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mt 35 (Chen et al. 
2005; Miyakawa 2017) mt

Abf2p Abf2p mtDNA
DNA mtDNA

(Diffely and Stillman 1991; Zelenaya-Troitskaya et al. 1998; Miyakawa et al. 2010)
1 mt mtDNA mt

(Shiiba et al. 1997; MacAlpine et al. 2000; 
Miyakawa et al. 2004; Kucej et al. 2008 )

Abf2p mtDNA (Diffley and 
Stillman 1991) Abf2p mtDNA

(Zelenaya-Troitskaya et al. 1998) mtDNA
Mgm101

mtDNA mtDNA mtDNA
(Zuo et al. 2002) mt

S. cerevisiae mt mt
rho (Miyakawa et al. 1984; Chen et al. 2005; Kucej et 

al. 2008) mt mt

(Stevens 1981)
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mtDNA mt

mtDNA
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rho mt

mt mt



-3- 

mtDNA



-4- 

DAPI GFP
( ) ( ) (mt

) mt
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DNA 
(mtDNA) mtDNA

(mt )
-DNA (Kuroiwa 

1982) mt
(Gilkerson 2009; Bogenhagen 2012)

mt
DAPI (Miyakawa et al. 

1984) in vivo
mt 3 4

mtDNA DNA
(Miyakawa et al. 1987, 1995, 2010)
1 mt 20 mtDNA

1 mt 1 2 mtDNA
(Miyakawa et al. 2004) mt

mtDNA

mtDNA rRNA tRNA
100 mtDNA

(EtBr) mtDNA
( ) (Slonimski et al. 1968)

mtDNA mtDNA
mtDNA

(Dujon 1981) hypersuppressive
hypersuppressive 

(Dujon 1981) hypersuppressive mtDNA
( )

mtDNA mtDNA hypersuppressive mtDNA
(MacAlpine et al. 2001) hypersuppressive

mtDNA (Ling et al. 
2007, 2013)

mtDNA Abf2p
mtDNA (Diffley and Stillman 1991) Abf2p

mtDNA
(Zelenaya-Troitskaya et al. 1998) mtDNA mtDNA
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EtBr (Nagley and Mattick 1977)
mt

mt 52 kDa 67 kDa
mt (Shiiba et al. 1997)

mt (Chen 
and Butow 2005; Chen et al. 2005) mt

mtDNA
mt mt

mt

Table. 1 14WW HS40 (HS40 )
760 bp mtDNA IL8-8C E1

21S rRNA 728 bp mtDNA
MH41-7B/AB83 (CEP2 ) , MH41-7B/M726 (CEO2 ) , MH41-7B/L712 
(OIP2  ) 30 kbp mtDNA YPD
(1% yeast extract, 2% peptone, 2% glucose, 2% agar) OD660

0.01 YPD (1% yeast extract, 2% peptone, 2% glucose)
30

pVT100U-mtGFP (Westermann and Neupert 2000)
pVT100U-mtGFP ( ) pVT100U-mtGFP

5 -ATCCTGACTGATTTTCCATGG- 5 -ATCCACAT- 
GGTTTTTAGTAAAC- PCR DNA

PCR PCR 5 -AAAACACA- 
TGTGGATATCTGCCTTCGGTGTTGCATTGG- 5 -AAAATC- 
AGTCAAGAATATCCACAATAGGCATAGTTGTCG- In-Fusion HD 
Cloning KT (Clontech, CA, USA)
pVT100U-mtGFP pVT100U-mtGFP ( ) 14WW

HS40 pVT100U-mtGFP MH41-7B MH41-7B
IL8-8C E1 pVT100U-mtGFP ( )
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one-step (Akada et al. 2000)

5% glutaraldehyde 3.6% formaldehyde 60min NS 
buffer (20 mM Tris-HCl (pH7.6), 0.25 M sucrose, 1 mM EDTA, 0.1 mM MgCl2, 0.1 
mM ZnSO4, 0.1 mM CaCl2, 0.8 mM PMSF, 0.05% -mercaptoethanol; Miyakawa et 
al.1987 ) 2 NS buffer DAPI

(2 g/ml DAPI NS buffer) mt UV
B

Fig.5 Fig.8 Zymolyase 20T (Seikagaku Kogyo, Tokyo, 
Japan)

-20 6 min -20 30 sec
mt

mtDNA
mt

(Rose and Fink 1987) HS40 mtDNA MH41-7B
HS40 ( , )

MS7573 ( , )
YPD SD+Leu+Ura+His+Ade
(0.67% yeast nitrogen base, 2% glucose, 2% agar, 20 g mL 1 leucine, 20 g 

mL 1 uracil, 20 g mL 1 histidine, 20 g mL 1 adenine) a
mt HS40 (  a)

MS7573 YEp (Jensen et al. 
1983)  ( )  HS40 (  a)

( ) YPD
SD+Leu+Ura+His+Ade mt

 HS40 ( )
 HS40 ( ) MH41-7B 

SD+Ade+His (0.67% yeast nitrogen base, 2% glucose, 2% agar, 20 g mL 1

adenine, 20 g mL 1 histidine) a mt
MH41-7B/HS40
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Hoechst33258-CsCl mtDNA
DNA Hudspeth et al. (1980) Hoechst33258

