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1. DNA 々  

々

DNA 々

々

々 DNA 々 々

Ⅴ 々 Ⅴ ㎲ 々 々

Y DNA 々

々 Bell and 
Dutta 2002  

オ 々 DNA 々
DNA 々 ├

DNA さ

├ ├

├ ↓

├ 々

DNA 々

よ

㌹ ㈻

々

Rothstein et al., 2002, Fig.1  
々 々

Fig.1 さ

100bp/s 々

々 ↓

々

(Elledge et al., 1996, Melo et 
al., 2002, Nyberg et al., 2002) ┞

々

(Asai et al., 1994)
々

↓ (Kolodner et al., 2002) 50%  
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Fig.1. 複製フォークの進行阻害とそのバックアップ機構 

Ⅴ 々  
々 よ 々

さ ↓
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p53
┘

Culotta 1993, Harris 1993 々

┞ DNA々
さ  

 
 
2. 々  

DNA 々 々 Ⅴ 々 Ⅴ

ARS Automonous Replication Sequence
Yamashita et al., 1997, Raghuraman et al., 2002

々 Ⅴ kb
AT

(Bell 2002) 々 々 Ⅴ

々 Ⅴ ORC(Origin 
Recognition Complex) ORC 々

々 Orc1-6p (Bell 2002, Dutta 
et al., 2002) ORC 々

G1 ORC Cdc6p Mcm2-7p Cdt1 々 Ⅴ

pre-RC pre-replication complex S
S (CDK) Cdc7p/dbf4

pre-RC (Bell 2002, Dutta et al., 2002)
㎲ DNA よ DNA loading

 
々 S 々

CDK ├ ORC
Mcm2-7p Cdc6p よ ORC

pre-RC 々 Ⅴ 々 Ⅴ ORC
post-RC (Nguyen et al., 2001, Fig.2. ) S

々 々 Ⅴ CDK G1
pre-RC

S 々 Ⅴ 々 2
ORC Cdc6p Mcm2-7p

pre-RC 々 Ⅴ

ふ Nguyen et al., 2001, Vaziri et al., 
2003  
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Fig.2. 複製開始制御機構 

々 オ ┘ 々 Ⅴ

々 々

よ 々 Ⅴ 々 々

々 Ⅴ

々 Ⅴ

┘ 々 Ⅴ

々 Ⅴ

初期複製起点 

後期複製起点 
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々 S 々 Ⅴ

Fig.2 々 Ⅴ S
々 々 Ⅴ early origin 々 Ⅴ(late origin)

❻ 々 Ⅴ dormant origin
Raghuraman et al., 2002 ㈻ 々 Ⅴ ㎰

early origin
late origin

Vogelauer et al., 2002
dormant origin ❻

Raghuraman et al., 2002 々

Ⅴ ├ ORC 々 Ⅴ 々

Lipford et al.,2001
々

Ⅵ DNA
late origin Shirahige et al., 1998

々 Ⅴ 々

々

々 Ⅴ

 
々 オ

々 Ⅴ

々  
 
 
3. 々  
々 Ⅴ 々 Ⅴ

↓

々 Ⅴ

↓

Elbe et al., 1992, Bruschi 
et al., 1995, Jacobson et al., 2001, Watanabe et al., 2002, Tanaka et al., 2002, 
Lengronne et al., 2002, Huang et al., 2003 々

pre-RC ㈻ Orc1-6p,Cdc6p,Mcm,Cdt1
CDK G

pre-RC レ

々 ⑾
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ふ Spruck et al., 1999, Ekholm-Reed., 2004, Bartkova et al., 
2005  

pre-RC ORC Orc1p
N ❻ 401T C Ⅴ ↓ orc1-4 Orc2p
C ❻ 1808C T Ⅴ ↓ orc2-1

orc1-4 ❻ orc2-1
Jasper Rine Bruce Stillman Bell et al., 
1993, Foss et al., 1993, Hori et al., 1996 ORC

々 late origin S
3 ㎲ URA3

Loss Of Heterozygosity

Watanabe et al., 2002, Fig.3  
々

DNA

Watanabe et al., 2002, Fig.3 orc1-4 orc2-1 セ

(orc1-4 37Υ/orc2-1
26Υ) G1 S

々

G2/M
Fig.4-1.A.B DNA

DNA々 ㊪

㊪ さ Fig4-2 ふ G2/M
DNA RAD9
よ RAD9

セ orc1-4 orc2-1
Rad53p

Fig.4-1.A.B
2 orc DNA

orc2-1 37Υ 々

G1 S
S Rad53p Fig.4-1.C

DNA 々

々 DNA  
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Fig.3. 複製開始制御が乱れた時に誘発するチェックポイント制御の機能 

よ
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Fig.4-1. orc変異株で誘発されるチェックポイント応答 

  A  B orc1-4 (A) orc2-1 (B) セ

orc1-4 37ºC orc2-1 26ºC Rad53p
FACSよ ㍂

㍂ DNA 1C G1 2C G2
S orc1-4 2C G1 4C G2

orc1-4 orc2-1 G2
G2/M Rad53p Rad53p

Rad53p Rad53p C ❻ HA-tag
HA Rad53p orc1-4

ふ orc2-1 セ 23 Rad53p
ふ  

C orc2-1 37 Rad53p 26
37 々 G1

S S 2 Ⅴ Rad53p
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Fig.4-2. 出芽酵母の細胞周期チェックポイントの経路についての概略図 

