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ABSTRACT 

DNA replication initiates 、at numbers of discrete loci ， called replication origins ， on the 

eukaryotic chromosomes. Distribution and regulation of origins are important for complete 

duplication of the genome. To elucidate control mechanisms of initiation of DNA replication ， 

1 determined location of proteins that binds to origins as well as actual DNA synthesis using 

the whole genome tiling-chip of fission yeas t. Replicationorigins distribute throughout the 

chromosomes. However ， only subset of origins is activated in early S phase. Early and late 

origins tend to distribute separately in large chromosome regions. Heterochromatin in the 

pericentromere a:n d the silent mating-type (mat )l ocus replicates in early S phase. This seemed 

paradoxical because heterochromatin was proposed to be a structurally compacted region 

where initiation of replication is inactivated. Further analysis revealed that Swi6 ， a fission 

yeast homolog of heterochromatin protein 1 (HPl) ， is required for early replication 

specifically at the pericentromere and the mat locus. Loading of Sld3 to replication origin ， 

which depends on Dfpl (Dbf4) ーdependent kinase (DDK) ， is stimulated by Swi6. An HPl-

binding motif within Pfpl is required for in vitro interaction with Swi6 and for early 

replication of 白e pericentromere and the mαt locus. Tetheri 時 of Dfp 1 to the pericentromere 

and the mat locus in swi6 deficient cells restores early replication of these loc i. These results 

demonstrate the novel mechanism that a heterochromatin protein ，positively regulates 

initiation of replication by recruiting a regulatory kinase to replication origins in 

heterochromatic regions. 
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GENERALINTRODUCTION 

Cell cycle regulation of DNA replication 

Accurate and complete DNA replication is crucial for the maintenance of the genetic integrity 

of all organisms. To ensure that a complete set of the eukaryotic genome is precisely 

duplicated during the limited-period of S phase in every cell cycle ， DNA replication initiates 

at a number of chromosomal elements called replication origins (Bell and Dutta ， 2002; Gilbert ， 

2001a). ， Thebasic mechanism of initiation occurs in several steps arrd results in bidirectional 

replication from the 0均in (Sclafaniand Holzen ， ~007). (A) First ， origin sequence is 

recognized by origin recognition complex (ORC) ， which is composed of six subunits Or c1 -6. 

ORC binds to the origin throughout the cell cycle ， although localization of its subunits is 

regulated in cell cycle-dependent manner in some organisms (Diffley ， 2004). (B) Second ， 

the ORC-bound origin is “licensed" by loading of mirii-chromosome maintenance (MCM) 

complex composed of six subunits Mcm2-7 in G 1 phase of the cell cycle ， resulting in the 

formation of pre-replicative complex (pre-RC) (Bell and Dutta ， 2002; Diffley et al.， 1994). 

(C) Third ， at the beginning of S phase ， pre-RC is activated by recruitment of several factors 

dependent on two conserved kinases ， cyclin-dependent kinase (CDK) and Dbf4-dependent 

kinase (DDK) ， and finally ， the replisome including DNA polymerase and single-stranded 

DNA binding protein (SSB) (or replication protein A: RPA) are loaded onto the unwound 

Cj' origin DNA and bidirectional replication initiates. 

A) Ori!un reco!!nition bv ORC 

Although ORC is conserved ， among eukaryotes ， the nucleotide sequences of replication 

origins are very diverse among organisms (Gilbert ， 2001a) ， mainly due to differences in DNA 

binding properties of ORCs. In budding yeast ， the ORC recognizes the specific sequences 

called the ARS consensus sequence (ACS). In contrast ， no clear consensus sequence has 

been found in origins in fission yeast ， Schizosaccharomyces pombe (Clyne and Kelly ， 1995; 

Dubey et al.， 1996; Okuno et al.， 1999) ， although AT-rich sequences to which ORC 

preferentially binds are required (Chuang and Kelly ， 1999). Requirements for specific 

sequences become less clear in multicellular organisms such as metazoans ， and ORC exhibits 

4 
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little sequence specificity in DNA binding in vitro (Remus et al.， 2004; Vashee et al.， 2003). 

In other words ， it is difficult to predict the precise location of origins from cis-sequences and 

it is important to determine the locations of ORC binding for identification of origins. 

B) Formation of nre-RC 

Recruitment of MCM and resultant pre-RC formation depend on ORC ， as well as two other 

factors ， cdc lO target gene 1 (Cd t1) and cell division cycle 6 (Cdc6 ， in fission yeast Cd c1 8). 

The formation of pre-RC is strictly regulated to occur in late M and G 1 phase of the cell cycle ， 

when the CDK activity is relatively low. This mechanism ensures inhibition of the second-

round pre-RC formation in the same cell じycle and consequent re-replication (Machida et al.， 

2005). Growing evidence strongly support a.role for MCM as a replicative DNA helicase in 

replication fork (Labib and Diffley ， 2001). AlthQugh pre-RC formation is essential for 

initiation of replication ， it is not in itself sufficien t. 

C) Activation of nre-RC 

Origin activation at the onset of S phase is regulated by two conserved protein kinases ， CDK 

and DD K. These kinases are required for assembly of several other protein factors including 

Sld3 ， GINS and Cdc45 onto pre-RCs. The precise role of each factor in initiation of 

replication is not fully understood. However ， • appropriate sequential recruitment of these 

factors results in the activation of MCM helicase and origin DNA unwinding ， and the 

replication machinery is established through assembly of RPA and DNA polymerases onto 

single-stranded DNA(Bell and Dutta ， 2002). 

Although both CDK and DDK are highly active after S phase entry ， not all pre-RCs 

are activated at the onset of S phase simultaneously. It is well documented in budding yeast 

that activation of pre-RC occurs in temporal order ， suggesting regulation of the initiation 

timing (Weinreich et al.， 2004). Wh en progression of DNA replication is impaired in the 

presence of inhibitory chemicals ， initiation of replication from late origin ， which normally 

fires iri late S phase ， is blocked by checkpoint kinases ， Mecl ， a homologue of ATR ， and 

Rad53 ， a homologue of CHK2. (Santocanale and Diffley ， 1998; Shirahige et al.， 1998). The 

ATM/ ATR-mediated checkpoint has been proposed to regulate origin initiation even in 

unperturbed metazoan cells (Shechter et al.， 2004). However ， even if the checkpoint 

pathway acts to suppress late and inefficient origins in normal S phase ， the temporal order of 

5 
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each origin firing is determined before thecheckpoint regulation. The underlying molecular 

mechanism for such temporal regulation is largely un c1 ear ， although the involvement of 

chromatin structures is suggested. 

Regulation of replication in chromatin context 

As described above ， the time at which replication origin initiates replication within S phase is 

a characteristic of each origin. In general ， transcriptionally active euchromatin tends to' 

replicate in early S phase ， while silent heterochromatin replicates in late S phase. Recent 

genome-wide approaches agree with this notion ， showing that chromosomal regions that are 

gene-rich ， and rich in GC sequences replicate earlier ， whereas gene-poor regions and 

heterochromatin tend to replicate late (MacAlpine' and Bell ， 2005). Since localization and 

activation of origins are regulated by several actions of replication factors on the chromosome ， 

they must be a百ected by the surrounding chromatin structures. It is well accepted that the 

transcriptional activity is modulated by the chromatin ，structure around the promoter region. 

Using analogy of the transcriptional regulation ， it has been proposed that chromatin structures 

surrounding origins regulate replication timing; replication factors have easier access to DNA 

in open chromatin (Gilbert ， 2002). ，Histone acetylation is linked to opening chromatin for 

gene activation. Notably ， mutation of' the histone deacetylase (HDAC) Rpd3 induced 

genome-wide hyperacetylation and a redistribution 'of ORC2 ， a subunit of ORC ， in 

Drosophila folli c1 e cells (Aggarwal and Calvi ， 2004) ， suggesting that ORC localiiation is 

( determined by chromatin structure. The study in Xel 印 us extracts ， however ， suggested that 、

histone acetylation specify the site of origin after ORC binding (Danis et al.， 2004). In 

budding yeast ， deletion of Rpd3 or its interacting partner Sin3 caused early activation of late 

origins at internal chromosomalloci but did not alter the initiation timing of early origins or a 

late-firing ， telomere-proximal origin (Aparicio et al.， 2004). These studies suggest that 

different steps in origin activation have potential to be targeted by chromatin structures and 

that there is distinct regulation in different chromosomal loci. Although growing evidences 

suggest that compact chromatin structure is suppressive toorigin activation ， not all regions of 

chromosomes follow this trend. There are early-replicatingheterochromatin and highly 

transcribed but late-replicating regions (Hiratani et al.， 2004; White et al.， 2004) ， showing 

significant flexibility in regulation of replication timing. Therefore ， it remains to be 

6 
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unraveled experimentally how origins are regulated in different chromatin contexts. The 

especially interesting topics are the underlying molecular mechanism(s) of the regulation and 

the step(s) at which initiation is regulated by the specific chromatin structure. 

Fission yeast as a model to study the link between DNA replication and chromatin 

Replieation factors are well conserved among species ， but the cis-acting sequences of origin 

are diverse. As described ， fission yeast ORC prefers AT-rich sequence ， yet there is no 

consensus sequence ， which is similar property with metazoan organisms. One of the 

advantages of using fission yeast to study replication is well-defined nature of initiation steps 

(Yabuuchi et al.， 2006) ， providing the c1 ues to dissect the molecular mechanism of regulation 

by chromatin. Completion of genomic sequencing of fission yeast predicted the presence of 

highly conserved chromo-domain proteins involved in formation of higher order chromatin 

structures (Wood et al.， 2002). Consistent with this prediction ， fission yeast has three major 

heterochromatic loci: pericentromere ， the silent mating-type locus and subtelomeric region. 

Intensive molecular genetic analysis unlabeled the involvement of the higher conserved 

chromo-domain proteins in heterochromatin formation in fission yeast ， which is absent from 

budding yeast but well conserved in higher eukaryotic species (Grewal and Jia ， 2007). 

Furthermore ， the structures of functional chromosomal loci ， such as centromeres and 

telomeres ， of fission yeast have similar properties with those of metazoans. These 

characteristics of fission yeast with powerful genetics provide a great advantage to study the 

molecular link between DNA replication and chromatin structures. 

Aim of experiments 

Although lots of efforts have beenconcentrated on the dissection of assemblies of replication 

factors at origins ， the knowledge. about the molecular mechanism of their regulation by 

chromatin structures is limited. To understand this issue ， it is necessary to identify 

replication origins along different chromosomal regions. 

In this thesis ， 1 examined the distribution of pre- RC in G 1 phase and their activity in 

S phase along whole fission yeast genome to identify replication origins. 1 further focUsed 

on the molecular mechanism underlying regulation of replication in heterochromatic loci. 

From the results ， 1 propose a model for regulation of. replication by a component of 

heterochromatin structure. 

7 



8 

Part 1: Genome-wide localization of pre-RC sites and identification of 

replication origins infission yeast 

INTRODUCTION 

Since each chromosome region replicates in a specific period within S phase ， timing of origin 

activation must be regulated. Although we have a growing understanding of protein factors 

involved in initiation and elongation of replication ， the mechanisms of origin activation at the 

chromosome level have yet to be c1 arified in detai l. Thus it is important to determine 

locations of all replication origins on chromosomes. However ， only small numbers of 

replication origins have so far been identified in most organisms other than budding yeast 

Sα ccharomyces cerevisi αe (MacAlpine and Bell ， 2005). 