-CsCl DNA mtDNA
350 nm, 450 nm (Hitachi F-

2500, Japan)

mtDNA PCR 
mtDNA PCR CsCl

mtDNA 21S rRNA 5 -GGTGTGAACTCT-
GCTCCATG- 5 -GCTTCGCTGCTTATTGTCC- 2 15S 
rRNA 5 -GGACATGACACATGCGAATC- 5 -CATGCTCCACTGCTTA-
AGTCTG- 2 COB ( b ) 5 -
CTTCAGAGACTACACGCACAC- 5 -GCGATTTGTCCCATTAAGAC- 2

mt
mt Miyakawa et al. (1987)

10g Zymolyase 20T
SP buffer (0.8 M sorbitol, 50 mM K-phosphate, pH7.5)

NE1 buffer (0.3 M sucrose, 20 mM 
Tris-HCl (pH7.6), 1 mM EDTA, 0.4 mM spermidine, 7 mM -mercaptoethanol, 0.4 
mM PMSF)

NE2 buffer (0.5 M sucrose, 20 mM Tris-HCl (pH7.6), 2 mM EDTA, 0.8 mM 
spermidine, 7 mM -mercaptoethanol, 0.4 mM PMSF) DL buffer 
(0.25 M sucrose, 20 mM Tris-HCl (pH7.6), 7 mM -mercaptoethanol, 0.4 mM 
PMSF) 0.5% Nonidet P-40

16,000 g,5min mt
20%, 40%, 60% 46,000 g, 1h
20% 40% mt 100,000 g, 1h

mt SDS-PAGE

mt mt 20
60% 71,000 g, 1h 1mL

DAPI DNA DNA 1h
K (1:1)

DNA
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14WW 14WW HS40 mt
14WW 14WW HS40 (HS40 ) mt

DAPI
GFP mt

(Fig.1) 14WW mt
(Fig.1) HS40 mt

HS40 mt
mtDNA 14WW HS40

Fig.1 HS40 
mt

14WW HS40 mt

mt mtDNA
mtDNA mt

mtDNA mt mtDNA
Fig. 2a mtDNA PCR (Fig. 2b)

14WW MH41-7B COB, 21S rRNA, 15S rRNA
CEP2 COB CEO2 15S rRNA

OIP2 21S rRNA HS40 
E1 mtDNA 3

mtDNA
mtDNA MH41-7B, CEP2 , CEO2 , OIP2 

R HS40 mtDNA 760 bp DNA
E1 mtDNA 700 bp DNA

(Fig. 2c)
CEP2 ,CEO2 ,OIP2 3 mtDNA

HS40 , MH41-7B/HS40, E1 1 
kbp mtDNA 3 mtDNA

mt Fig. 3a
mt mt 3 (

) mt
(Fig. 3b) 14WW MH41-7B mt
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mt 14WW 57%, MH41-7B 56%
HS40 , MH41-7B/HS40 , E1 mt

mt HS40 85%, 
MH41-7B/HS40 80%, E1 82% 3 mt

HS40 3%, MH41-7B/HS40 10%, E1 5%
mtDNA CEP2 , 

CEO2 , OIP2 mt 2
3 mt 46%

( 36%) 3 mt Fig. 3a
3 mt MH41-7B 3 mt

mtDNA mt
14WW HS40 MH41-7B/HS40

mt
HS40 mt

mtDNA
hypersuppressive E1 mt

mt mtDNA
mtDNA

mt
GFP 8  (Fig. 

1 and Fig. 4a) 14WW MH41-7B
3 (

) (Fig. 4b) 14WW MH41-7B
86% 85% 6

mtDNA 6
60% 6

20%

mtDNA mt
2 3 mt

mt



-11- 

Zymolyase formaldehyde
1 1 mt

(Fig. 5a) mt 14WW 
20.1 HS40 10.6 (Fig. 5b) mt
MH41-7B 24.2 CEP2 18.0 CEO2 17.4

OIP2 16.9 MH41-7B/HS40 10.9 E1 9.3
mtDNA HS40 

MH41-7B/HS40 E1 mt mtDNA
mt

Hoechst-CsCl mtDNA DNA (Fig. 6)
DNA DNA mtDNA 14WW 

HS40 13% MH41-7B CEP2 
CEO2 OIP2 MH41-7B/HS40 DNA mtDNA

15% 30% MH41-7B mtDNA DNA 24%
MH41-7B/HS40 mtDNA DNA 17% mtDNA

mt E1 
Hoechst-CsCl mtDNA DNA

mt (Fig. 7a)
mt 1 mt

mt 14WW 41.8 HS40 25.8
(Fig. 7b) mt MH41-7B 39.3 CEP2 33.4

CEO2 35.3 OIP2 34.6 MH41-7B/HS40 16.2
E1 mt 15.6 mtDNA

mt
MH41-7B CEP2 MH41-7B/HS40 mt

(Fig. 8) 0.2-0.25 m mt
3 0.3 m mt MH41-7B

CEP2 MH41-7B/HS40 mtDNA
mtDNA mt

mt
mt

mtDNA mt
20%, 40%, 60% 7 mt
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7 mt 20% 40%
(Fig. 9a) SDS-PAGE mt