  々 ㊪

㊪ オ 々 々

㊪ オ ㊪ さ オ

々 々

々

 

修復機能の活性化  
細胞周期の停止  など  
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よ

URA3
RAD9 ├

ふ 々

 
々

orc

よ モ ├

よ

Fig.5.A.B orc

UV
ふ orc

Yca1p

ふ

Weignberger et al., 2005, Burhans et al., 2003
├

々

Fig.3  
々 ⑾

orc ⑾ ぜ orc
々 レ

よ
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Fig.5. DNA損傷チェックポイントによる細胞周期の停止と細胞死プログラムの発動

∆

よ

よ

∆ よ ふ

∆ モ

º オ ㎰

├ ㎰
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4.  
orc1-4 37Υ 24 3 URA3

1,000 4.5
4.5 10-3, Fig.6-1.C 20

24
12

Fig.6-1.A orc1-4
ふ 2 12

12
0.1~1 12

々

(Fig.6-1.C) 12 orc orc2-1
ふ Fig.7.B  

orc1-4 12
ふ orc1-4 2.5 Ⅴ

5 12
Fig.6-1.B よ

10
12

Fig.6-1.C 12
RAD9 2.5

Fig.6-1.B 12
DNA

っ

 
12 500kb

12
rDNA rDNA rRNA

9.1kb rDNA 150
Fig.6-2 100

rRNA
500kb 12

rDNA
12  
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Fig.6-1. orc1-4変異株で極度の不安定性を示す第12番染色体 

よ よ

オ オ ㎰

4.5×105 
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Fig.6-2. 出芽酵母のrDNA領域の構造

々 Ⅴ 々

Ⅴ 々 Ⅴ

㌹ 々

㎲

ARS: 複製起点  

RFB: 複製阻害点 
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5.  
rDNA ぜ ↓ぜ

orc1-4 37Υ 24 Surviving 
Cells SvC 6 (SvCa-f) 4

SvCa,b,c,f
Fig.6-3 3 SvCa,c,f  

rDNA  ( Data
Fig.6-1~3 ㎰ ) 
 

々 rDNA
Ⅴ ふ rDNA

レ ┘  
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Fig.6-3. orc1-4変異株における温度耐性を獲得した生残菌の出現 

セ

オ

㎰

orc1-4 SvC 

a b c d e f 

Chr XII 

Chr XII 

Chr XII 
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1.  

Saccharomyces cerevisiae
S288c DNA々 W303
Escherichia coli ぜ K-12 DH5

1 オ

37Υ  
 
2. DNA 

オ  
 
1)  YIp211-orc2-1  

orc2-1 DNA ㎰

YIp-211 (Gietz et al.,1988)
ORC2 1863 bp 1808 ┘ C T orc2-1

C ❻ ∞ 1056 bp HindIII-XbaI ∞  
 
2) pU6H3HA 

pU6H3HA Antoni et al.,2000 HA ┘ C ❻

pUG6 6His3HA
∞ G418
Kanr PCR RAD53 C ❻

HA  
 
3) pRDN-hyg1 

pRDN-hyg1 Chernoff et al.1994 rDNA
35S rRNA

rDNA
URA3

 

 
4) pNOY102 

pNOY102 Nogi et al., 1991 35S rRNA
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GAL7 ㎲ ″

″ OFF
ON  

 
3. モ  

MiliQ よ  
モ オ NaCl MgCl2

モ

♣ Agar peptone yeast extract
Difco♣ モ オ

オ w/v  
オ TAKARA♣  
Molecular Cloning (Sambrook et al.,2001) オ

LB 1%Bacto-trypton, 0.5%Bacto-yeast 
extract,0.5%NaCl Bacto-agar 1.5%

モ 100 g/ml
 

 
Methods in Yeast Genetics (Burke et al.,2000) オ

YPD 1%Bacto-yeast extract, 
2%Bacto-peptone, 2%Glucose さ SC

0.67%Bacto-yeast nitrogen base without amino acids, 0.2%comlete 
mix,2%Glucose; pH7.0 SC drop-out

drop out mix
Bacto-agar 2.0% GENETICIN( G418)

オ 500
g/ml  

 
 
4. DNA  

DNA Quantum 
Prep Plasmid Mini prep Midi prep (BIO-RAD♣)

DNA Gen
TAKARA♣ PCR

♣ ォ

DNA 1 TE 10mMTris HCl pH8.0, 1mMEDTA DNA
1/10 TE よ  
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5.  

Molecular Cloning (Sambrook et al.,2001) オ

Agarose LO3(TAKARA♣) DNA 0.7% 2.0%
TAE 40mM Tris-acetate, 2mMEDTA;pH8.5

♣ 50V
100V 30 60 0.5 g/ml

20 DNA UV
♣ DNA ふ  
 
6. ㈻㌹  

DNA
Molecular Cloning (Sambrook et al.,2001) オ

DNA
Burke et al., 2000 ㈻㌹

㎲ ├ DNA  
 
7. PCR 

オ PCR DNA  
95Υ3 DNA 95Υ30 55Υ30 72Υ 1kb 1

30 50 l
TAKARA EX Taq polymerase 10 EX Taq Buffer dNTP

PERKIN ELMER♣Model 9600
1 EX Taq Buffer 200 M dNTP 0.5 M primer 0.05unit/ l EX Taq DNA 

polymerase DNA 40ng 140ng
PCR  

 
8. DNA  

PCR DNA ∞ ABI PRIZMTM Dye 
Primer Cycle sequencing Kit(PERKIN ELMER ♣)

よ Applied Biosystems♣ DNA
 

 
9.  