Genome-wide analyses of replication kinetics and distribution of ORC and MCM 

proteins using DNA microarrays have been performed in budding yeast (Raghuraman et al.， 

2001; Wyrick et al.， 2001). The majority of proposed ARS (pro-ARS) sites identified by 

ChIP-based analysis exhibit ARS activity ， and the correlation with actual initiation sites has 

been demonstrated (Feng et al.， 2006). On the other hand ， replication timing analyses using 

microarrays with human ， mouse and Drosophila chromosoines have suggested links between 

early replication timing and active transcription in large chromatin domains (MacAlpine and 

(ノ Bell ，2005). However ， because of difficulties in genome-wide analysis of replication factor 

binding sites in meta i: oans ， it has not been possible to clarify the relation betweeh pre-RC 

sites and selection of active origins. Fission yeast is a suitable model organism to study 

genome-wide regulation of chromosome replication ， because both the structures of replication 

origins and the chromatin configuration have similarities with those in metazoan organisms. 

In fission yeast ， due to prefe 汀ed binding of ORC to AT-rich sequences (Chuang 

and Kelly ， 1999) and the requirement of multiple ORC binding sites for 、origin activity 

(Takahashi et al.， 2003) ， replication origins have been predicted to be “A+ T-rich islands" 

located preferentially in intergenic regions (Segurado et al.， 2003). Locations of single 

stranded DNA regions under nu c1 eotide depleting conditions are consistent with this 

prediction (Feng et al.， 2006). Because the ARS activity of intergenic regions correlates 

8 
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with the AT content and the length ， it has been proposed that replication origins fire 

stochastically in fission yeast (Dai et al.， 2005). Single molecule analyses using DNA 

combing also support the stochastic model (Patel et al.， 2006). However ， due to the lack of 

information on genome-wide distribution of pre-RC sites ， it has remained an open question 

w hether all the pre 目 RCs are activated or only a subset of origins is selected to fire. 

ln this study ， 1 conducted high-resolution mapping of Or c1 and Mcm6 binding sites 

in G 1 phase ， using a tiling array covering almost the entire genome of fission yeast ， to 

identify pre-RC sites precisely on the whole genome. Mapping of nascent DNA in the 

presence of HU in wild type and checkpoint deficient cdslll cells allowed to identify early-

firing replication origins and late-firing and/or inefficient origins. Replication timing is 

(-¥coordinated in large chromosome regions. The pericentromere ， kinetochore ， the silent 

mating-type (m αt) locus ， and subtelomeric heterochromatin behaved differently ， suggesting 

distinct regulation in functional chromatin .domains. 

9 
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RESULTS 

Mapping of pre-replicative complexes ， pre-RCs ， on fission yeast chromosomes 

1nitiation of DNA replication in eukaryotic cells requires the ordered assembly of replication 

factors at specific sites on the chromosome. To determine the site of pre-replicative 

complex (pre-RC) formation onfission yeast chromosomes ， DNA immunoprecipitated with 

Or c1 and Mcm6 in G 1-arrested cells (Ogawa et al.， 1999; Takahashi et al.， 2003) was 

analyzed with a. tiling array that covers almost the entire genome of fission yeast at 250 base 

pair (bp) resolution except for telomeres and rDNA repeats. Both Or c1 and Mcm6 were 

located exclusivelyat intergenic regions ， and 84% of Or c1 binding sites co-localized with 

f ¥ M c m 6  (日 g. 1-1 ， Supplementary Table 1-S1; data of the tiling array analysis are available 

online ， see materials and methods). A total of 460 pre-RC sites ， where peaks of Or c1 and 

Mcm6 co ，-localized ， were identified (black triangles in Fig. 1-1 and Table 1・e・S1). The pre-RC 

sites were distributed throughout the chromosomes with an average separation of 26.7 kb and 

enriched at the centromeres and the subtelomeric regions. Enrichment at the subtelomeric 

regions was not observed on chromosome II1 ， where both ends of the array were flanked with 

rDNA repeats. 1 confirmed localization of Orc4 ， another component of ORC complex in 

logarithmically growing cells were highly colocalized with those of Or c1 (>90%; Fig. 1-2 and 

Supplementary Table 1 -S 1). This result indicates that peaks of Or c1 represent the binding 

sites of ORC complex ，. 

(¥ Ide 凶 fication of early replication origins that incorporate BrdU in the presence of HU 

For identific a. tionof active replication origins ， it is crucial to label newly synthesized DNA 

around replication origins. 1 labeled newly synthesized DNA by incorporation of 5七romo-

2' -deoxyuridine (BrdU) ， a heavy-density nucleotide analogue. Because fission yeast cells 

do not normally intake BrdU due to lack of thymidine kinase activity ， the herpes simplex 

virus thymidine kinase gene was expressed from the inducible promote 工 The experimental 

scheme is shown in Fi g. 1-3. Fission yeast cells expressing thymidine kinase were 

synchronously released from the G2/M boundary in the presence of BrdU and hydroxyurea 

(HU) that depletes dNTPs. BrdU-labeled DNA was separated in an equilibrium gradient of 

CsCl by centrifugation. To confirm that BrdU was selectively incorporated !l round 

replication origins ， the amounts of BrdU-DNA for the ars2004 locus ， an early replication 

10 
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Fig. ト1. Locations of Orc1 and Mcm6 binding sites and BrdU incorporation sites 
were highly colocalized on fission yeast chromosomes. For map 戸ing of Orc1 and 
Mcm6 localization sites ， HM568 (h- nda3-KM311 cdc10-129 ura4 ・018 leu1-32 orp1 ・

5f1 ag/pREP82-cdc18 pREP81-cdt1) cells ex 担ressing Cdc18 and Cd t1 were arrested at 
thecdc10 arrest point in G1 phase and used for ChIP. The orange and blue vertical むars
represent the binding ratios 01 loci showing enrichment of ChlP fractionswith anti-Flag-
Orc1 (top panels) and anti- 詰cm6 (middle panels) anti むodies ，respectively ， for regions' 
1000-1100 kb on chromosome 1， 1500-1600 kb on chromosme 11 and 1800 ・1900 kb on 
chromosome 11 1. For mapping of nascent DNA synthesis ， H 諮668(h-cdc25 ・22nmt1-T K)
cells arrested at the G2/M boundary were released at 25 0 C for 90.min in the presence of 
10 mM HU and 200 11M BrdU. Cellular DNA was digested with Haelll and centrifuged in 
a CsCI gradien t.丁 he experimental scheme is shown in Fig. 1-3. Relative enrichment of 
BrdU-labeled DNA compared to the control whole cell DNA is presenied (bottom panels ， 
green bars). Black triangles indicate pre-RC sites identified as colocalization sites of 
Orc1 and 話cm6 ，which were programmatically picked up (Supplementary Table 1-81 ， 
an d- online m 誠erials). Names of known replicat ぬれ origins colocalized with pre-RCs are 

仁 shown. Horizontal bars show open reading 打ames.τ? 附 cale of the ve はical axis is log2 ・

人二)



Figure I・2
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Figure I・3
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origin (Okuno et al.， .1999) ， and a non-ARS (non-origin) region about 30 kb distant from the 

origin were analyzed by real time PC R. After 90 min of BrdU-Iabeling in the presence of 

HU ， about 50% of the αrs2004 region was recovered in the heavy-light density fractions ， 

while the non-ARS fragment remained in the light-light density (Fig. 1-4)， indicating that 

BrdU was incorporated selectively around the origin. 1 also confirmed thatboth ars2004 

and non-ARS regions were fully substituted with BrdU in HU-free conditions (Fig. 1-5) ， 

excluding the possibility that selective incorporation of BrdU around the αrs2004 was due to a 

shortage of Brd D. Since recovery of the nascent DNA by the method was verified ， the 

heavy-light DNA fractions were pooled and subjected to the whole-genome analysis (Fig. 1-3). 

The results of the tiling array analysis showed that BrdU-Iabeled DNA was co-

f¥localized with Or c1 and Mcm6 at a very high frequency (Fig. 1-1 ， green bars in bottom panels 

and Supplementary Table 1-S1). At the ars2004 origin locus ， BrdU-Iabeled DNA spanned 

about 10 kb around the intergenic region where Or c1 and Mcm6 were confined (Fig. 1-1 ， 

middle set of panels). This is consistent with bidirectional DNA synthesis initiated from the 

origin in early S phase (Okuno et al.， 1997; Takahashi et al.， 2003). The colocalization sites 

of Or c1， Mcm6 and BrdU ， a total of 307 loci ， 119 ， 107 and 81 ， on chromosomes 1， II and II1 ， 

respectively ， were defined as early replication origins that fired in the presence of HU (red 

squares in Fig. 1-6 ， and Supplementary Table 1-S1). 1n contrast ， 153 Or c1 -Mcm6 

colocalization sites ， 88 ， 62 and 3， on chromosomes 1， II and II1 ， respectively ， did not 

incorporate BrdU in the presence of H D. Although it is not distinguished whether BrdU-

negative origins fire in late S phase and/or at a low e百iciency ，they are collectively designated 

as late origins below (blue squares in Fig. 1-6 ， and Supplementary Table 1-S1). 

Among 36 origins previously identified by two-dimensional gel electrophoresis ， 28 

coincide with the early origins identified here ， while 2match to the late origins (Fi g. 1-6) 

(Dubey et al.， 1994; Gomez and Antequera ， 1999; Okuno et al.， 1997; Sanchez et al.， 1998; 

Segurado et al.， 2003; Segurado et al.， 2002; Smith et al.， 1995; Wohlgemuth et al.， 1994). 

At the remaining 6 known origin loci ， Or c1 signals were below the standard ， although at least 

either BrdU or Mcm6 signals were de 

11 
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time PCR us ing primers for ars2004 (Ieft) and non-ARS (right) regions ， Relat ive recovery 

(%) among tota l DNA recovered is presented together with the refractive index (green tr ト

angles) ， For the who le genomic analysis ， the heavy-light density fractions 8-12 of 90 min 

(BrdU-DNA) and light fractions 1-6 of 0 min (Whole DNA) were pooled and used for com-

parative ana ly sis with the tiling array 
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Fig. I・5. The ars2004 locus as well as the nonARS locus fully incorporate BrdU in the 
absence of HU. HM668 cells released from G2/M were labeled with BrdU for 160 min as 
described in Fig. ト1 and 1-3 ， except that HU was not added. DNA in each fraction after CsCI 
centrifugation was analyzed by real time PCR using primers for the ars2004 (filled square) 
and the nonARS (open square). 
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frequency (239 origins ， 78%) with the origins identified as peaks of DNA content increase ， 

while the late origins coincide at a lower frequency (34 origins ， 22%) (Heichinger et al.， 

2006). In comparison with the origins identified as the center of single-stranded DNA 

formed in the presence of HU (Feng et a1.， 2006) ， 50% (15410ci) of the early origins and 16% 

(2410ci) of the late origins match with the previously identified origins(Supplementary Table 

I-S1). 

Early origins clustered in narrow regions 

It should be noted that OrcL.Mcm6 colocalization sites are frequently c1 ustered within a broad 

BrdU-labeled regionextending 20.:.30 kb ， such as at positions 510-530 of chromosome II (Fig. 

(' 1-7A). The pres 即 e of multiple peaks of B耐ーlabeled DNA corresponding to Orω t1 cm6 

binding sites is consistent with the initiation from c1 0sely located several origins ， although the 

possibility that DNA synthesis extended from a unique origin remains. To distinguish these 

possibilities ， 1 first examinedwhether each of Or c1 -Mcm6 colocalization sites exhibited the 

ARS activity. Among 11 fragments derived from the region ， five generated transformants at 

a high frequency (Fi g. 1-7B) ， indicating that the ARS fragments are c1 ustered. 

Next ， 1 examined whether these ARS's are active on thechromosome. 