(Fig. 9b) 20 kDa mtDNA Abf2p Abf2p
(Fig. 9c) E1 

mt
30 kDa E1 30 

kDa
SDS-PAGE mt

mt mtDNA
mt 20 60%

mt 14WW HS40 CEP2 
DNA mt Fig. 10 14WW mt 1-
6 20 kbp

(Fig. 10a) 4 Fig. 10a BamH 2
1-6 7-10 8 Fig. 10a

7-10 Fig. 10a
4.6 kbp RNase A 4.6 kbp RNA

(Data not shown)
HS40 3-6 20 kbp

7-10 DNA (Fig. 10b)
DNA R HS40 mtDNA R

R HS40 mtDNA 760 bp R
HS40 mtDNA

MacAlpine et al. (2000) 760 bp
mtDNA

mtDNA 4 8
Fig. 10b DAPI 3 6

7 10
mt

RNase A mtDNA
mtDNA (Fig. 11)

CEP2 mt 1-4 20 kbp
7-10 DNA (Fig. 10c) 6-10

4.6 kbp 2 kbp RNase A RNA
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(Data not shown)

mt mtDNA
mt Fig. 11

mt HS40 
mt 85% (Fig. 1 and 3)

mt mtDNA
3 mt 40%

mt 40% (Fig. 
3) mtDNA E1 mt mt

82% 10%
mt mtDNA

, (Fig. 4)
mtDNA

DNA mtDNA
14WW HS40 13% (Fig. 6) MH41-7B

MH41-7B/HS40 mtDNA
mtDNA mt

mt 3 mt
mt

Shiiba et al. (1997) mt SDS-PAGE mt
52 kDa 67 kDa DNA

mt (Shiiba et 
al. 1997) 2 mt

mt 2 mt
(Shiiba et al. 2005) 2 mt

mt
Newman et al. (1996)

DNase
C

2 mtDNA DNase
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mtDNA DNase
Newman et al. (1996)

DNase Abf2p
mtDNA Abf2p

SDS-PAGE HS40 
mt mt

(Fig. 9b) Abf2p
HS40 mtDNA (Fig. 9c)
Abf2p mt mt

(Miyakawa et al. 1995; Kaufman et al. 2000)
(Ilv5p) mt

(MacAlpine et al. 2000) Abf2p, Hsp60p, Ilv5p mt
(Kucej et al. 2008)

mt mt

mt (Fig. 9) SDS-
PAGE E1 6 mt

mt

2 mtDNA mt
mtDNA mtDNA

HS40 mtDNA E1 mtDNA
mtDNA mtDNA mtDNA

mtDNA Cce1p/Mgt1p mtDNA
DNA

(Lockshon et al. 1995) Cce1p mt
hypersuppressive (Lockshon et al. 1995)

mtDNA hypersuppressive mtDNA
Abf2p mtDNA

2 kbp mtDNA
(MacAlpine et al. 1998) DNA

mtDNA
hypersuppressive mtDNA

mtDNA mtDNA (Ling 
et al. 2013) mtDNA HS40 
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mtDNA mtDNA 1 mt
(Fig. 12c) mtDNA

mtDNA mt mt Nonidet 
P-40 mt

mtDNA mtDNA
mtDNA

(Fig. 12a and b)
3 mt

(Stevens 1981) mt
mt

(Miyakawa et al. 1987 ; Prachar 2010)
mtDNA mt

mtDNA mt
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rho+

(b)  HS40 rho-
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DAPI

GFP

DAPI

Fig. 1 14WW HS40 mt
3.6%

formaldehyde mt DAPI GFP
mt UV B

5
mt 5 m
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COB

21SrRNA

15SrRNA

21SrRNA COX2 COX3

ori5

15SrRNA COX1
ATP8

ATP6 COB
ATP9

VAR1

CEP2

CEO2

O P2

HS40

E1

(a)

(c)

0.56-

2.32-
2.02-

9.42-
6.36-
4.36-

23.12-

kbp

(b)

Fig. 2 mtDNA
(a) mtDNA CEP2, CEO2, OIP2, HS40,E1

mtDNA (b) PCR COB, 21S rRNA, 15S rRNA
(c) mtDNA 14WW , MH41-

7B, CEP2, CEO2, OIP2, mtDNA HS40 mtDNA
E1 mtDNA R
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MH41-7B14WW rho+

CEO2 rho- OIP2 rho- E1 rho-

(a)

(b)
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Strings of beads Mixture Punctate

HS40 rho- CEP2 rho-
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)

Strings of beads
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Fig. 3 mt
(a) DAPI 2 6

8 5% glutaraldehyde 5 m
(b) mt mt (i) , (ii)

, (iii) 3 5 m
100 DAPI 3
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(a)

(b)
Tubular Fragmented Punctate

CEO2 rho- OIP2 rho- E1 rho-MH41-7B/HS40

MH41-7B14WW rho+ HS40 rho- CEP2 rho-

0

20

40

60

80

100

Ce
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)