FACSよ
YPD O.D.=0.1 Ⅴ 0

O.D. BECKMAN ♣ DU640 600nm
♣ ゝ ∟ ゝ
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YPD 100 200
2 4 23Υ ゝ cfu 

(colony forming unit ) 23Υ
O.D.=1 3 orc

23Υ セ 26Υ 30Υ 37Υ セ

 
 
 
10. orc2-1  

㈻㌹  
YIp211-orc2-1 DNA SalI ├ DNA ∞ Methods 

in Yeast Genetics (Burke et al., 2000)
㈻㌹ URA3 Two-step Gene 

Replacement DNA
PCR URA3 ORC2

KpnI PCR
YPD

30Υ Pop-out
30Υ  

orc2-1  
orc2-1 orc2-1

㎰ DNA DNA 2  
 
 
11. FACS よ  

FACS よ Longhese Paciotti et al.,1995
 

 
12. Rad53p  

Rad53p Rad53p
Rad53p C ❻ HA –tag

HA Rad53p レ

 
 
1) RAD53 C ❻ HA-tag  
a) PCR ∞  

RAD53 C ❻ HA-tag pU6H3HA
PCR PCR Kanr
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HA-tag ∞ dRAD53-6H3HAf
dRAD53-6H3HAr 2 PCR 5’

RAD53 C ❻

ORF ┞ 75nt 3’
pU6H3HA Kanr ┞

PCR RAD53
HA-tag ∞ 10ng PCR

∞ ㈻㌹  
 
 
b) RAD53 C ❻ HA-tag  
オ DNA ∞ Saccharomyces Genome Deletion Project

┘ DNA ∞

YPD/G418
YPD/G418

YPD/G418  
 
c) HA-tag  

RAD53 C ❻ HA-tag PCR
┘ ∞ PCR
∞ Kanr HA-tag ∞ ㈻㌹

dRAD53-4 dRAD53-7
HA-tag HA-tag dRAD53-4 RAD53-7 PCR

dRAD53-4 Cycle sequence  
 
 
2) ㈻  

Rad53p-HA ㈻ TCA Paciotti et 
al.,1998 CS-6 centrifuge Beckman ♣
1O.D.600 3,000rpm 5 1ml

3,000rpm 5 20%TCA(
) ml TCA
よ 3,000rpm 5
5 TCA 100µl 2

├ 0.5mm 150mg 200mg
2,000rpm 30S 60S 4

26G 15ml
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3,000rpm 1 5 TCA 50 l
5%TCA 2 3,000rpm 

10 TCA 2 SDS-buffer 
100mM Tris HCl, 4%SDS, 0.2%BPB,20%Glycerol, 200mM DTT 15 l

TCA
SDS-buffer 0.5M Tris HCl (pH8.0) 15 l SDS-buffer

┘

よ ㈻ SDS-buffer
95Υ 5 3,000g 10  

4Υ
-80Υ 4Υ

Rad53p よ  
㈻ bovine serum albmin (BSA)

Bio-Rad♣ Bradford Protein Assay System
1O.D.600 150 250µg ㈻

 
 
3).  
a) SDS-PAGE  

SDS-PAGE Mini-PROTEIN Bio-Rad
♣ モ

Molecular Cloning (Sambrook et al., 2001) Rad53p
Resolving gel 8  Stacking gel 5% ㈻ SDS-buffer

SDS-PAGE 200V 40
Rad53p ㈻ 10 g  

 
b) HA  

Rad53p-HA HA-tag
HA Roche♣

- HA
-

HA
Rad53p  

SDS-PAGE PVDF Millipore ♣ ㈻

㌹ ㌹ ㌹

Bio-Rad ♣ ㌹ 1
SDS-PAGE 1 SDS-PAGE 20
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Model200/2.0 Power Supply (Bio-Rad♣) 100V
㈻ ㌹  

㌹ PVDF 5 TBS
1 4Υ o/n HA

1 TBST 1
PVDF 1/1,000

ECL Amarsham-Pharmacia ♣
ECL Amarsham-Pharmacia

♣ ECL  
 
13. Rad53p  

Rad53p Rad53p
Neecke et 

al., 1999 Ⅴ HA-tag さ

┤ Ⅴ ふ Ⅴ

 
SDS-PAGE

Rad53p 1 25µg
192mM glycine

25mM Tris 7M
4ºC 15

Rad53p -32P ATP ㎲

Rad53p
Rad53p HA-tag

 
 
14.  
  DNA DNA 

Burke et al., 1987
Agarose Low Melting Preparative Grade Bio-Rad♣ 0.6% 

12 よ 3O.D.600

々 12
よ  

CHEF MapperTM XA Pulsed Field Electrophoresis System Bio-Rad
♣ Pulsed Field Certified Agarose Bio-Rad♣

14ºC

30 DNA 20  MiliQ
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UV DNA ふ

 
 