Chromosomal DNA of cells synchronously released from G2/M in the presence of HU was 

analyzed by two-dimensional gel electrophoresis. The results presented in Fig. 1-7C show 

that bubble arcs ， which are indicative of initiation of replication from the fragments ， were 

detected for fragments 3， 7， 8 and 11 (black triangles in Fig. 1-7 C). Fragments 7， 8 and 11 

correspond to ori2031E ， 2032E ， 2033E ， respectively (Supplementary TableJ-S1). Another 

early origin exists in fragment 3， although the origin was not identified by genome-wide 

analysis due to weak Or c1 signal (Supplementary Fig. I-S1). These results demonstrate that 

c1 ustered pre-RC sites act as early-firing origins. Initiation of replication from c1 0sely 

located origins has been reported for the ur α4+ locus on chromosome III by 2D-gel and DNA 

combing analyses (Dubey et al.， 1994; Patel et al.， 2006) ， and it seems to be common on 

fission yeast chromosome. 

Repression of late firing origins by checkpoint kinase Cdsl 

Late replication origins in budding. yeast are repressed by checkpoint pathway under 

replication stress such as depletion of nu c1 eotide by HU (Feng et al.， 2006; Santocanale and 
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used lor the ARS assay in (B) ， are shown as gray bars 



13 

Diffley ， 1998). Mapping of sf Il gle-stranded DNA in the HU-arrested fission yeast cells has 

suggested that similar regulation exists in fission. yeast (Feng .et al.， 2006).φOn the other 

hand ， Rad3 ， the ATR homologue in fission yeast ， affects initiation from a small number of 

origins (Heichinger et al.， 2006). 1 tested whether the late origins identified in this study 

might be activated in the absence of replication checkpoint kinase CdsllChk2. W i1 d type 

and cds111 cells were synchronously released from G2/M block and labeled with BrdU in the 

presence of HU for 150 min. The BrdU DNA purified by CsCl centrifugation was analyzed 

by the tiling array. The results of wild type at 150 min were very similar to those at 90 min ， 

except that BrdU DNA extended further than those at 90 min ， which is cohsistent with slow 

DNA synthesis in the presence of HU (top panels in Fig. 1-8). In contrast ， small but 

(~'i significant BrdU incorporation was de~ected in the s耐 elomeric regions of chromosomes 1 

and 11 specifically in cゐ111 cells ， although BrdU DNA did not form peaks at most of late 

or~gins (middle panels in Fi g. 1-8). These results suggest that the majority of late origins do 

not fire at a comparable effieiency of early origins even in cds111 mutan t. However ，when 

the ratio of BrdU DNA in cds111 to that in wild type was calculated ， cds111-specific BrdU 

incorporation was observed at subtelomeric regions and at the late origin loci but not at the 

early origin loci (brown bars in bottom panels of Fig. 1-8). BrdU incorporation was 

increased at 90 late originloci (59% of the late origins) and at 10 early origin loci (3% of the 

early origins) ， showing specific firing of late otigins in cdsl l1 cells. To confirm the tiling 

array result ， 1 examined replicatio n. kinetics in wild type and cds111 cells in the presence of 

HU using real time PC R. Figure 1-9 shows that BrdU incorporation increased in cds111 cells 

compared to those in wild type at the late origin AT2080 and at the subtelomere locus but not 

at the early origin or non-ARS locus. These results suggest that a subset of late origins in 

the arm and the subtelomeric regions are repressed in the presence of HU in pa 口 by

replication checkpoint regulation. 

Coordinated distribution of early and late origins in large chromatin regions 

In figureJ-6 ， the early and late origins tend to c1 uster separately ， spanning several hundred 

kilo-bases on chromosome 1 and on the left arm of chromosome 11. This distribution could 

result from either random or coordinated choice of pre-RCs. The distribution of inter-pre-

RC distances fitted well to an exponential curve (Fi g. 1-10) ， suggesting. that pre- RCs 

themselves are randomly distributed along chromosomes (Patel et al.， ;2 006). Then ， 1 asked 
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Fig. ト8. I羽corpora 討on of BrdU increases at late origins in su むtelomere and chro-
mosome arms in cds1 Ll cells. HM668 (h- cdc25 ・22nmt1-T K) and HM1405 (h-cdc25-
22 nmt1-TK cds1 Ll ::kanMX6) were released from G2/M block and labeled with BrdU 
for 150 min at 25 0 C in the presence 01 HU and the genomic DNA was analyzed with the 
tiling array asdescribed in Fig. I・1. Green vertical bars represent relative enrichment of 
BrdU-incorporated DNA in wild type (top panels) and in cds1 .tJ. (micdle panels) in 300 kb 
region from the left end 01 chromosome 1. The bottom panels show ratios of enrichment 
of BrdU DNA in cds1 .tJ. to tれat in wild type (brown vertical bars). Red and blue triangles 
aむove panels show locations of the early and late origins identi1ied in this wor 主， respec ・

tively. Horizontal bars show open reading frames. The scale of the vertical axis is log2' 
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Figure 1-9 
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Fig.1 ・9. BrdU incorporation at the subtelomere and late origin loci gradually increases 
in the absence 01 cds1. HM668 (h- cdc25-22 nmtl- TK) and HM1405 (h- cdc25-22 nmtl-
TK cdsl11::kanMX6) were labeled with BrdU lrom 60 min to 240 min after release in the 
presence of HU. The genomic DNA from wild type (open circle) and cdsl11 (f illed circle) at 
each time point was prepared as described in Fig. 1-1. DNA in the heavy-light and light-light 
fractions was analyzed by real time PCR using primers for ars2004 (black) ， non~ARS (gray) ， 

AT2080 (red) ， and right subtelomere 2 (teI02R-203)(purple). The replication efliciency (Re 
%) was obtained by the equation ， Re = [(HL /2)/( LL+Hυ2)J x 100. The heavy-light fractions 
at 150 min were used for DNA microarray analysis (Fig. 1-8 and online materials) 
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The z statistic for distribution ofthe early originsand late origins on each chromosome arm. 
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Early andlate origins were symbolized as E and L， respectively ， to perform Wald-Wolfow-
itz runs test (see Materials and methods). To te 武 the coordinateness of origins on whole 
genome ， the three chromosomes were considered to be one sequence. Centromeres 
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whether a pre-RC is chosen to be an early origin independently from the~neighboring origins 

or a subset of pre-RCs are coordinately chosen. To examine these possibilities ， a statistical 

analysis ， Wald- Wolfowitz run test (Chang ， 2000) ， was carried out against a null hypothesis 

that a pre-RC is randomly chosen to be an early origin (Table 1-1 and Materials and methods). 

The actual distribution of early ongms does not likely result from randomness on 

chromosome 1 and on the left arm of chromosome II (P < 0.01) ， while randomness was not 

rejected on the right arm of chromosome II (P = 0.0198;α= 0.01). The analysis was not 

applied on chromosome II1 ， where only a few late origins exist. These results suggest that 

activation of pre-RCs tends to occur coordinately in large chromosome regions. 

「〉 Initiation of 四 plication is differently regulated in centromeres ， the silent mating-type 

locus and subtelomeric heterochromatin 

It is of interest how initiatioh of replication is regulated in specific chromosomal loci ， such as 

centromeres and telomeres ， becausethese loci contain heterochromatic regions ， which have 

been reported to replicate generally in late S phase in higher eukaryotes (J eon et al.， 2005; 

Woodfine et al.， 2004). 1n fission yeast ， three regions ， centromere ， subtelomere 、and the 

silent mating-type (mat) locus ， are known to form constitutive heterochromatin structures. 

1n 100-250 kb subtelomeric regions from the ends of chromosomes 1 and II ， BrdU 

incorporation was rare despite of the existence of highly c1 ustered pre"RCs (Fig. 1-6 and Fig. 

1- l1 A) ， suggesting that they were not activated at least in early S phase. 1n order to 

investigate replication Qrigins near the chromosome ends ， where the tiling array does not 

(-、 cover ，1 used Ch1P-qPCR method and examined the pre-RC formation near the very end of 
\-~ 

chromosome II (0 .3 -21 kb from the end) ， where expression of ectopic ura4+ marker is 

inactivated (Kanoh et al.， 2005). Ch1P against Orc4 and Mcm6 were performed ， followedby 

real time PCR analysis (Fig. 1-11B). The result shows that Orc4 and Mcm6 are highly 

enriched at the following sites: 3 kb ， 6.5 kb ， 9 kb and 21 kb from the right end of chromosome 

II. This demonstrates that pre-RCs are formed near the telomeric ends. These pre-RCs are 

likely to be suppressed to fire in early S phase because 1 failed to detect Ssb2 (a component of 

RPA) binding in HU-arrested cells (Fig. 1-11B). It is worth noting that Mcm6 is absent from 

the very end (0.3 kb) despite the localization of Orc4. Binding of MCM might be restricted 

by the telomere specific components that bind telomeric repeats. 

Fission yeast centromeres are composed of two functional domains ， the unique 
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Figure 卜11
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cdc25-22 nmt1- TK) are presented. Note that the ti ling array does not contain telomere-pox 
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panels denote open reading Irames. Signals are absent in gray-shaded regions because 
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central core region (cnt) ， where the kinetochore complex is formed ， and the inverted repeats 

(i mr) and the outer centromeric repeats (otr) ， where heterochromatin is formed (Pidoux and 

Allshire ， 2004). It is remarkable that all BrdU ， Or c1 and Mcm6 signals were detected at the 

otr ， indicative of efficient initiation from the otr in early S phase (Fi g. 1-12A). 1n contrast ， 

the inner centromere cnt2 region did not replicate in the presence of HU (Fig. 1-12A). 

Surprisingly ， Mcm6 was not localized at the cnt2 region despite enriched binding of Or c1 

(Fig. 1-12A). Localization of Or c1 without Mcm6 or BrdU incorporation at the cnt was 

common property on all the chromosomes (online data and data not shown). Since 1 

anticipated that epitopes in Mcm6 could be sequestered from antibody in cnt-specific protein 

complex ，. DNA samples chromatin-immunoprecipitated with polyclonal antibodies against 

f1Mcm2and OMin addition to Orel and Mc 尚

were analyzed by real time PC R. The cnt2 DNA was recovered by Or c1 -1P and Orc4-1P at a 

higher efficiency than the αrs2004 and the otr DNA (Fig. 1-12B). 1n contrast ， recoveries of 

the cn t2 DNA by Mcm2-1P and Mcm6-1P Were about one-tenth of those of the ars2004 and 

the otr DNA (Fi g. 1-12B). These results show that Mcm2 nor Mcm6 is efficiently located at 

cnt2 ， which is consisteilt with the results of the tiling array. Thus ， initiation of replication is 

differently regulated in the inner and outer centromere domains. 

At the mat region ， a 20-kb domain containing the mat2 and mat3 ， which serve as 

recombinational donor for the matl locus; and the interval between them ， known as the K-

locus ， are subject to heterochromatin-mediated silencing (Nakayama et al.， 2000). 1n order 

to examine replication origins in the mat K-Iocus 1 performed Ch1P-qPCR analysis against 

Orc4 and Mcm6 to locate pre-RCs because the tiling array does not cover the mat K-Iocus. 