Tubular
Fragmented
Punctate

Fig. 4
(a) GFP

3.6% formaldehyde (b)
, , 3 5 m

100 3
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14WW rho+ HS40 rho- MH41-7B

E1 rho-OIP2 rho-CEO2 rho-
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Fig. 5 mt
(a) 3.6% formaldehyde
Zymolyase 20T mt

DAPI 5 m
(b) mt 1 mt

30 3
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- mtDNA

- nDNA

mtDNA/nDNA
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13             13            24             21        30             15            17

Fig. 6 Hoechst33258-CsCl mtDNA
0.25mL DNA mtDNA

mtDNA/nDNA
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(b)

(a)
CEP2 rho-

CEO2 rho- OIP2 rho- E1 rho-MH41-7B/HS40
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Fig. 7 mt
(a) DAPI 5% glutaraldehyde

5 m (b) mt
1 mt 50 3
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Fig. 8 mt
3.6% formaldehyde

Zymolyase 20T MH41-7B, CEP2 , MH-7B/HS40 DAPI
100 mt Image J (NIH)
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(a)

(b)

14.4-

30-

67-

43-

94-

kDa

20.1-

CEP2 rho-

Abf2p

(c) Abf2p

MH41-7B14WW rho+ HS40 rho-

CEO2 rho- OIP2 rho- E1 rho-

Fig.9 mt
(a) mt DAPI (b) mt

15% SDS-PAGE (c) mtDNA
Abf2p Abf2p
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(a) 14ww rho+

0.56 -

2.32 -

9.42 -
6.36 -
4.36 -

23.12 -

kbp

BamHI

M 1   2   3   4   5   6   7   8   9  10

60%-sucrose-20% supernatant

(c) CEP2 rho-

2.32 -

9.42 -
23.12 -

kbp
M  1  2   3   4  5   6   7   8   9 10

(b) HS40 rho-

0.56 -

2.32 -

9.42 -

4.36 -

23.12 -
kbp M  1   2   3   4  5   6   7   8   9  10

Fraction 4

Fraction 8

Fraction 4

Fraction 8

Fraction 3

Fraction 8

760 bp

6.36 -

2.02 -

2.02 -

0.56 -

2.02 -

6.36 -
4.36 -

Fig.10 mt
14WW , HS40 , CEP2 3

20%-60 % 71,000 g, 1h
1mL DAPI DNA

DNA 1% (a) 14WW
mt RNA H1 2

DAPI 4 8 (b)
HS40 mt HS40 mtDNA

DNA R 1 DAPI
4 8 (c) CEP2 mt

RNA 2 RNase A
DAPI 3 8 5 m
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0.56

2.32
2.02

9.42
6.36
4.36

23.12
kbp

M   1     2      3     4     5     6      7    8      9    10

monomer

dimer

trimer
tetramer

60%  - sucrose  - 20% supernatant

Fig. 11 HS40 mt
Fig. 10 HS40 20%-60 %

71,000 g, 1 h DNA
RNase A (100 g/ml) 30 , 10 min

Fig. 10
mtDNA (7-10) 1-5
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Abf2p

mtDNA

(a)   rho+ mitochondria

(b)   rho- mitochondria with long unit of mtDNA

(c)  rho- mitochondria with short unit of mtDNA

Fig. 12 mt
(a) mtDNA Abf2p

mt mt mt
(b) mtDNA

mtDNA mt
(c) mtDNA

mtDNA
mtDNA
mtDNA mtDNA

mtDNA Abf2p mt mt
mt
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( ) ( )
(mt )

MH41-7B DNA(mtDNA)
 MH41-7B/HS40 mt

SDS
mt mt

Abf2p Hsp60p
mt

Kgd1p, Kgd2p
HS40 Kgd1p

mt MH41-7B
MH41-7B/HS40 mt

mt
Kgd1 b-c1 Qcr1, Qcr2

Ymh2 MH41-7B MH41-7B/HS40
DNA Mip1

MH41-7B MH41-7B/HS40
mt
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DNA(mtDNA) mtDNA
mtDNA

(mt ) DNA-
75,000 bp

(  mtDNA)
(EtBr) mtDNA

mtDNA (
mtDNA) hypersuppressive
hypersuppressive 

(Dujon 1981) hypersuppressive mtDNA
( ) hypersuppressive  mtDNA

 mtDNA
hypersuppressive  mtDNA  mtDNA

300 bp
7 8 (Lecrenier and Foury 2000)

AT GC A, B, C
GC 3 (de Zamaroczy and 

Bernardi 1986) 8 ori 4 ( ) GC  C
4 ( )

hypersuppressive 

(de Zamaroczy et al. 1981)
hypersuppressive

(MacAlpine et al. 2001) in vitro
RNA Rpo41p RNA

DNA Mip1p DNA
(Xu and Clayton 1995; Sanchez-Sandoval et al. 2015)

mtDNA Abf2p
 mtDNA  mtDNA

(Diffley and Stillman 1991; Zelenaya-Troitskaya et al. 1998) mtDNA
Mgm101p mtDNA

mtDNA  mtDNA Mgm101p
(Zuo et al. 2002) mt

mt
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MH41-7B
 MH41-7B/HS40 

2 mtDNA MH41-7B
( a ) HS40 mtDNA MH41-7B/HS40 ( a 

) YPD (1% yeast extract, 2% peptone, 2% glucose)
30

mt

mt Shiiba et al(1997) 30 h
(wet weight 25 g) SP buffer (0.8 M sorbitol, 50 mM K-phosphate buffer, 
pH7.5) 150 ml 0.4 -mercaptoethanol 30 30 min