 Chr XII よ  Chr XII よ  

 1 TAE 0.5 TBE 
 0.8% 1.0% 

CHEF  CHEF Mapper XA CHEF Mapper XA 
 Blk1:20min-22min53s, 

2.0v/cm, 106º, 72h 
Blk2: 25s-2min26s, 6.0v/cm, 

120º, 7.5h  

Blk1: 0.2s-266s, 6.0v/cm 120º, 
15.2h 

 Probe058 for Chr XII 
(YLL058 ) 

Probe058 for Chr XII 
 ProbeMCM2 for Chr II 

 
 
15.  
a) ㌹  

Hybond-N
♣ ㌹ 12 よ Vacuum transfer

Bio-Rad♣ 5Hg 90
12 よ capillary transfer  

Molecular cloning Sambrook et al.,2001 16
㌹  
 
b) DNA  

DNA PCR QIAquickTM Gel Extraction Kit
QIAGEN♣ 2

PCR ∞ ㎲ 12
よ Non-RI Gene Image random prime labeling 

module Amarsham-Pharmacia♣ 12
よ RI Random Primer DNA Labeling Kit ver.2.0 TAKARA

♣  
 
c)  

DNA ㌹

12 よ Gene Images CDP-Star 
detection module Amarsham-Pharmacia♣

12 Hybond-N
Amarsham-Pharmacia ♣
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(RI)  
 
16. モ  

2.0 106cells/ml
5 5µl

10,000cells 2,000cells 400cells 80cells
16cells オ 2.5 
┷ UV

 
 
17.  

orc
YPD セ

orc1-4 37Υ 24
orc2-1 26Υ 12

 
 
18. rDNA  

rDNA pRDN-hyg1
Chernoff et al., 1994, レ

300µg/ml
YPD 3 5

YPD 80Υ  
 
19. rDNA  

glass beads DNA Methods of Yeast 
Genetics beads beater

3 4 DNA 400ng
BglII rDNA 1 1 TAE

1.0% capillary transfer ㌹

rDNA probeC
MCM2 probeMCM2

150 ┘ probeC/probeMCM2
rDNA  

 
20. Orc2p  

㈻ Rad53p TCA Resolving 
gel : 6% Ⅴ Rad53p SDS-PAGE PVDF
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㌹ 100kD 2 100kD
Orc2p 100kD

Mcm2p Santa Cruz♣ 5
TBST

1 ECL
-ECL  
 
21.  

YCplac111 ARS1 pRS414 ARSH4
23Υ SC SC-trp

SC SC-leu 23Υ

Dani et al., 1983  
 
22. α  
 23Υ YPD YPD pH4.0 0.5%

α 3.0µM 23Υ 4
Naljen♣ YPD 20µg/ml

E YPD 23Υ  
 
23.  

a)  
8 107 1M Sorbitorl, 0.1M 

EDTA pH7.5, 0.1%NaN3 Zymolyase 0.6mg/ml
37ºC 30 1% Sea Plaque 

GTG agarose, 0.1M EDTA pH8.0 4ºC 20 100µl 1
ES 0.5M EDTA pH9.0, 1% N-
Proteinase K 1mg/ml 50ºC  

 rDNA ARS NheI 4 ARS1
NcoI DNA

 
 

b)  
┘ 0.4% 1 TBE 1.3V/cm 

14  DNA
┘ 1.2%

0.3µg/ml ㎲ 0.3µg/ml 
1 TBE 6V/cm 6  4ºC
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┘ DNA 
Brewer et al., 1987  

 
c)  

Hybond-N Amarsham-Pharmacia
♣ ㌹ rDNA ARS (probe3 ; 
Kobayashi 2002) ARS1  
 
 
 
24. rRNA ㌹  

rDNA pRDN-hyg1
rDNA

pRDN-hyg1
rDNA

rRNA ㌹

rRNA rRNA rDNA
rDNA ㌹  
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表 1. 菌株リスト  

オ

 

orc1-4
YMJ11 ㎰

YKU34 ㎰

YKU23 leu2∆1 ura3-52 his3∆200 ade2∆hisG ㎰

YMJ15 YMJ11 except orc1-4 ㎰

YSI7 YMJ15 except rad53::RAD53-6His3HA-KanMX6
YSI12 YSI7 except pRDN-hyg1 
YMJ25 YKU34 except orc1-4 ㎰

YMJ26 YKU23 except orc1-4 ㎰

YMJ35 ㎰

YMJ36 ㎰

RD300

RD301
RD603 RD301 except orc1-4/orc1-4
RD613 RD301 except orc1-4/orc1-4 rad9∆/rad9∆ YMJ36
RD702 RD300 except orc1-4/orc1-4 pRDN-hyg1
RD703 RD300 except orc1-4/orc1-4  pRDN-hyg1 hygr

orc2-1
NOY408-1b MAT a ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100

NOY408-1bf NOY408-1b except fob1∆:: HIS3
NOY408-1bf30 NOY408-1bf except 30copy number of rDNA
YNV1 NOY408-1b except orc2-1 ㎰

YNV2 NOY408-1bf except orc2-1 ㎰

YNV7 YNV1 except kanMX
YNV13 YNV1 except pRDN-hyg,1 hygr, rdn∆
YNV14 YNV1 except rdn∆
YNV15 NOY408-1bf30 except orc2-1
rDNA
TAK320 NOY408-1bf except 80copy number of rDNA
TAK317 NOY408-1bf except 40copy number of rDNA
TAK300 NOY408-1bf except 20copy number of rDNA
TAK417 TAK317 except pRDN-hyg1, hygr