Although Orc4 signals in HU-arrested cells are relatively low in the mat K-Iocus ， they are 

significantly high around the m αt2 and m αt3 loci (1 6， 17 ， 20 ， 23 ， 29 ， 33 ， 34 and 36 kb from 

the matl locus) compared to surrounding euchromatic regions as well as the no nA RS locus 

(Fig. 1-13; Orc4). Consistent with this observation ， Mcm6 signals are highly enriched 

around the mat2 and mat3 loci (Fig. 1-13; Mcm6) ， indicating enriched 'localization of 

replication origins in the mat heterochromatic region. To examine the property of these 

origins ， 1 performed Ch1P against Ssb2 using HU-arrested early S phase cells. Ssb2 signals 

at these origins are comparable to that at the ars2004 (Fig. 1-13; Ssb2) ，suggesting these 

origins act as early replication origins. 
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Figure 卜12
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Figure ト13
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Fig. 1-13. Early origins clus!ere in !he silen! ma!ing-!ype locus. Locations of Orc4 
(yellow) ， Mcm6 (blue) and Ssb2 (green) in the silent maling-type K-Iocus. A diagram of the 
mat locus is shown on top. IR ・L and IR ・R indicate helerochromalin boundary elemenls 
The mat2P and mat3M are the silenl donor loci for lhe mat1 locus. Red box represenl 
cenH sequence homologous 10 the pericenlromeric repeats. While boxes indicate open 
reding frames. HM1182 (h 90 cdc25-22 nmt1-T K) cells were arresled in early S phase by 
HU after G2/M synchronizalion. ChlP samples were quantified by real time PCR ， and re-
covery was normalized 10 the nonARS locus. The ars2004 is an euchromalic early origin 
conlrol. Error bar indicates standard deviation 
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DISCUSSION 

In this study ， high-resolution whole-genome mapping of Or c1 and Mcm6 binding sites 

allowed to identify precise locations of 460 pre-RC sites on S. pombe chromosomes. 1 found 

that 307 pre-RC sites acted as early origins that initiated DNA synthesis in the presence of 

HU ， whereas the rest of pre-RCs were considered as late and/or inefficient origins (called 

collectively as late origins) (Fig. 1-6). Interestingly ， pericentromeric heterochromatin and 

the silent mat locus replicated in the presence of HU ， while the inner centromeres or 

subtelomeric regions did not ， suggesting specific regulation of replication in these specialized 

functional chromatin regions (Fi g. 1-11 and 1-12). 

Distribution and regulation of replication origins in chromosomal arm regions 

Because more than 80% of Or c1 binding sites were colocalized with Mcm6 ， the majority of 

ORC binding sitesserve for pre-RC assembly. The pre-RCs are formed ex c1 usively in long 

and AT-rich intergenic regions as described previously (Dai et al.， 2005; Gomez and 

Antequera ， 1999). ~ Pre-RCs are distributed randomly along the entire chromosomes (Fig. 1-

10) except for enriched localization at pericentromere ， the mat locus and subtelQmeric regions 

(Fig. 1-11 ， 1-12 and 1-13). However ，only a subset ofpre-RCs is activated in earlyS phase: 

When the early origin αrs2004 and the late origin AT2080 fragments were mutually 

exchanged ， AT2080 became early origin while ars2004 became late one ， suggesting that 

timingoffiring is not intrinsic to ARS fragment but dependent on the context of the locus 

c;(Hay 川 et al.， 2007).. Furthermore ， the results of statistiωanalysis suggest 制

distribution of the early and late origins does not result from random choice of pre-RCs at 

least in chromosome 1 and in the left arm of chromosome II (Table 1-1). These results are 

consistent with the idea that replication origins are coordinately regulated in broad 

chromosome regions ， such as chromatin domains ， which has been documented in higher 

eukaryotes (Schwaiger and Schubeler ， 2006). 

In metazoan organisms ， different chromatin structures representing chromatin-

banding patterns replicate with different timing in S phase (Takebayashi et al.， 2005). 

Growing evidence suggests coordinated regulation of replication timing and transcriptional 

activity in chromatin domains (MacAlpine et al.， 2004; Schubeler et al.， 2002; Schwaiger and 

Schubeler ， 2006; Woodfine et al.， 2004). Various histone modifications could be involved 
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in regulation of chromatin activities. Histone deacetylase inhibitors alter replication timing 

in mammalian cells (Bickmore and Carothers ， 1995). 1n budding yeast ， the Rpd3-Sin3 

histone deacetylase a百'e cts replication timing of origins ， which is independent of its role in 

transcription (Aparicio et al.， 2004). Thus ， it is of interest whether histone-modifications are 

involved in regulation of replication timing on fission yeast chromosomes and ， if this is the 

case ， whether the regulation of replication correlates with transcriptional regulation. 

1 showed that the late origins in subtelomeric and arm regions incorporated BrdU in 

HU-arrested late S phase in cdsl l1 mutant (Fig. 1-8 and 1-9). These results are consistent 

with the finding that single stranded DNA accumulates at subtelomeric regions and other 

chromosome loci in HU-arrested cdsl l1 cells (Feng et al ， 2006). It should be noted ， however ， 

cdsl l1 -specific BrdU incorporation at the late origins was much less efficient than those at the 

early origins (Fig. 1-8) ， suggesting that replication initiation occurs only in small population 

of cells. This is consistent with the report that deletion of Rad3 does not significantly 

change the number of origins identified by DNA content increase (Heichinger et al.， 2006). 

Therefore ， both checkpoint-'dependent and checkpoint-independent regulations may account 

for suppression of initiation from the late origins. 

Distribution and regulation of replication origins in functional genomic loci 

Using the tiling array and Ch1P-qPCR method ， overall replication profiles of centromere ， 

telomere and the mat locus in fission yeast were shown in this study. Unlike euchromatic 

arm regions ， pre-RCs are highly abundant in constitutive heterochromatic regions. 

1nterestingly ， those origins in heterochromatic regions behave distinctly in each locus. The 

origns in subtelomeric regions are not activated in earlY S phase (Fi g. 1-11) ， while those in 

pericentromere and the silent mat K-locus replicate in early S phase (Figs. 1-12 and 1-13). 

Consistent with these observations ， a part of the early origins in pericentromere and the silent 

mat locus and late replication of subtelomere were reported previously (Kim et al.， 2003; Kim 

and Huberman ， 2001; Smith et al.， 1995). The activation of origins in pericentromere and 

the silent mαt K-Iocus will be analyzed and discussed farther in Part II. 

1n budding yeast ， mutations in Sir3 result in both increased gene expression 

(Wyrick et al.， 1999) and firing of silent replication origins in subtelomeric regions 

(Stevenson and Gottschling ， 1999). 1n fission yeast ， Swi6 ， a fission yeast homologue of 

heterochromatin protein 1 (HP1) ， is required for repression of transcription by 

17 



18 

heterochromatin structures extending from the telomere ends (Kanoh et al.， 2005) ， aIt hough it 

is not likely that Swi6 is involved in repression of the subtelomeric late origin firing (see Part 

11). On the other hand ， 1 showed that ， in the absence of Cds1 ， BrdU incorporation increased 

at subtelomeric regions after prolonged incubation wIth HU (Fig. 1-9) ， suggesting that Cds1 

has an important role in repression of subtelomere replication under replication stress. 

Progression of replication fork at subtelomeric region may be particularly sensitive to 

replication stress and this may be avoided by strict suppression of initiatioII. Highly 

clustered pre-RCs in the subtelomeric regions might be required for efficient replication in 

very late S phase. A It ernatively ， they might play some role in telomere maintenance. 

The results of this study clearly demonstrated distinct replication profiles at 

centromere; replication initiates at the pericentromeric repeats (otr) but not at the core regions 

(cnt) (Fig. 1-12). Although the cntl and cnt2 fragments cloned on plasmidsexhibit ARS 

activity ， these replicators do not fire in thenative centromere (Smith et al.， 1995; Takahashi et 

al.， 1992). Remarkably ， Mcm6 or Mcm2 was not localized at the core regions on all three 

chromosomes despite of Or c1 and Orc4 enrichment (Fi g. 1-12B). It should be noted that ' 

suppression of pre-RC formation onto ORC bound origins was observed in the core 

centromere and the telomeric end ， suggesting that interactions of ORC with pre-RC 

components might be interfered by centromeric core and telomere specific proteins ， 

respectively. Since ORC but not MCM is allowed to bind to these sites ， it would be possible 

that ORC is involved in kinetochore and/or telomere functions. Possible involvement of 

ORC in many different cellular functions including cytokinesis has been suggested in 

di 百erent species (Prasanth et al.， 2004; Sasaki and Gilbert ， 2007). 

Early replication at the pericentromeric repeats and the absence of initiation at the 

centromeric cores may ensure establishment of cohesion at pericentromeric heterochromatin 

before kinetochore re-assembly on duplicated cnt. Thus ， distinct replication patterns of 

centromeric subdomains might be important for centromere functions. Earlier replication of 

pericentromeric heterochromatin (major satellite) than kinetochore-forming minor satellite on 

mouse chromos 
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MATERIALS AND METHODS 

Yeast strains and genetics 

All S. pombe strains used are listed in Table' 1-2. Fission yeast strains were cultured in 

complete YE medium (0 .5% yeast extract and 3% glucose) and Edinburgh minimal medium 

(Moreno et al.， 1991). All solid media contain 2% agar. Transformation of S. pombe was 

performed by electroporation and lithium acetate method (Forsburg ， 2003). 

Construction of yeast cells expressing thymidine kinase gene 

A fission yeast strain expressing the herpes simplex virus thymidine kinase gene (T K) was 

obtained as below. For integrationof TK-ura4+ fragment into ura4 locus ， PCR-amplified 

upstream (-1078 to -579 bp) and downstream (+1244 to +1594 bp) locus of ura4+ gene was 

c1 0ned into BαmHI site of pBl uescript 11 SK( +) by using primers 5' .，. 

AAAGGATCCTGCAGGCATGAAGAATTGGTTATCC-3' and 5'-

AAAGGATCCAAGCTTCTGTCAAAGTTTAA C， .3' ， 

AAAGGATCCGCGGCCGCTAGTATACTTTTTCTCGGAG-3 ' 

and 5'-

and 5'-

AAAGGATCCTCGAGCCTGCAGGAGACGGTTCA-3' ， respectively ， resulting in pBS-

ura4up (pMH9)and pBS-ura4dw (pMH lO). To obtain pMH2 ， a HindIII and' SseI8387 

fragment of pMH9was c1 0ned into modified pBl uescript 11 ， where XhoI-NotI fragment was 

replaced with a fragment carrying Xhol-NotI-ClaI-Hind Il I-SseI8387 recognition sites. A 1. 8 

kb ura4+ fragmentwas inserted at HindIII site of thepMH2 generating pMH3 ， and then both 

the XhoI-No tI fragment of pMH lO and NotI fragment of pUC-nmt-Notwere c1 0ned into 

XhoI-No tI site of pMH3 ， resulting in pMH5. The TK gene was re- c1 oned from the pGAD-

TK plasmid (Katou et al.， 2003) into the BamHI site between the nmtl promoter and 

terminator sequences (Maundrell ， 1993) on pMH5 to create pMH6. pMH6 was digested by 

SseI8387 and used for transformation of HM52 (h+ ura4-D18 leul-32). 