SP bufffer Zymolyase 20T (Seikagaku Kogyo, 
Tokyo, Japan) SP buffer 400 ml 30 1 h

NE1 buffer (0.3 M sucrose, 20 mM Tris-HCl 
(pH7.6), 1 mM EDTA, 0.4mM spermidine, 7 -mercaptoethanol, 0.4 mM PMSF) 
400 ml 950 rpm 10

600×g, 5 min 1,200×g, 5 min 12,000×g, 
20 min NE2 buffer (0.5 M sucrose, 20 mM Tris-HCl 
(pH7.6), 2 mM EDTA, 0.8 mM spermidine, 7 -mercaptoethanol, 0.4 mM 
PMSF) 400 ml 1,700×g, 5 min 2 15,000×g, 20 min

NE2 buffer 40 ml DL 
buffer (0.25 M sucrose, 20 mM Tris-HCl (pH7.6), 7 -mercapto-ethanol, 0.4 mM 
PMSF) 20% NP-40 0.5%

5
6,700×g, 5 min 35%, 45%, 55%, 65% (w/v) sucrose

46,000×g, 1 h 35% 45% sucrose mt
dilute buffer (20 mM Tris-HCl (pH7.6), 1 mM EDTA, 0.6 mM 

spermidine, 7 -mercaptoethanol, 0.4 mM PMSF) 60 ml 46,000×g, 1 h
mt mt NE2 buffer 

mt Lowry
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SDS-polyacrylamide gel (SDS-PAGE)
SDS-PAGE Laemmli (1970) 15% polyacrylamide

SDS-PAGE PVDF
Abf2p Hsp60p Kgd1p Kgd2p

3000 2500 5000 10000 Abf2p
(Miyakawa et al. 2000) Hsp60p (C. K. Suzuki , University of Medicine 

and Dentistry of New Jersey ) Kgd1p (A. Tzagoloff , Columbia 
University ) Kgd2p (Sato et al. 
2002) peroxidase
(GE Healthcare) peroxidase (GE Healthcare)

Luminol Luminescent 
Image Analyzer (Fijifilm LAS-3000)

mt S1
mt S1 buffer (30 mM sodium acetate (pH4.6), 280 mM NaCl, 10 

mM ZnSO4, 0.4 mM PMSF) S1
25 15 min 16,000×g, 30 min

0.015% (TCA) 6%
16000×g, 10 min 5%TCA

SDS buffer (62.5 mM Tris-HCl 
(pH6.8), 10% glycerol, 5% -mercaptoethanol, 2.3% SDS) SDS-PAGE

mtDNA S1 buffer 1.7 
25 , 15 min

K 37 ,1 h ( 1 : 1 )
DNA DNA R RNase 

A 2% 

DNA Hybond-N+(GE Healthcare)
DNA UV

HS40 mtDNA
ECL Direct Nucleic Acid Labeling System(GE Healthcare)



-34- 

(LC/MS/MS) 

(i) 
mt mt SDS-PAGE

 10mM(DTT; Sigma-Aldrich ) 50 °C 15 10 
mM  (Sigma-Aldrich ) 15

 Trypsin(Sequencing Grade; Promega ) 400 ng 100mM
37 °C 0.2% 

 2% LC/MS/MS 

(ii) LC/MS/MS
LTQ Orbitrap Elite ETD  (Thermo Fisher Scientific ) 

LC/MS/MS  (micro-HPLC) 
Paradigm (Michrom BioResources, Inc. )  HTS PAL (CTC 
Analytics )  nanospray ionization (NSI) source (AMR Inc. ) 

 (Viper; 
Thermo Fisher Scientific ) 

mt  (AMR Inc. ) 
Cheminert PAEK injector valve (CTC )  micro-precolumn C18 PepMap 100 
Peptide Trap cartridge (5 × 0.3 mm ; Thermo Fisher Scientific ) 

0.2%  2% 
 L- , 150 × 0.2 mm ; CERI ) 

 A  2%  B 90% 
 0.1% 

120 
min) HPLC  1.0

NSI  PicoTip FS360-50-30 (New Objective Inc. ) 
 2.0 kV 200 °C T3 Spray (AMR 

Inc. ) 
Xcalibur software (Thermo Fisher Scientific ) 

mass range  420 1600  MS  data-dependent acquisition mode 
 MS/MS MS  240,000 

Orbitrap  MS/MS 
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automated gain control (AGC) mode AGC value  MS 5× 105

MS/MS  1 × 104

(Collision Induced Dissociation; CID)  MS/MS 
10  1  60  5 

ppm  dynamic exclusion CID normalized 
collision energy  35 

(iii) 
MS/MS  Proteome Discoverer (Thermo fisher scientifc )