TAK400 TAK300 except pRDN-hyg1, hygr

treated with

YMJ11 except 205::URA3

YMJ25 except rad9∆
YMJ26 except rad9∆

LEU2/leu2∆1 ura3-52/ura3-52
RD300 except III-205:: URA3

MATa  ura3-52 trp1∆63 lys2∆202  ade2∆::hisG 314::ADE2

表1 菌株のリスト
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表２. プライマーリスト  

pU6H3HA!"#$RAD53%&'C(!)*tag+,-"*./01234516

pU6H3HA!"#$RAD53%&'C(!)*tag+,-"*./01234526

orc2-178*+,!9:;<$=*>3?@A5?BCD"12345

12EFGH*>3I#J*KLM";<probe058*./01234516

12EFGH*>3I#J*KLM";<probe058*./01234526

12EFGH*NO#JPrDNA*QR5S!TU;<KLM";<probeC*./01234516

12EFGH*NO#JPrDNA*QR5S!TU;<KLM";<probeC*./01234526

12EFGH*NO#JPrDNA*QR5S!TU;<KLM";<probeMCM2*./01234516

12EFGH*NO#JPrDNA*QR5S!TU;<KLM";<probeMCM2*./ 01234526

2EFGHVLW<ARS1*$/XYZ[!\]<^LM";<probeARS1*./ 01234516

2EFGHVLW<ARS1*$/XYZ[!\]<^LM";<probeARS1*./01234526

drDNA-C2

dMCM2-f

dMCM2-r

12345_

dorc2

dRYLLD58W

drDNA-C1

dF2610

dFYLLD58W

`a0 6
ATTGATCCTAGTAAGAAGGTT

AAAAGGGCAAAATTGGACCAA

ACCTCAAAAGGCCCCGAGAAT

TTGCAATTTTCGTCCCACCAC

CATCATCATCAC
TGAATTCTGAGTATTGGTATCT

ACCATCTTCTCTCTTAAAAAG

GGGCAGCATTTTCTATGGGTA

TTTGTCCTTGGACTATAGGGA

GACCGGCAGATC

RAD53%&'C(!)*tag+,*9:01234516 AACGACTTGGTAGAGTCACCG

M"%b

dRAD53-9

dorc1

dRAD53-6H3HAf

dRAD53-6H3HAr

dRAD53-8

AATTCAACGCGTCTGTGAGG

GAATGTTGAACTCTGCGGTTATCC

TTATACCTCCAAGCAAGGTTACGG

RAD53%&'C(!)*tag+,*9:01234526

ACGCGGATCCGCTGCCAATCATATCGGTTCTC

ORC2%&'`aC(!*cd01234526 ACGCGGATCCGCAAGGACACAGGAAGGTAGTGC

GGAATCTATCCGCTAACACAGG

ORC2%&'C(!`a*cd01234516

ACCACACTCCTACCAATAACGG

AACTACAGTTGATCGGACGG

ACGTGAGGAAGATGATTCGG

TGACCATAGATAGACGGTGCC

dARS1-f TGGTGTTGATGTAAGCGGAGG

dARS1-r TCTCGCATTGATGAGGCAACG
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1. orc2-1  

 orc1-4 ふ orc2-1
rDNA ┞

 
orc2-1 セ 26Υ 12
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Fig.7. orc2-1変異株の高温生残菌とrDNA短縮の関係 
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Fig.8. rDNA領域のコピー数を減少させる方法 
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Fig.9. rDNA領域を短縮させると、orc2-1変異株の温度感受性は抑制される
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Fig.10. rDNA領域を短縮させると、orc2-1変異株の温度感受性は抑制される
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Fig.11. rDNA領域を短縮させると、orc2-1変異株での 

DNA損傷チェックポイントが誘発されにくくなる

よ

ば
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Fig.12. rDNA領域を短縮させると、 

orc1-4変異株の温度感受性は抑制される
モ

よ
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Fig.13. rDNA領域を短縮させても、 

ゲノム全体の複製起点の活性は上昇しない 
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Fig.14. orc2-1変異株では、12番染色体の複製は顕著に遅くなっており、 

その遅れはrDNA領域のコピー数を減少させることで解消される 
々

Ⅴ

オ
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Fig.15. orc2-1変異 rDNA 々 Ⅴ  
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Fig.16. rDNA領域の複製の状況 
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Fig.17. orc2-1変異株でスポットとして観察された複製中間物 
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Fig.18. 複製開始制御が乱れた時、 

脆弱なrDNA領域を中心に起こる現象のまとめ 
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Fig.19. アルキル化剤により傷害を受けた時、rDNA領域のコピー数が減少しても、 

正常にDNA損傷チェックポイントが誘導される 
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Fig.20. rDNA領域のコピー数の減少に伴って、 

アルキル化剤や紫外線に対して段階的な感受性を示す 
モ

モ
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Fig.21. rDNA短縮株では、35S rRNA遺伝子当たりの転写量が上昇している
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Fig.22.染色体上のrRNAの転写を止めることやrRNAを供給することで、 

rDNA短縮株のアルキル化剤に対する感受性が抑制される
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Fig.23.染色体上のrRNAでの転写レベルがrDNA短縮株の 

ＭＭＳ感受性に深く関与している 



 70 

 

❻

┷ ㈱

♡

ぜ

rDNA
㈱

orc1-4 orc2-1
Rad53p HA

Orc2p

 

ば  
 



 71 

 

 
(Paper) 
1. Aguilera,  A. 2002. The connection between transcription and genomic 

instability. Embo J 21:195-201. 
2. Asai, T. , D. B. Bates, and T. Kogoma. 1994. DNA replication triggered 

by double-stranded breaks in E. coli: dependence on homologous 
recombination functions. Cell 78:1051-1061. 