Chromatin immunoprecipitation (ChIP) assay 

ChIP assay was performed essentially as described previously (Takahashi et al.， 2003). For 

examination of pre-RC localization at cnt and ChIP on chip analysis ，I used ChIP samples 

previously prepared by Dr. Tatsuro Takahashi (Takahashi et al.， 2003). In brief ， HM568 (h' 

nda3-KM311 cdclO-129 orpl にorpl そflag ura4-D18 leul-32) cells harboring pREP82-cd c1 8 
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and pREP81-cd t1 were cultured at 28 0 C for 16 hr to express Cd c1 8 and Cdtl from inducible 

nmtl promoters and then at 20 0 C for 4 hr for M-phase arres t. Cells synchronously 

reentering the cell cy c1 e were incubated at 36 0 C， the restrictive temperature for the cd c1 0-129 ， 

for 3hr to arrest them in G 1 phase. Cell extracts were used for Ch1P assays with mouse anti-

Flag (Sigma-Aldrich) ， rabbit anti-Orc4 ， rabbit anti-Mcm2 or rabbit anti-Mcm6 antibodiesas 

described earlier (Takahashi et al.， 2003). To analyze localization of pre-RC and RPA in the 

subtelomere and the silent mat locus ， HMU82 (h 90 cdc25-22 nmtl ・TK) cells were arrested in 

early S phase by HU at 25 0 C for 80 min after G2/M synchronization (36 0 C， 3 hr). Cell 

extract was used for Ch1P assays with rabbit anti-Orc4 ， rabbit anti-Mcm6 or rabbit anti-Ssb2 

antibodies. Recovery of DNA was quantified by real time PCR using prim 町 s amplifying 

r j S 1 帥

BrdU incorporation 

HM668 (h cdc25-22 ura4-D18::ur α4+nmtl-TK+) cells grown in EMM medium lacking 

thiamine to induce transcription of the TK gene at 25 0 C for 18 hr to 1 x 10 7 cells/ml were 

arrested at the G2/M boundary for 3 hr at 36 0 C and then released for 90 min at 25 0 C in the 

presence of 200μM 5-bromodeoxyuridine (BrdU) and 10 m M  hydroxyurea (HU). Cells (1 

X 10 8
) were fixed with coldwater containing 0.1 % sodium azide and the total cellular DNA 

was purified as described (Raghuraman et al.， 2001). DNA was digested with HaeII1 and 

centrifuged in 1. 7 ml of the CsCl solution containing 10 m M  Tris-HCl (pH 7.4)， 1 m M  EDTA 

and 150 m M  NaCl (the refractive index at 25 0 C adjusted to 1. 4030) in a Hitachi RP120VT 

rotor at 80 ，000 rpm for 14 hr at 20 oC. Fractions (120μ1 each) collected from the top were 

dialyzed using the Micro Dialysis System (G1BCO BRL) and recovery of DNA in each 

fraction was analyzed after PCR-amplification with αrs2004 and no nA RS primers. DNA in 

the HL-density fractions was pooled and used for the tiling-array analysis as described below. 

For quantitative analysis ， DNA in each fraction was analyzed by real time PCR using SYBR 

Green 1 in 7300 Real Time PCR System (Applied Biosystems). Primers used for real time 

PCR are listed in Table 1-3: 

Tiling array (chip) analysis 

s. pombe chromosomes II-1II high-density oligonu c1 eotide tiling-arrays and whole 

chromosome tiling-arrays were produced by Affymetrix Custom Express Service 

20 



21 

(S_pombea520106F ， P/N 550106; pombeAlla520099 ， P/N 520099). Sequences and 

positions of oligonucleotides on the array are available from Affymetrix. Amplification of 

chromatin-immunoprecipitated and total DNA ， labeling with biotin-N6-ddATP ， hybridization 

and primary data analyses were performed by Dr. Yuki Katou and Dr. Takehiko It oh as 

described (Katou et al.， 2003). For discrimination of positive and negative signals ， the ChIP 

fraction or BrdU DNA in heavy-light fractions from early S phase cells was compared with 

total cellular DNA without immunoprecipitation or total DNA from G2/M phase cells ， 

respectively ， using three criteria. First ， reliability of the strength of signals was judged by 

the detection P-value for each locus (P ::;; 0.025). Second ， reliability of binding ratios was 

judged by change in P-values (P ::;; 0.025). Third ， clusters consisting of at least three 

f7contiguous loci thatfulfilled the abovetwoc 山 ria were selected. All data of tl 則 ili 時 array

analysis are accessible at the website 

(http://www.nature.com/embojljournallv26/n5/suppinfo /7 601585a.html). 

ARS assay 

Intergenic regions of the indicated locus were PCR amplified and cloned into pYCll ， a 

derivative of pBl uescript II SK( うcarrying the LEU2 gene (Okuno et al.， 1997) ， resulting in 

pMH12 ， 13 ， 14 ， 15 ， 16 ， 17 ， 18 ， 19" 20 ，21 and 22 ， and usedfor transformation of HM123 (h 

leul-32). After 4 days incubation on EMM plates at 30 oC， ARS plasmids yielded yisible 

transformants at a high frequency. 

Two-dimensional gel electrophoresis 

HM668 cells arrested at G2/M block were released at 25 0 C for 90 min in the presence of 10 

m M  H D. DNA was prepared and digested with indicated restriction enzymes in agarose 

plugs (Arcangioli ， 1998). Fractions enriched for replication intermediates were obtained by 

melting the agarose plugs as described below (D r. Kanji Furuya ， personal communication). 

Following 2 h digestion of genomic DNA with restriction enzymes (40 U/plug) ， the plugs 

were incubated at 70 0 C for 10 min ， and then incubated at 37 0 C for 1 h with the restriction 

enzymes (40 U/plug) ， B-Agarase 1 (2 U/plug ， New England Bio Labs Inc.) and RNaseA (1 

μg/plug ， Sigma-Aldrich Inc.). Supernatant was collected after centrifugation at 13 ，000 r.p.m. 

for 10 min and DNA was precipitated with isopropano l. The replication intermediates were 

analyzed by neutrallneutral 2D gel electrophoresis as described previously (Brewer and 
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Fangman ， 1987). 

Statistical analysis 

To test the randomness of distribution of the early and late origins ， 1 used Wald- Wolfowitz 

runs test (Chang ， 2000). A 'run' means a sequence of adjacent equal symbols. For 

example ， the sequence “EEELLLELLLLLEELE" is divided in seven runs: four of Jhem are 、

made of ‘E' and the others are made of ‘L¥If the two symbols are generated randomly ， an 

expected number of runs ，μ， and the variance ， d ， are given asμ= 1 + (2N EN L) / N and d= 

2N EN L(2N EN L - N) / N 2(N - 1) = (μ- 1)(μ- 2) / (N - 1) ， respectively ， where NEis the number of 

E， N L that ofL ， and N = N E +、N L・ The z s坑ta剖組t“is針叫ti比c i臼s given by z = (伏Rα-μ 同)川仔， where Rαis 

(ぐぐ仁ηoでコ t悦he a似ct 刷 m削1

/ ¥  

人

runs is smaller than the expected number of runs ， which means that each symbol has tendency 

to be c1 ustered. 1 set the significance level ，α， as 0.01 in the analysis and calculated the z 

statistic for the distribution of the early and late Origins on the left and right arms of each 

chromosome except for chromosome 111 ， where the number of late origins is too small for 

valid statistics. All the values of z were negative and 1 could successfully reject null 

hypothesis that the distribution pattern of the early and late origins is random on the whole 

chromosome 1 and on the left arm of chromosome 11 (P < 0.01) ， whereas the randomness was 

not rejected in the right arm of chromosome 11 (P = 0.0198). 
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Tablel ・2 S.p 明 nbe strains used in this study 

Strain Genotype Figures 1 

HM52 h+ ur ，α4-D18Ieul-32 us 氾d for transformation 

HM123 h. leul-32 ‘ 7B 

HM568 h' ura4- Dl 8Ieul-32 nda3-KM311 cd c1 0- J2 9 orpl::5FLAG-orpl 1，2， 7A ， llA ， 12A ， 12B 

HM654 h+ ura4-D18 二ura4+mntl-TK+ leul-32 transformant 

HM668 If cdc25-22 ura4-D18::ura4+mntl-TK+ 1，4，5， 7A ， 7C ， 8， 9， llA ， 12A 

HM1182 h90 cdc25-22 ura4-D18::ura4+nmtl-TK+ his2 Kint2::ura4+ llB ，13 

HM1405 h' cdc25-22 cdsl 1J. ::kanMX6 ura4-D18::ura4+nmtl-TK+ 8，9 

Table I・3 Primers used in this study 

Locus Name Sequence Source 

ars200 4- 66-F 5'-CGGATCCGTAATCCCAACAA-3' 
ars2004 This study 

ars2004-66-R ターTTTGCTTACATTTTCGGGAACTT A-3' 

no nA RS-70-F 5'-TACGCGACGAACCTTGCATAT-3' 
nonARS This study 

nonARS-70-R 5'-TTATCAGACCATGGAGCCCATT-3' 

A T2 080-71-F 5'-CGAACAACAGGCTTGGTT AGAA-3' 
A T2 080 This study 

AT2080-71-R 5'-GAAGT ACGGACTTGTTTCGATTCC-3' 

dg-108-F 5'-TCCAAATGTCGCATGAACACTC-3' . 
dg 

dg-108-R 5'-CTTTTTTGGGAA TACATTGGGTTT -3' 
This study 

cnt2-211-F 5'-GGTTTT ATGATTTTGGCGAAGTG-3' 
cnt2 

5' 回 CGACAAGCGTGGATTT ATTTT ATG-3' 
This study 

cnt2-211-R 

telo2R-203-F 5'-GACT ACAGCCACAAGCT A-3' 
subtelomere This study 

telo2R-203-R 5'-CATTATGACTTCCAATCCCT-3' 

TEL-59-F 5'-CAGAAGAGACT ACAGAGGCGGTTT -3' 
subtelomere This study 

TEL-59-R タ GGATGCCTTATCTGCGACCA-3'

jk682 (1 8K-#I) 5'-AA TTTCAGTTGCCAAGGGACA-3' 
subtelomere Kanoh et al. ， 2005 

jk683 (18K-#2) 5'-GGGTCAAAACCTGCGCAT AA-3' 

subtel iJ mere 
jk386 (14K-#I) タ TTCCAAGT ATGCCAGCTTATCATC-3' 

Kanoh et α1.， 2005 
jk387 (14K-#2) 5'-CATCAGCAACGTCGCCAACT -3' 

jk384 (12K-#I) 5'-GCTCTCGACAAAGCCGTTCT -3' 
subtelomere Kanoh et α1. ，2005 

jk385 (1 2K-#2) 5'-CAGCATT AACCAACAGTGGTCTTC-3' 

jk620 (E-9K-#1) 5'-TTCTTAATCATTATCAAGTATTCATTGCAA-3' 
subtelomere Kanoh et al. ， 2005 

jk621 (E-9K-#2) 5'-ACAGT AAACTATGATCGCTTTTGAAGAC-3' 

jk618 (D-6.5K-# 1) 5'-GCCTACCGCTTGCAGTTGTT -3' 
subtelomere Kanoh et al. ， 2005 

jk619 (D-6.5K~#2) 5'-GGTTTGAGCATCTGTCAGAGGTAA-3' 

jk614 (A-3K-#1) 5'-GTCTCGTTGCTCGCTTCACA-3' 
subtelomere 

5'-GGAGGATGGGAAA TTTTGAGGAT -3' 
Kanoh et al.， 2005 

jk615 (A-3K-#2) 

jk380 (TEL-O .3 K-#I) ターTATTTCTTTATTCAACTTACCGCACTTC-3'
subtelomere Kanoh et α1. ，2005 

jk381 (TEL-0.3K-#2) ターCAGTAGTGCAGTGTATTATGATAATTAAAATGG-3'

matK-L(-8k) ー113-F 5'-AATGCGATAGCGGCATAAGG-3' 
mat K-Iocus This study 

matK-L(-8k) ー113-R デーGGTCTCGTGGCTCTCGGTT -3' 

matK-L(-5k)-71-F タTACCCGATACGGTGCTGGAT-3'
mat K-locus This study 

matK-L(-5k) ー71-R 5'-AACTTTTAAGGACACCCGGCTA-3' 

matK-IR-60-F 5'-CAGAAGAGACT ACAGAGGCGGTTT -3' 
mat K-Iocus This study 

matK-IR-60-R 5'-CCCAGGACCCCAAACCAT -3' 

matK-L(-2k)-65-F 5'-CATGT AGGCATCGAGAAAGCTG-3' 
mat K-locus This study 

matK-L(-2k) ー65-R 5'-ATAACTATTGGGAAGTGAACGTGATG-3' 