 MS/MS  Mascot database search (version 2.4.1; Matrix Science 
Ltd.) Swissprot_2017_08.fasta (Fungi ; 32,833 
entries) fragment-ion mass tolerance  0.60 Da parent ion 
tolerance  5.0 ppm missed cleavage site  3 

fixed modification  Carbamidomethylation (57.021464)
variable modification  oxidation (15.994915)
methylation (14.01565) N  acetylation (42.010565)

 phosphorylation (79.966331) pyroglutamylation 
(-17.02655) Mascot significance threshold  < 0.05 

false discovery rate (FDR)
Decoy Database

(iv) 
 Scaffold (version 4.8.4; Proteome software ) 

LC-MS  MS/MS 
Mascot  peptide spectrum match (PSM) 

Scaffold
FDR 0.1

1 2

DAPI MH41-7B mt
MH41-7B/HS40

(Fig. 1a) MH41-7B MH41-7B/HS40 mt
DAPI mt

(Fig.1 a) SDS-PAGE mt
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mt 2 mt
(Fig.1 b) mtDNA

Abf2p in vitro Hsp60p mt

Kgd1p Kgd2p (Fig. 1b)
MH41-7B MH41-7B/HS40 mt Kgd1p

MH41-7B MH41-7B/HS40 mt Abf2p Hsp60p Kgd2p

Hsp60p in vitro 1 DNA
(Kaufman et al. 2000) Hori et al. (2009) 1 DNA

1 S1
HS40  mt 1 Hsp60p

mt MH41-7B/HS40 mt
S1 Hsp60p

mt mtDNA S1
mt S1 mtDNA

R HS40 mtDNA
(Fig. 2a) HS40 mtDNA R 1

R HS40 mtDNA 760 bp DNA
S1 mt HS40 mtDNA 760 bp

S1 mtDNA 760 bp
mt HS40 mtDNA 1

S1 S1
mt SDS-PAGE (Fig. 2b)

mt S1
Hsp60p

S1 Hsp60p
S1 Hsp60p

Hsp60p 1 DNA

mt
2 mt MH41-7B 1300

MH41-7B/HS40 1082
500

mt DNA 35
mt (Miyakawa 2017) 35
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mt Table. 1

10 p 0.01 fold change 3
35 mt 2

MH41-7B MH41-7B/HS40 b-c1

Qcr1p Qcr2p Kgd1p
Ymh2p

MH41-7B MH41-7B/HS40 mt DNA
(Mip1p) 30

mt mt
MH41-7B MH41-7B/HS40

mt mtDNA
Table. 2 MH41-7B

MH41-7B/HS40 DNA Hmi1p Irc3p
Mtf1p MH41-7B/HS40

Cce1p ( )
Msh1p(mtDNA ) MH41-7B/HS40 Mhr1p (

), Pim1p (LON ), Nuc1p (
) Ntg1p ( ), 

Din7p (mtDNA ), Pif1p ( ), Nuc2p 
( tRNA ), Cdc9p (DNA

)
Table. 3 gene ontology

MH41-7B MH41-7B/HS40
5

d 2 (Rip1p, Qcr7p)
MH41-7B/HS40 mtDNA

MH41-7B Var1p Cox2p (Table. 4)

Kaufman et al. (2000) Hsp60p (
), 14S rRNA mtDNA

Hsp60p 4 mtDNA 2 DNA
1 DNA 1 DNA 3 mtDNA

Hsp60p 75 kbp mtDNA
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HS40 mtDNA
760 bp 75 kbp mtDNA 100

Hsp60p
mtDNA Hsp60p MH41-7B/HS40

Hsp60p
mt Hsp60p

MH41-7B MH41-7B/HS40 (Fig. 1b and 
Table. 1) MH41-7B/HS40 S1 mtDNA

Hsp60p (Fig. 2b)
Hsp60p

mt Hsp60p MH41-7B MH41-7B/HS40
Hsp60p

mt Hsp60p Hsp60p
mtDNA mtDNA
DNA mtDNA

Newman et al. (1996)
DNase

mtDNA C
2 mtDNA

DNase DNase
mtDNA

Mgm101p mtDNA
mtDNA mtDNA Mgm101p

(Zuo et al. 2002) MH41-7B
MH41-7B/HS40 mt SDS-PAGE

MH41-7B MH41-7B/HS40 Qcr1p Qcr2p
Kgd1 Ymh2p MH41-7B MH41-7B/HS40 mt

DNA  (Mip1p) Mip1p
MH41-7B/HS40 Mip1p

Mip1p RNA (Rpo41p)
(Mtf1p) 1 DNA (Rim1p)

Mtf1p
Rpo41p Rimp

HS40 mtDNA
Mhr1p

Cce1p MH41-7B/HS40 mt
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Mhr1p MH41-7B
MH41-7B/HS40 Cce1p MH41-7B/HS40

mt
mt

mt
Shiiba et al. (1997) DNA-cellulose

mt DNA
mt 67 kDa 52 kDa

67 kDa carnitine acetyl-CoA transferase 
(Cat2p) 2002 Cat2p

mt
Cat2p mt

HS40 mt 1/3
52 kDa -ketoglutarate dehydrogenase subunit

Lpd1p (Sato et al. 2002) Lpd1p
mt (Chen et 

al. 2005) Lpd1p HS40  mt
1/2 mt



(a) MH41-7B MH41-7B/HS40

(b)