3. Bartkova, J., Z. Horejsi, K. Koed, A. Kramer, F. Tort, K. Zieger, P.  
Guldberg, M. Sehested, J. M. Nesland, C. Lukas, T. Orntoft, J. 
Lukas, and J. Bartek. 2005. DNA damage response as a candidate 
anti-cancer barrier in early human tumorigenesis. Nature 434:864-870. 

4. Bell, S. P.  2002. The origin recognition complex: from simple origins to 
complex functions. Genes Dev 16:659-672. 

5. Bell, S. P. ,  and  A. Dutta. 2002. DNA replication in eukaryotic cells. 
Annu Rev Biochem 71:333-374. 

6. Bell, S. P. , R. Kobayashi, and B. Stillman. 1993. Yeast origin 
recognition complex functions in transcription silencing and DNA 
replication. Science 262:1844-1849. 

7. Brewer,  B. J., and W. L. Fangman. 1988. A replication fork barrier at 
the 3' end of yeast ribosomal RNA genes. Cell 55:637-643. 

8. Brewer,  B. J., and W. L. Fangman. 1987. The localization of 
replication origins on ARS plasmids in S. cerevisiae. Cell 51:463-471. 

9. Bruschi, C. V., J. N. McMillan, M. Coglievina, and M. S. Esposito. 
1995. The genomic instability of yeast cdc6-1/cdc6-1 mutants involves 
chromosome structure and recombination. Mol Gen Genet 249:8-18. 

10. Burhans, W. C., M. Weinberger, M.  A. Marchetti, L. 
Ramachandran, G. D'Urso,  and J.  A.  Huberman. 2003. 
Apoptosis-like yeast cell death in response to DNA damage and replication 
defects. Mutat Res 532:227-243. 

11. Burke, D. T. , G. F. Carle, and M. V. Olson. 1992. Cloning of large 
segments of exogenous DNA into yeast by means of artificial chromosome 
vectors. 1987. Biotechnology 24:172-178. 

12. Chernoff,  Y.  O.,  A. Vincent, and S. W.  Liebman. 1994. Mutations in 
eukaryotic 18S ribosomal RNA affect translational fidelity and resistance 
to aminoglycoside antibiotics. Embo J 13:906-913. 

13. Culotta, E., and D. E. Koshland, Jr.  1993. p53 sweeps through cancer 



 72 

research. Science 262:1958-1961. 
14. Dani, G. M., and V.  A. Zakian. 1983. Mitotic and meiotic stability of 

linear plasmids in yeast. Proc Natl Acad Sci U S A 80:3406-3410. 
15. De Antoni,  A.,  and D. Gallwitz. 2000. A novel multi-purpose cassette 

for repeated integrative epitope tagging of genes in Saccharomyces 
cerevisiae. Gene 246:179-185. 

16. Deshpande, A. M.,  and C. S. Newlon. 1996. DNA replication fork 
pause sites dependent on transcription. Science 272:1030-1033. 

17. Dutta,  A., and S. P.  Bell. 1997. Initiation of DNA replication in 
eukaryotic cells. Annu Rev Cell Dev Biol 13:293-332. 

18. Ekholm-Reed, S., J. Mendez, D. Tedesco,  A. Zetterberg, B. 
Stillman, and S. I. Reed. 2004. Deregulation of cyclin E in human cells 
interferes with prereplication complex assembly. J Cell Biol 165:789-800. 

19. Elble, R., and B. K. Tye. 1992. Chromosome loss, hyperrecombination, 
and cell cycle arrest in a yeast mcm1 mutant. Mol Biol Cell 3:971-980. 

20. Elledge, S. J. 1996. Cell cycle checkpoints: preventing an identity crisis. 
Science 274:1664-1672. 

21. Foss, M., F.  J. McNall y,  P.  Laurenson, and J. Rine. 1993. Origin 
recognition complex (ORC) in transcriptional silencing and DNA 
replication in S. cerevisiae. Science 262:1838-1844. 

22. Frederico, L.  A., T.  A. Kunkel, and B. R. Shaw. 1990. A sensitive 
genetic assay for the detection of cytosine deamination: determination of 
rate constants and the activation energy. Biochemistry 29:2532-2537. 

23. French, S. L., Y.  N. Osheim, F.  Cioci, M. Nomura, and A. L. Beyer.  
2003. In exponentially growing Saccharomyces cerevisiae cells, rRNA 
synthesis is determined by the summed RNA polymerase I loading rate 
rather than by the number of active genes. Mol Cell Biol 23:1558-1568. 

24. Ganle y,  A. R., K. Hayashi, T.  Horiuchi, and T. Kobayashi. 2005. 
Identifying gene-independent noncoding functional elements in the yeast 
ribosomal DNA by phylogenetic footprinting. Proc Natl Acad Sci U S A 
102:11787-11792. 