RT -matK108- F 5'- TCTTCCCTGCGTTGGACTTC-3' 
mat K-locus This study 

RT-matK108-R 5'-CACCCTACCATCCGTGTTACCT-3' 

matK(4k)-83-F 5'-ACGGGATT AGTGCTGCAAA TG 目3'
mat K-locus This study 

matK(4k) ー83-R 5'-GTTCATGGGATCCGTCACATT c3' 

matK(7k) ー62-F 5'- TCGTCGATGTCT AAGAAGGATCT AAG-3' 
mat K-locus This study 

matK(7k) ー62-R 5'- TGTTTGTTTTGCTGATCTGTTTTCT -3' 

matK( lO k)-65- F 5'-CTGGAAAATCAAAGTGCGCTAA-3' 
mat K-locus This study 

matK( lO k)-65-R 5'-GCTTCCTCGCCTGCTT ACAT 同 3'

matK -R(2.5k) ー17 4- F 5'-ATCCCAAGCACCAAGCTTTG-3' 
mat K-locus This study 

matK-R(2.5k) ー174 戸 R 5'- TCCTGCCGAAGTTTCT AAATGAG-3' 

matK- R( 6k)-90- F 5'-GATACGGGTT ATTGTCGACTTGAA-3' 
mat K-locus This study 

matK-R(6k) ー90-R ターCGTGTCGTTGGTAGTCTTAGCATT-3'

matK-R(9k) ー68-F 5'-ATTAACAAGTGCCCAGCTTCTGA-3' 
mat K-locus This study 

matK-R(9k) ー68-R 5'-CATCACGAAGATGGCACTTTCT AA-3' 
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Part 11: The heterochromatin protein Swi61HPl activat e， s replication origins 

at pericentromeres and the silent mating-type locus 

INTRODUCTION 

Heterochromatin is highly condensed chromosomal regions throughout the cell cycle. In 

many cases heterochromatin replicates in late S phase and hardly contains transcriptionally 

active genes. Epigenetic inactivation of ectopic genes in heterochromatic loci provided the 

notion that a highly condensed chromatin is inaccessible to trans-acting factors. A molecular 

mechanism underlying such function has been explained by the presence of conserved 

heterochromatin protein ， HP1 ， which binds to methylated Lys 9 on histone H3 (H3K9Me) 

with its chromo-domain (Nakayama et a1.， 2001b). HP1 also dimerizes through its 

chromoshadow-domain ，. which probably gives a basis for higher order chromatin structure at 

heterochromatin. However ， the situation is not so simple. Growing evidences indicate that 

heterochromatin is not so an inert and inaccessible domain but rather has a dynamic and 

plastic feature (Maison and Almouzni ， 2004). Previous study in fission yeast has shown that ， 

among its major constitutive heterochromatin ， the pericentromere ， the silent mating-type 

(mat) locus and the subtelomere ， the pericentromere and the mat locus contain active 

replication origins that fire in early S phase {Kim et al.， 2003; Ki m and Huberman ， 2001)(see 

also Part わ. This phenomenon also argues against considering heterochromatin as an inactive 

and static domain and suggests an active叩l伽n山pl~tion in 1日tero 伽 matin ，yet 出e

molecular basis for activation of heterochromatic replication remained elusive. 

Recent studies in fission yeast indicate that Swi6 ， a fission yeast homologue of HP1 ， 

serves as a molecular pla ぜorm to recruit a variety of e百ectors ，such as factors involved in 

transcriptional silencing ， modifications of histones ， chromosome segregation and even in 

transcriptional activation (Grewal and Jia ， 2007) ， sheddipg light on dynamic feature of 

heterochromatin (Zofall and Grewal ， 2006). Moreover ， Swi6 has been shown to interact with 

replication factors ， such as Polα ， a primase at replication fork (Ahmed et al.， 2001; Nakayama 

et al.， 2001a) ， and Dfpl ， a regulatory subunit of Dbf4-dependent kinase (DDK) essential for 

replication initiation (Bailis et al.， 2003). However ， these interactions have been considered 
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to represent participation in heterochromatin maintenance and cohesin localization ， 

respectively ， and thus involvement of Swi6 in regulation of replication has remained un c1 ear. 

Initiation of replication. proceeds in stepwise manner: formation of pre-replicative 

complex (pre-RC) in Gl phase and activation of pre-RC in the following S phase (Bell and 

Dutta ， 2002). In fission yeast ， loading of Sld3 is the furthest upstream reaction in 

activation of pre-RC depending on DDK; then GINS is recruited depending on CDK ， 

followed by Cdc45 loading (Yabuuchi et aL ， 2006). Assembly of DNA polymerases and 

RPA ， a single strand binding protein ， follows theactivation of MCM ， resulting in initiation of 

replication. Each . step has a potential to be influenced by chromatin context and thus may 

become a target of heterochromatin specific regulation of replication. 

Here 1 show 由at Swi6 activates heterochromatic replication origins in 

pericentromere and the mat locus ， which results in early replication of these loci. In swi6 

deletion mutant ， efficiency of replication initiation reduced in these heterochromatic loci ， 

resulting in retardation of replication kinetics specifically at the pericentromere and the m αf 

locus. ChIP-qPCR analysis shows that Swi6 stimulates Sld3 loading at heterochromatin. 

Point mutations at a putative chromoshadow-domain binding (HPl-binding) motif at C 

terminal region of Dfpl abrogate interaction between Swi6 and Dfpl in vitro and early 

replication of Swi6-bound heterochromatin in vivo. Furthermore ， tethering Df pl-

chromodomain fusion protein to heterochromatin in the absence of Swi6 restored early 

replication. These results strongly suggest that Swi6 recruits DDK through the interaction 

with Dfpl ， which results in loading of Sld3 and activation of replication origins in hardly 

accessible heterochromatic region. 
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RESULTS 

Swi6 activates replication origins specifically at the pericentromeres and the silent mat 

locus 

To elucidate the role of Swi6 in replication of heterochromatin ， 1 examined the replication 

kinetics of heterochromatin loci in wild type and swi6 .1 cells. The heavy analogue 5-bromo-

2' -deoxyuridine (BrdU) was incorporated into the newly synthesized DNA for various 

periods of the synchronous cell cy c1 e and replicated DNA with heavy-light density was 

separated from non-replicated DNA by CsCl density gradient centrifugation. Replication 

efficiencies were calculated by real-time PCR for replication origins in the pericentromere 

り (Smith et al.， 1995) ， the mat locus (matK: 20 kb from t批he児em附?η仰1ωα tllocu 瓜1

(~\l 

L ノ

1993) and the s叩ub耐telome 町re (21 kb fro Q1 the telomeric end ， see Part l) (Fig. II-1A; red ， orange ， 

purple lollipops ， respectively) ， as well as an early replication origin in the euchromatic region 

(α rs2004)(Fig. II -lA; black lollipop) and a non-origin locus (nonAR S) located at about 30.kb 

from the ars2004 origin (Fig. II-1A; white lollipop). All origins in c1 uding the subtelomeric 

origin have autonomously replicating activity (ARS activity) when c1 0ned on a plasmid (Fig. 

II-1B). In the wild type ，α1'". s2004 replicated earlier thanthe nonARS locus by about 10 min 

(Fig. II-2). The replication kinetics of the pericentromere and matK were similar to those of 

αrs2004 ， showing early replication of these heterochromatic loci ， whereas the subtelomeric 

origin (subtelomere) replicated much later than the nonARS locus. Moreover ， the telomere-

proximal locus (TEL-O .3 K; dark red lollipop in Fi g. II-1A) replicated even later than the 

subtelomeric origin ， suggesting passive replication of thesubtelomeric region by a replication 

fork from telomere-distal side. In swi6 .1 cells ， the profiles of the ars2004 and the nonARS 

loci were similar to those of the wild type (Fig. II-2). The replication kinetics of the 

subtelomere and the TEL-0.3K did not change (Fig. II-2) ， suggesting that the subtelomeric 

origin does not fire efficiently in early S phase in the absence of Swi6. Surprisingly ， 

however ， replication of the pericentromere and mαtK was delayed as late as that of the 

nonARS locus (Fig. II-2) ， indicating that Swi6 is required for early replication of the 

pericentromere and the silent mat locus. To examine whether this role of Swi6 is dependent 

on its localization at these heterochromatic loci ， 1 introduced a chromo-domain mutation ， 

swi6- Wl04A ， which impairs the interaction of Dorosophila HP1 with H3K9me (J acobs and 

Khorasanizadeh ， 2002). The mutation caused defect in silencing of a reporter ura4+ gene 
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inserted at the silent mat locus (Fig. II-3B) in the presence of the mutant protein (Fi g. II-3A) ， 

indicating 出at localization of Swi6 is impaired by the mutation. Strikingly ， 1 observed delay 

in replication of the pericentromere and the silent mat locus in the mutant (Fig. II-3C) ， 

suggesting that H3K9me-dependent localization of Swi6 is required for early replication of 

these loci. 

To examine whether the delay in replication of the pericentromere and m αtK in 

swi6 L1 cells is caused by impaired initiation of replication ， replication efficiency was 

measured in the presence of hydroxyurea (HU). In the wild type ，αrs2004 ， the 

pericentromere and matK replicated at efficiencies about ten times higher than the nonARS 

and the subtelomere (Fig. II-4A) ， consistent with e百Icient initiation at the pericentromere and 

the silent mat locus. In contrast ， in swi6 L1， the replication efficiencies at the pericentroniere 

and matK were reduced to the level of the nonARS locus ， whereas ars2004 replicated as 

efficiently as in the wild type (Fig. II-4A). These resu It s suggest that Swi6 is required for 

initiation of replication at these heterochromatic loci. To examine more directly whether 

absence of Swi6 decreases initiation of replication at these loci ， replication intermediates were 

analyzed by two-dimensional (2D) gel electrophoresis. In the wild type ， the presence of 

bubble arcs. at ars2004 ， the dh and dg repeats of the pericentromere and the matK locus 

indicates initiation of replication at these loci (Fig. II-4B ， arrowheads). Strong Y arcsat the 

dh and dg repeats probably represent passive replication from neighboring repeats. In swi6 L1 

cells ， the bubble arcs were reduced at the dh and dg repeats and the matK locus but not at 

ars2004 ， indicating reduced initiation of replication specifically at the pericentromere and the 

mat locus (Fig. II-4B). In addition ， the Y arcs at the pericentromeric repeats were reduced ， 

which is consistent with impaired initiation at the repeats (Fi g. II -4 B). These resu It s confirm 

that Swi6 is required for efficient initiation of replication at the pericentromere and the silent 

mat locus. 

Swi6 stimulates Sld3 loading at the pericentromeres and the silent mat locus 

The initiation process consists of assembly of initiation factors at replication origins. In 

fission yeast ， the factors assemble in a distinct order (Yabuuchi et al.， 2006)( Fi g. II-5A). To 

elucidate the mechanism by which Swi6 stimulates initiation of replication ， we examined 

localization of replication factors at origins using chromatin immunoprecipitation (ChIP) 

analysis. 1 first examined Orc4 and Mcm6 ， components of pre-RCs ， in wild type and 
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swi6 L1 cells arrested in early S phase by H D. Orc4-ChIP analysis in wild type revealed that 

the ars2004 ， pericentromere and matK fragments were enriched relative to the nonARS locus ， 

indicating localization .of ORC at these origins (Fig. II-5B). Absence of Swi6 did not affect 

localization of Orc4 (Fig. II-5B). Similarly ， the preferential localization of Mcm6 at 

ars2004 ， pericentromere and matK was not decreased in swi6 L1 cells (Fi g. II-5C) ， indicating 

that Swi6 is not requiredfor pre-RC formation at 由e pericentromere and the silent mat locus. 

