypeptides in the whole cell (60 !J.g)
after CBB -staining; lane 2, polypeptides in the isolated cell nuclei (8 iJ..g) after
CBB-staining; lane 3, polypeptides in the isolated mitochondria (20 !J.g) after
CBB -staining ; Jane 4, polypeptides in the isolated mt-nuclei (8 !J.g) after CBSstaining; lane 5, im munoblotted whole cell (60 !J.g) ; Jane 6, immunoblotted cell
nu clei (8 !J.g); Jane 7, immunoblotted isolated mitochondria (20 !J.g); lane 8,
immunoblotted mt-nuclei (8 !J.g).

78

Conclusion and Perspective

Conclusion and Perspective
I studied the replication of mtDNA in Physarum polycephalum
plasmodia with emphasis on the concept of nuclear organization and revea led
following facts.
(1) Multipl e mtD NA molecules in a mt-nu cleus of plasmodium

ap peared to repli cate in th e mitochondrial replico n clu ster (MRC), which
consisted of approxim ately 10 mtDNA molecules. I previously proposed tha t
the MRC might be a unit of mtDNA repli ca tion in the amoeba of P .

polycephalum (Sasaki, 1994). The confirmation of the MRC in the pl asmod ia
indicates th at this nuclea r organization should be important for mtDN A
replication in the mt-nuclei at least during the two distinct stages of the life cycle
of P. polycephalum.
(2) Structurall y and functionally intact mt- nu clei were isolated from
plasmodia by di ssolving the membranes of highl y purified mitochondria with
NP-40.

Th e rot- nu clei (MN 1) that were obtained by treating the hi gh

concentration of mitochondria (4.5 mg of mitochondria protein /mL) with 0.5%
NP-40 retained their compact nuclear organization and were capable of
efficient DNA synthesis. Furtherm ore, MNl could perform DNA synthesis as

in vivo; DNA synthesis in MN l occurred at each MRC and the level of DNA
synthesis in MNl reflected that seen in vivo. These results suggested that the
components essential for nuclear orga nization and mtDNA synthesis should
ha ve not been lost from MN 1. Therefore, MN I seems very useful for the in

vitro analysis to reveal the mechani sm of mtDNA repli cation in the nuclear
organization.
(3) Three DNA binding proteins (39- , 41- , 56-kDa protei n) in the mtnuclei were identified , which were released when the structure and function of
the MN 1 were gradually lost by th e treatment with NaCI.
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proteins , the 41-k:Da protein , had a high lysin content in the amino-terminal
region and this region were significantly homologous to the C-terminal region of
the I-I I cla s of eucaryotic histones.
The 41-kDa protein is one of the most major protein in the mt-nuclei.
The physiological function of 41-kDa protein presently remains undefi ned.
From the anal ogies with histone I-II and HMG box, however, it is predicted that
the function of tbe 41 -kDa protein may be primarily related to tbe nuclea r
organjzation. Moreover, the 41-kDa protein might play the important role for
the construction of tbe MRC because the 41-kDa protein was released from the
mtDNA when the structure of the MRC were disorgani zed by the treatment
with 0.2 M NaCl. At the same concentration of NaCl, I fo und the decrease of
the activity of DNA synthesis and the release of mtDNA polymera ·e. It is
interesting to identify whether the 41-kDa protein participates in organ.ization of
the MRC and the regulation of the mtDNA replication.

The disorganized

s tructure of iso lated mt-nuclei can be reassem bled by dialyzing NaC I.
Combination of the system for an assay of DNA synthesis in vitro with the
reassembly of the nuclear organization after the removal of the 41-kDa protein
by the immunoprecipitation using antibod ies will make it possible to reveal the
function of the 41-kDa protein in the rot-nuclei. Accurate knowledge of the
function of the 41-kDa protein and other components in MNl should provide a
chance for comp lete understanding of the mechan.ism of the mtDNA replication
in the nuclear organization .
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