25. Gietz, R. D., and  A. Sugino. 1988. New yeast-Escherichia coli shuttle 
vectors constructed with in vitro mutagenized yeast genes lacking six-base 
pair restriction sites. Gene 74:527-534. 

26. Harris, C. C. 1993. p53: at the crossroads of molecular carcinogenesis and 
risk assessment. Science 262:1980-1981. 

27. Hennessy,  K. M.,  A. Lee,  E. Chen, and D. Botstein. 1991. A group of 
interacting yeast DNA replication genes. Genes Dev 5:958-969. 



 73 

28. Hori,  Y. , K. Shirahige, C. Obuse, T.  Tsurimoto, and H. 
Yoshikawa. 1996. Characterization of a novel CDC gene (ORC1) partly 
homologous to CDC6 of Saccharomyces cerevisiae. Mol Biol Cell 7:409-418. 

29. Huang, D., and D. Koshland. 2003. Chromosome integrity in 
Saccharomyces cerevisiae: the interplay of DNA replication initiation 
factors, elongation factors, and origins. Genes Dev 17:1741-1754. 

30. Jacobson, M. D., C. X. Munoz, K. S. Knox, B. E. Williams, L. L. 
Lu, F.  R. Cross, and E.  A. Vallen. 2001. Mutations in SID2, a novel 
gene in Saccharomyces cerevisiae, cause synthetic lethality with sic1 
deletion and may cause a defect during S phase. Genetics 159:17-33. 

31. Kaliraman, V., and S. J. Brill. 2002. Role of SGS1 and SLX4 in 
maintaining rDNA structure in Saccharomyces cerevisiae. Curr Genet 
41:389-400. 

32. Katou, Y. ,  Y.  Kanoh, M. Bando, H. Noguchi, H. Tanaka, T.  
Ashikari, K. Sugimoto, and K. Shirahige. 2003. S-phase checkpoint 
proteins Tof1 and Mrc1 form a stable replication-pausing complex. Nature 
424:1078-1083. 

33. Kobayashi, T. ,  D. J.  Heck, M. Nomura, and T. Horiuchi. 1998. 
Expansion and contraction of ribosomal DNA repeats in Saccharomyces 
cerevisiae: requirement of replication fork blocking (Fob1) protein and the 
role of RNA polymerase I. Genes Dev 12:3821-3830. 

34. Kobayashi, T. , and T. Horiuchi. 1996. A yeast gene product, Fob1 
protein, required for both replication fork blocking and recombinational 
hotspot activities. Genes Cells 1:465-474. 

35. Kobayashi, T. , M. Nomura, and T. Horiuchi. 2001. Identification of 
DNA cis elements essential for expansion of ribosomal DNA repeats in 
Saccharomyces cerevisiae. Mol Cell Biol 21:136-147. 

36. Kolodner, R. D., C. D. Putnam, and K. Myung. 2002. Maintenance of 
genome stability in Saccharomyces cerevisiae. Science 297:552-557. 

37. Laloraya, S., V.  Guacci, and D. Koshland. 2000. Chromosomal 
addresses of the cohesin component Mcd1p. J Cell Biol 151:1047-1056. 

38. Lengronne, A., P.  Pasero,  A. Bensimon, and E. Schwob. 2001. 
Monitoring S phase progression globally and locally using BrdU 
incorporation in TK(+) yeast strains. Nucleic Acids Res 29:1433-1442. 

39. Lengronne, A., and E. Schwob. 2002. The yeast CDK inhibitor Sic1 
prevents genomic instability by promoting replication origin licensing in 
late G(1). Mol Cell 9:1067-1078. 

40. Linskens, M. H., and J.  A. Huberman. 1988. Organization of 



 74 

replication of ribosomal DNA in Saccharomyces cerevisiae. Mol Cell Biol 
8:4927-4935. 

41. Lipford, J. R., and S. P. Bell. 2001. Nucleosomes positioned by ORC 
facilitate the initiation of DNA replication. Mol Cell 7:21-30. 

42. Melo, J., and D. Toczyski. 2002. A unified view of the DNA-damage 
checkpoint. Curr Opin Cell Biol 14:237-245. 

43. Muller,  M.,  R.  Lucchini, and J. M. Sogo. 2000. Replication of yeast 
rDNA initiates downstream of transcriptionally active genes. Mol Cell 
5:767-777. 

44. Neecke, H., G. Lucchini, and M. P.  Longhese. 1999. Cell cycle 
progression in the presence of irreparable DNA damage is controlled by a 
Mec1- and Rad53-dependent checkpoint in budding yeast. Embo J 
18:4485-4497. 

45. Nguyen, V. Q., C.  Co,  and J. J. Li. 2001. Cyclin-dependent kinases 
prevent DNA re-replication through multiple mechanisms. Nature 
411:1068-1073. 

46. Nogi,  Y. , L. Vu, and M. Nomura. 1991. An approach for isolation of 
mutants defective in 35S ribosomal RNA synthesis in Saccharomyces 
cerevisiae. Proc Natl Acad Sci U S A 88:7026-7030. 

47. Nyberg, K.  A.,  R. J. Michelson, C. W. Putnam, and T.  A. Weinert.  
2002. Toward maintaining the genome: DNA damage and replication 
checkpoints. Annu Rev Genet 36:617-656. 