In contrast ， localization of Sld3 was decreased in swi6 L1 cells at the pericentromere and matK 

but not atα rs2004 (Fig. II-5D). Consistent with this observation ， localization of Psf2 (a 

componentof GINS) ， Cdc45 and Ssb2 (a component of RPA) ， which depend on Sld3 ， was 

reduced at the pericentromere and the matK locus in swi6 L1 (Figs. II-5E-G). These results 

(~， strongly suggest that Swi6 stimulates loading of Sld3 onto origins in the pericentromere and 

the silent mat locus. 

Physical interaction between Swi6 and Dfpl is required for early replication at the 

pericentromeres and the silent mat locus 

Then I addressed the molecular mechanism of the stimulation of Sld3-10ading by Swi6. It 

has been reported that a C-terminal region of Dfpl ， which contains a putative chromoshadow-

domain binding (HP1-binding) motif (PxVx LlIl V) ， is involved in the interaction with Swi6 

(Bailis et a1.， 2003). This interaction was thought to beseparable from initiation act.ivity of 

DDK ， because overall DNA replication appeared to be normal in a d.，か 1 mutant lacking the C-

terminal region (Bailis et a1.， 2003). However ， since DDK is required for loading of Sld3 

onto replication origins (Yamada et a1.， 2004) ， I examined the possibility thatthe interaction 

is required for initiation of replication specifically at the pericentromere and the silent mat 

locus. To verify the interaction of Swi6 with Dfpl in vitro ， S-peptide tagged Dfpl was 

mixed with GST-Swi6 or GST alone and pulled down with glutathione beads. Dfpl was 

recovered wIth GST-Swi6 but not w江h GST alone ， indicating that Dfpl interacts directly with 

Swi6(Fig. II-6B ， lanes 6 and 10). I then tested whether the HP1-binding motif of Dfpl is 

required for the interaction ， by introducing amino acid changes in the motif (Fi g. II-6A). 

Recovery of Dfpl-3A (carrying P447A ， V449A and 1451A substitutions) and Dfpl-2E 

(V448E and V449E) by pull-down assay was greatly reduced compared with wild type Dfpl 

(Fig. II-6B ， lanes 11 and 12) ， indicating that the motif is required for the interaction. To 

examine the e町ects of the substitutions on DNA replication in vivo ， the endogenous dfJ フr
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gene was replaced with d.fJ フ1-3A. Replication of the pericen 仕omere and matK in d. か1-3A

cells was delayed to that ofthe nonARS locus ， similar to the results observed in swi6 L1 cells 

(Fig. II-7A ， compare with Fig. II-2). The φ1-2E mutation caused similar delay in 

replication of the pericentromere and the mαtK (Fi g. II-7B). Localization of Swi6 at 

heterochromatin was not significantly a1 tered by the d.fJ フ1-3A mutation (Fig. II -8) ， suggesting 

that DDK functions downstream of Swi6 localization. These results show that the 

interaction of Swi6 with Dfpl is required for early replication at the pericentromere and the 

silent mat locus. 1 attempted to determine localization of DDK by ChIP analysis in order to 

assess whether recruitment of DDK to these heterochromatic loci is dependent on Swi6. 

However ， because of the low signal-noise ratio of immunoprecipitated DNA with S-4FLAG-

Dfpl or Dfpl-13Myc ， 1 could not locate DDK at the pericentromere ， the matK or even at the 

euchromatic origin ars2004 (data not shown). Moieover ， tagging C-terminal region by 

13Myc caused defect in replication at the pericentromere locus (data not shown) ， suggesting 

that the C-terminal tag a百'e cts the interaction between Swi6 and Dfp 1. 

Forced recruitment of Dfpl to the pericentromeres and the silent mat locus in the 

absence of Swi6 restores early replication of the loci 

The resu 1t s described above prompted me to examine whether forcedlocalization of DDK at 

the pericentromere and the silent mat locus would restore early replication in the absence of 

Swi6. To localize Dfpl to these loci in swi6 L1 cells ， Dfpl fused at the C-terininus with two 

tandemcopies of the chromo-domain (CD) of Swi6 ， which binds to H3K9me ， was expressed 

from the native dfpl-promoter ， because H3K9me remains in the pericentromere and at the 

specific sites within the silent mat region independently from Swi6 (Hall et al.， 2002; 

Nakayama et al.， 2001b; Sadaie et al.， 2004). As shown in figure II-9A ， early replication of 

the pericentromere and matK was restored in swi6 L1 φl-CFP-2CD cells. As a control ， 

expression of CFP-2CD withoutfusion to Dfpl did not significantly affect replication of these 

loci (Fig. II-9A). Consistent with these results ， 1 confirmed that bubble arcs were restored at 

the pericentromere and the silent mat locus in swi6 L1 cells by expressing Dfpl-CFP-2CD ， but 

not by expressing CFP-2CD (Fig. II- lO). 1 also showed thattethering of Dfpl-3A-CFP-2CD 

to the pericentromere and the mat locus in swi6 L1 cells restored early replication( Fi g. II-9B) ， 

suggesting that delayed replication of these loci in d.fJ ヮ1-3A cells was caused by inefficient 

localization of DDK at these sites. From these results ， 1 con c1 uded that Swi6 activates 
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replication origins. by recruiting DDK to heterochromatic loci. It should be noted that 

replication of the subtelomere was not significantly altered in swi6 L1 dfpl-CFP-2CD cells (Fig. 

II-9A). ChIP analysis showed that Dfp1-CFP-2CD is localized at the pericentromere and 

matKlocus ， but not at the subtelomere (Fig. 11-11). The absence of J;) fp1-CFP-2CD from the 

subtelomere in swi6 L1 is probably a result of decreased maintenance and spreading of 

H3K9me in the subtelomere in the absence of Swi6 (Cam et al.， 2005)(Kanoh et al.， 2005). 

The H3K9me-dependent assembly of heterochromatin components in the absence of 

Swi6 is responsible for the delay of replication at the pericentromeres 

The results suggest that access of DDK to the pericentromere and the silent mat locus ， which 

(、 is crucial for activation of replication origins in these loci ， is hindered in swi6 L1 cells. To test 

the possibility that remaining heterochromatin components that bind to H3K9me in the 

absence of Swi6 are responsible for the delay in replication ， 1 examined the effects of deletion 

of clr4+ ， a fission yeast homologue of Su(var)3-9 histone methyltransferase ， on replication in 

swi6 L1 background ， since localization of known heterochromatin components was abrogated 

in clr4 L1 cells (Cam et al.， 2005). In swi6 L1 clr4 L1 cells ， the pericentromere replicated in early 

S phase ， supporting the notion th 剖 the remaining heterochromatin structures are responsible 

for the delay in replication (Fig. 11-12). Interestingly ， however ， replication timing at the 

matK remained as late as the nonARS locus. 1 wondered whether pre-RC formation is 

maintained in the absence of heterochromatin assembly ， because loss of clr4 results in de-

repression of transcriptioncorresponding to non-coding RNA in heterochromatic loci (Cam et 

al.， 2005) ， which might disturb pre-RC formation by removal of ORC complex (Mori and 

Shirahige ， 2007). ChIP analysis was performed using extract from swi6 L1 clr4 L1 cells Utken at 

60 ・・minute intervals in the presence of HU after G2/M synchronization. At 0 min (G2/M 

phase) ， Orc4 but not Mcm6 signals were enriched at the ars2004 ， the pericentromere and the 

matK locus ， suggesting ORC binding to these loci (Fi g. 11-13). Moreover ， continuous 

localization of Orc4 and Mcm6 at the ars2004 ， as well as pericentromere and the mαtK locus ， 

wasobserved from 60 min to 180 min after G2/M release (Fig. II-13) ， suggesting pre-RC 

formation in the absence of heterochromatin components. Since MCM leaves a replication 

origin after initiation of replication ， accumulation of Mcm6 at the matK locus at 120 min and 

180 min may result from inefficient initiation. From these results ， in the absence of Swi6 ， 

H3K9me-dependent localization of other heterochromatin components suppress activation of 
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pre-RCs at the pericentromere ， whereas some other mechanism(s) may be responsible for the 

suppression at the silent mat locus. Both suppressive mechanisms are overcome by 

localization of Swi6 that recruits Dfp1 to the loci. In contrast to these loci ， the 

subtelomeres replicated in very late in wild type ， swi6 L1 and swi6 L1 clr4 L1 (Figs. II-2 and II-12). 

There seems to be distinct suppressing mechanism(s) specific to the subtelomeres ， because it 

invalidates the positive effect of Swi6. These results suggest that replication origins are 

suppressed by di 百'e rent mechanisms at three heterochromatic loci. 

Forced recruitment of Dfpl to the subtelomeres accelerates replication timing 

1 questioned why the subtelomere replicates in late S phase regardless of Swi6 localization. 

ぐ¥ Orc4 and Mcr 凶 were localized at the s耐伽悶c ARS in early S phase in wild type and 

swi6 L1 cells ， whereas Sld3 ， Psf2 ， Cdc45 or Ssb2 were not efficien tI y enriched at the 

subtelomeric ARS in either cell (Fig. II-14). Considering that DDK plays a pivotal role in 

replication of the pericentromere and the silent mat locus ， it is possible that the subtelomeric 

region is highly inaccessible to DDK ， resulting in late replication. 1 examined whether 

forced recruitment of DDK would accelerate replication in subtelomeric heterochromatin by 

expressing Dfp1-CFP-2CD or CFP-2CD in wild type cells ， in which H3K9me is maintained 

at the subtelomere by a Swi6-dependent mechanism (Kanoh et al.， 2005). Expression of 

CFP-: c2 CD did not alter the replication kinetics of the subtelomere ，as well as the TEL-0.3K ， 

relative toars2004 and the nonARS locus ， although replication of the pericentromere and 

matK was sligh tI y delayed (Fig. II-15) ， probably because CFP-2CD competes with Swi6 for 

b- inding to H3K9me. In contrast ， expression of Dfp1-CFP-2CD accelerated replication of 

the subtelomere to be similar to that of the nonARS locus ， whereas the replication kinetics of 

the pericentromere and mαtK were not significan tI y altered (Fig. II -15). Consistent with this 

result ， replication timing of the TEL-O .3 K was also accelerated to the similar extent of the 

subtelomere. These results suggest that subtelomeric origins are activated ， at least partially ， 

by tethering of DD K. 
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DISCUSSION 

The results presentedhere shed light on the dynamic nature of heterochromatin ， providing the 

first example of a heterochromatin protein actively regulating initiation of DNA replication 

and the molecular evidences for the regulation of initiation by chromatin. structures. 1 found 

that Sld3 loading and ea r1 y firing Of origins in the pericentromere and the silent mat locus are 

stimulated by Swi6 (日 gs. II-2 ， 3C ， 4 and5D). Swi6 physically interacts with Dfpl through 

the HP1-binding motif in Dfpl ， which is required for early replication of the pericentromere 

and the si1 ent mat locus (Fi gs. II-6B and 7). Furthermore ， tethering Dfpl or Dfpl-3A to the 

loci restored ea r1 y replication in the absence of Swi6 (Fi gs. II-9 and 10). 