Fig. 1 2 mt
(a) mt DAPI DAPI

mt DAPI 5 m (b) 2 mt
Lane1 MH41-7B mt Lane2 MH41-7B/HS40 mt

mt 15%SDS-PAGE Lowry
5 g Kgd1 Hsp60p Kgd2

Abf2p

-40-

mt

14.4-

30-

67-
43-

94-
kDa

20.1-

Hsp60p

Abf2p

Hsp60p

Abf2p

1 2

Kgd2p

Kgd1p

Kgd2p

Kgd1p



0.56-

2.32-
2.02-

4.36-

bp

M 1 2 1 2

mtDNA

(a)

(b)

14.4-

30-

67-
43-

94-
kDa

20.1-

1 2 3 4

Hsp60p

M

Hsp60p

Fig. 2 S1 mt
(a) S1 mt mtDNA Lane 1

S1 EcoR Lane 2 S1
EcoR EtBr (b)

S1 mt Lane 1,2 S1
Lane 3,4 S1 Lane 1,3 Lane 2,4

Hsp60p
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HS40 WT 
1 2 1 2 fold change p

Abf2 DNA packaging 41 47 64 66 0.7 0.041
Rim1 Single-stranded DNA binding 26 19 27 26 0.8 0.5
Mgm101 mtDNA maintenance and repair 14 15 25 30 0.5 0.018
Ssc1 Mitochondrial chaperonin 46 44 37 32 1.3 0.0063
Hsp60 Mitochondrial chaperonin 38 34 32 32 1.1 0.075
Ilv5 Acetohydroxy acid reductoisomerase 22 24 26 22 1.0 0.35
Kgd2 -ketoglutarate dehydrogenase subunits 11 10 15 14 0.7 0.31
Kgd1 -ketoglutarate dehydrogenase subunits 13 9 33 37 0.3 0.0001
Lpd1 -ketoglutarate dehydrogenase subunits 25 26 51 51 0.5 0.00067
Lat1 Pyruvate dehydrogenase subunits 20 22 34 39 0.6 0.02
Pda1 Pyruvate dehydrogenase subunits 24 21 30 35 0.7 0.16
Pdb1 Pyruvate dehydrogenase subunits 19 17 23 22 0.8 0.4
Ald4 Mitochondrial aldehyde dehydrogenase 28 28 24 30 1.0 0.2
Aco1 Aconitase 82 82 42 42 1.5 0.0001
Atp1 F1-ATPase subunit 42 39 34 36 1.2 0.053
Atp2 F1-ATPase subunit 53 53 40 44 1.3 0.0058
Ndi1 NADH-ubiquinone-6 oxidroreductase 36 42 69 58 0.6 0.0093
Qcr1 Ubiquinol-cytochorome c reductase 2 1 29 32 0.05 0.0001
Qcr2 Ubiquinol-cytochorome c reductase 9 10 31 35 0.3 0.0001
Mrp4 Mitochondrial ribosomal protein 25 23 18 19 1.3 0.04
Mrpl17 Mitochondrial ribosomal protein 29 21 22 25 1.1 0.18
Mnp1 Mitochondrial ribosomal protein 12 15 22 18 0.7 0.16
Mdh3 Malate dehydrogenase 38 30 49 46 0.7 0.13
Rpo41 RNA polymerase 35 29 31 31 1.0 0.19
Sls1 Mitochondrial translation 4 5 3 2 1.8 0.14
Mdj1 Mitochondrial chaperonin 83 83 80 92 1.0 0.17
mtHsp10 Mitochondrial chaperonin 0.0 
Ilv6 Acetolactate synthase regulatory subunit 14 16 21 18 0.8 0.36
Idh1 NAD+-dependent isocitrate dehydrogenase 32 30 30 33 1.0 0.27
Idp1 NAD+-dependent isocitrate dehydrogenase 6 7 16 13 0.4 0.03
Cha1 L-serine/L-threonien deaminase 2 3 0.0 0.044
Lsc1 Succinate-CoA ligase subunit 5 6 3 2 2.2 0.061
Arg5,6 Arginine biosynthesis 26 25 29 32 0.8 0.46
Mip1 DNA polymerase gamma 14 14 2 2 7.0 0.0001
Yhm2 Citrate and oxoglutarate carrier protein 10 11 34 31 0.3 0.0001

Table. 1 mt

mt
fold change, p HS40 MH-7B/HS40 WT MH41-7B

MH41-7B/HS40
MH41-7B/HS40
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HS40 WT
1 2 1 2 fold change p