48. Osborn,  A. J., and S. J. Elledge. 2003. Mrc1 is a replication fork 
component whose phosphorylation in response to DNA replication stress 
activates Rad53. Genes Dev 17:1755-1767. 

49. Paciotti, V. , G. Lucchini, P.  Plevani,  and M. P.  Longhese. 1998. 
Mec1p is essential for phosphorylation of the yeast DNA damage 
checkpoint protein Ddc1p, which physically interacts with Mec3p. Embo J 
17:4199-4209. 

50. Pasero, P. ,  A. Bensimon, and E. Schwob. 2002. Single-molecule 
analysis reveals clustering and epigenetic regulation of replication origins 
at the yeast rDNA locus. Genes Dev 16:2479-2484. 

51. Raghuraman, M. K.,  E.  A. Winzeler,  D. Collingwood, S.  Hunt, L. 
Wodicka,  A. Conwa y, D. J. Lockhart, R. W. Davis,  B. J. Brewer,  
and W. L. Fangman. 2001. Replication dynamics of the yeast genome. 
Science 294:115-121. 

52. Rothstein, R., B. Michel, and S. Gangloff. 2000. Replication fork 
pausing and recombination or "gimme a break". Genes Dev 14:1-10. 



 75 

53. Rusche, L. N.,  A. L. Kirchmaier,  and J. Rine. 2003. The 
establishment, inheritance, and function of silenced chromatin in 
Saccharomyces cerevisiae. Annu Rev Biochem 72:481-516. 

54. Selb y,  C. P. , and  A. Sancar.  1993. Molecular mechanism of 
transcription-repair coupling. Science 260:53-58. 

55. Shimada, K., P.  Pasero,  and S. M. Gasser.  2002. ORC and the 
intra-S-phase checkpoint: a threshold regulates Rad53p activation in S 
phase. Genes Dev 16:3236-3252. 

56. Shirahige, K.,  Y.  Hori,  K. Shiraishi, M. Yamashita, K. Takahashi, 
C. Obuse, T.  Tsurimoto, and H. Yoshikawa. 1998. Regulation of 
DNA-replication origins during cell-cycle progression. Nature 395:618-621. 

57. Spruck, C. H.,  K.  A. Won, and S. I. Reed. 1999. Deregulated cyclin E 
induces chromosome instability. Nature 401:297-300. 

58. Suter, B. ,  A.  Tong, M. Chang, L.  Yu, G. W. Brown, C. Boone, and 
J. Rine. 2004. The origin recognition complex links replication, sister 
chromatid cohesion and transcriptional silencing in Saccharomyces 
cerevisiae. Genetics 167:579-591. 

59. Tanaka, S.,  and J. F.  Diffle y.  2002. Deregulated G1-cyclin expression 
induces genomic instability by preventing efficient pre-RC formation. 
Genes Dev 16:2639-2649. 

60. van Brabant,  A. J., C. D. Buchanan, E. Charboneau, W. L.  
Fangman, and B. J. Brewer. 2001. An origin-deficient yeast artificial 
chromosome triggers a cell cycle checkpoint. Mol Cell 7:705-713. 

61. Vaziri, C., S. Saxena, Y. Jeon, C. Lee,  K. Murata,  Y.  Machida, N. 
Wagle,  D. S. Hwang, and  A. Dutta. 2003. A p53-dependent checkpoint 
pathway prevents rereplication. Mol Cell 11:997-1008. 

62. Vogelauer,  M., L. Rubbi, I. Lucas, B. J. Brewe r,  and M. 
Grunstein. 2002. Histone acetylation regulates the time of replication 
origin firing. Mol Cell 10:1223-1233. 

63. Watanabe, K., J. Morishita, K. Umezu, K. Shirahige, and H. 
Maki. 2002. Involvement of RAD9-dependent damage checkpoint control 
in arrest of cell cycle, induction of cell death, and chromosome instability 
caused by defects in origin recognition complex in Saccharomyces 
cerevisiae. Eukaryot Cell 1:200-212. 

64. Weinberger,  M.,  L. Ramachandran, L. Feng, K. Sharma, X. Sun, 
M. Marchetti, J.  A. Huberman, and W. C. Burhans. 2005. Apoptosis 
in budding yeast caused by defects in initiation of DNA replication. J Cell 
Sci 118:3543-3553. 



 76 

65. Wyrick, J. J., J. G.  Aparicio, T.  Chen, J. D. Barnett, E. G. 
Jennings, R. A. Young, S. P.  Bell, and O. M. Aparicio. 2001. 
Genome-wide distribution of ORC and MCM proteins in S. cerevisiae: 
high-resolution mapping of replication origins. Science 294:2357-2360. 

66. Yamashita, M.,  Y.  Hori, T.  Shinomiya, C. Obuse, T.  Tsurimoto, H. 
Yoshikawa, and K. Shirahige. 1997. The efficiency and timing of 
initiation of replication of multiple replicons of Saccharomyces cerevisiae 
chromosome VI. Genes Cells 2:655-665. 

 
 
(Book) 
1.  Sambrook, J., and D. W.Russell. 2001. Molecular Cloning: A Laboratory 
Manual, Ed. 3., vol. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY. 
 
2.  Dan Burke, Dean Dawson, Tim Stearns. 2000. Methods in Yeast 
genetics, Ed. 2000., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY. 
 
 
 