Ntg1 excision-repair enzyme 0.0 
Mtf1 Transcription factor 2 1 4 6 0.3 0.077
Cce1 cruciform cutting endonuclease 7 7 18 17 0.4 0.0082
Mhr1 homologous recombination 6 6 7 7 0.9 0.54
Msh1 mtDNA repair 10 10 19 22 0.5 0.021
Din7 mtDNA repair and recombination 0.0 
Nuc1 mitochondrial nuclease 20 23 27 32 0.7 0.22
Nuc2 tRNA methyltransferase 0.0 
Pif1 DNA helicase 2 2 1 4.0 0.15
Hmi1 mtDNA helicase 1 1 11 11 0.09 0.0001
IRC3 DNA helicase 3 1 16 18 0.1 0.0001
Cdc9 DNA ligase I 0 
Pim1 LON protease 46 52 40 50 1.1 0.077

Table. 2 mtDNA

mtDNA fold change,
p HS40 MH41-7B/HS40 WT MH41-7B

MH41-7B
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HS40 WT
1 2 1 2 fold change p

RSM28 Mitochondrial ribosomal protein 0 0 15 15 0.0 0.0001
MRPS17 Mitochondrial ribosomal protein 2 2 14 14 0.1 0.0001
IMG1 Mitochondrial ribosomal protein 3 3 11 10 0.3 0.0085
MRPL16 Mitochondrial ribosomal protein 0 0 12 8 0.0 0.0001
MRPL6 Mitochondrial ribosomal protein 2 1 12 13 0.1 0.0001
MRX3 Association with mitochondrial ribosome 0 0 10 12 0.0 0.0001
PET127 processing of mitochondrial RNAs 7 4 24 25 0.2 0.0001
RPM2 RNase P 2 3 13 13 0.2 0.00041
TRM1 tRNA methyltransferase 3 4 13 12 0.3 0.0037
RIP1 Ubiquinol-cytochrome-c reductase 0 0 11 9 0.0 0.0001
QCR7 Ubiquinol cytochrome-c reductase 0 0 9 13 0.0 0.0001
CAT2 Carnitine acetyl-CoA transferase 19 17 59 69 0.3 0.0001
YAT1 carnitine acetyltransferase 0 0 8 10 0.0 0.0001
SDH1 succinate dehydrogenase 7 6 24 22 0.3 0.0001
NDE2 NADH dehydrogenase 0 0 10 11 0.0 0.0001
APN1 apurinic/apyrimidinic endonuclease 0 0 10 10 0.0 0.0001
PIC2 Mitochondrial copper and phosphate carrier 5 6 16 18 0.3 0.002
YMC1 inner membrane glycine transporter 4 4 15 13 0.3 0.0024
MDL1 half-type ABC transporter 6 8 27 26 0.3 0.0001
OM45 Mitochondrial outer membrane protein 3 1 26 29 0.07 0.0001
GEM1 subunit of the ERMES complex 3 4 12 16 0.3 0.0037
YCP4 unknown function 4 5 12 17 0.3 0.0033
RAS2 GTP-binding protein 1 3 11 9 0.2 0.0024

HS40 WT
1 2 1 2 fold change p

HXK1 Hexokinase isoenzyme 1 14 18 4 4 4 0.0001
HXK2 Hexokinase isoenzyme 2 19 16 1 0 35 0.0001
GUS1 Glutamyl-tRNA synthetase 17 17 4 3 4.9 0.0001
ALA1 Cytoplasmic and mitochondrial alanyl-tRNA synthetase 12 12 4 2 4 0.00017
ENO2 phosphopyruvate hydratase 12 13 5 3 3.1 0.00059
DLD3 2-hydroxyglutarate transhydrogenase 12 13 0 1 25 0.0001
PFK2 heterooctameric phosphofructokinase 26 29 8 6 3.9 0.0001
TMA19 association with ribosomes 12 9 2 3 4.2 0.00036
IML2 clearance of inclusion bodies 11 13 0 1 24 0.0001
HEM14 Protoporphyrinogen oxidase 14 13 2 2 6.8 0.0001
HSC82 Chaperonin 13 14 4 4 3.4 0.00021

Table. 3

fold change, p HS40 MH41-7B/HS40
WT MH41-7B MH41-7B

MH41-7B/HS40
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HS40 WT

1 2 1 2 fold 
change p

Cox2 cytochrome c oxidase 7 8 0 0.0001
Cox1 cytochrome c oxidase 0
Cox3 cytochrome c oxidase 0
Var1 Mitochondrial ribosomal protein 8 9 0 0.0001
atp6 F0-ATPase subunit 0
atp8 F0-ATPase subunit 0
atp9 F0-ATPase subunit 0
COB cytochrome b 0

Table. 4 mtDNA

mtDNA fold change, p
HS40 MH41-7B/HS40 WT MH41-7B
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DAPI mt
mt

mtDNA mtDNA
mtDNA

ori5 HS40 mt HS40 
mt mtDNA

mtDNA
HS40 mt mt

mt
mt hypersuppressive 

(Lockshon et al. 1995) mtDNA mt
mtDNA mtDNA

mt mt
mtDNA mt

Twinkle
mt mtDNA

(Goffart et al. 2009) mtDNA
mt mtDNA mt

mt
mt 35 mt

mt 4
mt

mt mt

mt
mt

mt mt
mt

mt
mtDNA mt
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