Regulation of replication origins in the pericentromere and the silent mat locus 

From the results in this study ， 1 propose a model: Swi6 recruits DDK to pre-RCs in the 

heterochromatic pericentromere and the silent mat locus in ea r1 y S phase and stimulates 

DDK-dependent assembly of the replication factor Sld3 (Fig. II-16). The unde r1 ying 

molecular mechanism is H3K9me-dependent localization of Swi6 and consequent Swi6-

dependent localization of Dfp 1. 

The model presented here is compatible with the notion that H3K9me-dependent 

heterochromatin structures themselves are inaccessible to trans-acting factors ， because 

replication is delayed in dfl フ1-3A and swi6 L1 cells lacking the interaction of Df p 1 with Swi6 

(Fi g. II-16) ， and the delay in replication of the pericentromere was canceled in swi6 L1 clr4 L1 

cells (Fig. II-12). On the other hand ， other mechanism(s) is responsible for the delay in 

replication of the silent mαt locus in the absence of heterochromatin assembly (Fi g. II-12). It 

was reported both the centromere and the mat locus preferentially localize adjacent to the 

spindle pole body (SPB) (Alfredsson-Timmins et al.， 2007; Funabiki et al.， 1993). Since 

subnuclear position has been proposed to be important for regulation of replication timing 

(Gilbert ， 2002) ， and the deletion of clr4 disrupts subnudear localization of the matlocus 

(Alfredsson-Timmins et al.， 2007) but not that of the centromere (Ekwall et al.， 1996) ， 

localization adjacent to the SPB might be required for early replication of the pericentromere 

in the absence of heterochromatin assembly. The unde r1 ying molecular mechanism remains 

to be show Ii. 

If the heterochromatin structure is intrinsically inaccessible to trans-acting factors ， 
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how other replication factors ， such as MCM ， GINS and Cdc45 ， are recruited to the origins in 

the pericentromere and the silent mat locus? It has shown recently that H3K9me and Swi6 

localization are regulated in cell-cycle-dependent manner (Chen et al.， 2008). The amount 

ofH3K9me and Swi6 in the heterochromatic loci reduces in G 1 phase of the cell cycle ， which 

is the period of pre-RC formation. Thus ， MCM may be loaded onto heterochromatic loci 

without the inhibitory effect of the heterochromatin structure. On the other hand ， 

heterochromatin structure must be formed when Swi6 recruits DDK ， thus it possibly inhibits 

recruitment of downstream factors. Since DDK has been proposed- to phosphorylate the 

subunits of MCM complex (Masai et al.， 2006) ， as well as Swi6 (Bailis et al.， 2003) ， it is 

possible that the phosphorylation-dependent structural change of chromatin around origins 

o allows recruitment of downstream factors. St 削 ural 伽 nge of origin 伽 omatin by the 

effect of DDK phosphorylation is suggested in budding yeast (Geraghty et al.， 2000). 

Implication for regulation of replication in subtelomere 

This study also suggests that the subtelomere region may possess another mechanism that 

counteracts the positive effect of Swi6 (Fig. II-16). Persistent suppression of replication and 

the resulting late replication may be involveo in control of telomere length ， as suggested in 

budding yeast (Bianchi and Shore ， 2007). Suppressive chromatin structure has been 

proposed to be responsible for late replication of subtelomere in buddihg yeast (Gilbert ， 

2001b). However ， my results are unfavorable for the involvement of H3K9me-dependent 

suppressive chromatin structure in replication control at fission yeast subtelomere; though it is 

c stHl possible 削帥mere specific pr 伽 ns and/or su伽1

regulation of telomeric replication. The involvement of Ku cbmplex ， which localize the 

telomere and regulate its subnuclear localization ， in replicationtiming of telomere was 

reported in budding yeast (Cosgrove et al.， 2002). Although the molecular mechanism for 

such suppression is unknown ， tethering of DDK to the subtelomere partially overcomes the 

inhibitory effect (Fi g. II-15). Therefore ， DDK seems to be an important target even in 

regulation of subtelOineric replication origins. 

Significance of early replication of the pericentromere and the mat locus 

There are three consequences by activation of initiation: determination of replication timing 

of the locus; progression of replication fork in a specific direction from the locus; and 
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recruitment of factors depending on the process of initiation complex assembly. A plausible 

biological significance of 時 ulation of repl 比ation timing has been proposed ~ be coupling 

with inheritance of chromatin structures during each cell cy c1 e (Goren and Cedar ， 2003). 

However ， one could argue against this notion ， because Swi6 remains at pericentromere and 

the silent mαt locus after the delay of replication timing indfp1-3A mutan t. On the other 

hand ， replication of the matl locus in a specific direction is required for genomic imprinting 

at the mαtlocus (Dalgaard and Klar ， 1999). Activation of the origin in the silent mai 

heterochromatin establishes the specific direction of. replication fork at the mαt1 locus ， 

although there seems to be redundant mechanismthat blocks replication fork from the other 

side of the m αt1 locus to ensure fork direction (Dalgaard and Kl ar ， 2001). Because the C 

terminus. region of D匂1 is required for localization of cohesin at the pericentromeric 

heterochromatin (Bailis et al.， 2003) ， Swi6 and DDK seem to regulate both cohesin 

localization and initiation of DNA replication. It was proposed that cohesin is established at 

replication fork during S phase (Lengronne et al.， 2006). To ensure cohesin establishment at 

the pericentromeric heterochromatin ， DDK might participate. in recruitment of cohesin 

immediately before initiation of replication ， which guarantees temporal link between both 

pathways. 

Control of the timing of heterochromatin replication may be important for 

regulation of gene expression during differentiation and development in higher eukaryotes ， in 

which global regions of chromosomes form heterochromatin (Aladjem ， 2007). The HP1-

binding motif in Dfpl does not appear to be conserved in Dbf4 homologues in other 

LJ eukarydes-However ，their direct interaction needs to be examined experimentally ，because 

HPl has shown to interact with proteins through other domains such as chromo-domain (Pak 

et al.， 1997). . Thus ， it is still attractive possibility that heterochromatin proteins participate in 

DNA replication through recruiting the regulatory kinase and/or other :replication factors to 

origins in heterochromatic region. 
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MATERIALS AND METHODS 

Yeast strains and genetics. 

All S. pombe strains used are listed in Table II- l. Fission yeast strains were cultured in 

complete YE medium (0 .5% yeast extract and 3% glucose) and Edinburgh minimal medium 

(Moreno et al.， 1991). All solid media contain 2% agar. Transformation of S. pombe was 

performed by lithium acetate method (Forsburg ， 2003). 

Construction of Swi6 carrying chromo-domain mutant 

To express Swi6- W104A mutant protein from the endogenous swi6+ promoter ， the swi6+ 

c coding s叩 ence with its potential promoter and terminator regions was first c1 0ned into 

pBluescript (pAL2pBK) ， and a hygr cassette was introduced into the pAL2pBK plasmid 

(pAL2pBK-H: a gift from Dr. J. Nakayama). The W104A mutation was introduced by site-

directed mutagenesis usmg pnmers ， 5'-

CACTGGGATCGTCATAACCTTCGGCCTTCAAAAGGTATTCATAGCCTCCA-3' and 

デー CATCATAAGAGTCAGACGCTCTA-3¥ The resultant fragment was used as primer 

for second PCR with 5'- AAATTTAAGCTTGCTAATGTACAAAAGCAGCAAC-3' and 

c1 0ned into the AflI I-Hin dI II sites of pAL2pBK-H ， generating pMH100. Af ter confirmation of 

the sequence ， pMH100 was c1 eaved with 正かα1 for introduction into downstream of the swi6 

locus of HM1183 (h 90 cdc25-22 nmtl-TK+ swi6 L1: ・:k αnMX6 his2 Kznt2 にura4+) ，and the 

transformants were isolated using medium containing hygromycin. 
f
/
{
¥、

Construction of Dfpl carrying HPl ・binding motif mutants 

The point mutants df1 ヮ1-3A or df1 ヮ1-2E was constructed as below. The df1 ヮ1-3A or df1 フ1-2E

mutation was introduced by site-directed mutagenesis using primers: 5' -

GTAGTGCTGCTAGTGTTGCGGTGGCAACAGCTAATGGGAGAGATATCGCA-3' and 

デーAAGGATCCAATCTGGCCTTAAGGGACG-3' for dfpl-3A; or 5'-

GTGCTGCTAGTGTTCCGGAGGAAACAATTAATGGGAGAGAT ATC-3' and 5' 】

AAGGATCCAATCTGGCCTTAAGGGACG-3' for ~か1-2E. The resultant fragments were 

used as primers for second PCR with 5'-AAGGATCCACTAGTATTGGCCGGTGT-3' and 

c1 0ned into pBl uescript to obtain pMH47 (pBS- ゆ 1-3A) and pMH48 (pBS- ゆ 1-2 E)，

followed by confirmation of the sequences. A 0.2 kb 3' -UTR ofφ 1 was amplified using 
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pnmers ， 5' -AAGGATCCACTAGTAATAGCCCGTGTCTTCAA-3' and 5'-

AAGGATCCACTAGTCAGAAAATAAACCGTGAAAC-3¥with BamHI site and cloned 

into the BamHI site of pBl uescript to obtain pMH49. A SpeI fragment of pMH49 was 

incubated with T4 DNA polymerase to generate blunt end andcloned into the EcoRV site of 

pFA6a-kanMX6 ， resu It ing in pMH50. A BamHI-SpeI fragment of pMH31 (a N terminus 

fragment of dfpl) and a SpeI-BamHI fragement of pMH47 or pMH48 were cloned into 

BamHI site of pMH50 togenerate pMH51 or pMH52 ， respectively. Because C-terminal 13-

Myc cassette caused defect in early replication of the pericentromere ， the 13-Myc cassette and 

ADHl terminator of pMH51 or pMH52 were replaced with a potential terminator region of 

dfl ワr; C terminus fragment of ゆ 1 was amplified using 5' -GACAGAGTCAAGAACCATC-

3' and 5'-AAGGATCCACTAGTCAGAAAATAAACCGTGAAAC-3' as primers ， followed 

by digestion with EcoRV and BamHI ， ant the resultant fragment was cloned into the EcoRV-

Bg lII fragment of pMH510r pMH52 to obtain pMH76 or pMH77 ， respectively. pMH76 br 

pMH77 was digested at the NotI sites for introduction into the dfpr locus of HM683 (h+ 

nmtl-TK+) ， and the transformants were isolated using medium containing G418. 

Construction of Dfpl fused to chromodomain of Swi6 

Foi construction of Dfpl-CFP-2CD or CFP-2CD ， a plasmid carrying CFP openreading frame 

and a sequence encoding two copies of the chromo-domain of Swi6 (a gift from D r. Y. 

Watanabe: pMH28)(Kawashima et al.， 2007) was used. A 2.7 kb fragment containing dfpl 

ORF with its potential promoter or 1. 0 kb fragment containing the potential promoter region 

was amplified using primers: 5' -AAAGGATCCGCGAGCTGATAATTCGCATC-γand 5'-

AAAGGATCCGCGGCCGCCTTAAGGGACGTTGAAC-3'; ・ or 5'-

AAAGGATCCGCGAGCTGATAATTCGCATC-3' and 5'-

AAAGGATCCGCGGCCGCATGTGGTACAGCCACCTTAC-3' ， respectively ， with BαmHI 

site at N-terminus and BαmHI-No tI sites at C-terminus. The resultant fragments were cloned 

into the BαmHI site of pBl uescript to obtain pMH31 (pBS-Pdfpl-~fpl) or pMH37 (pBS-

Pdfpl). A SphI-No tI fragment of pMH31 or pMH37 was cloned into pMH28 ， generating 

pMH32 or pMH39 ， in which the N-terminus of CFP is fused to the C-terminus of c{かJ+ or

immediately adjacent to the dfl フJ+ native promoter ， respectively ， with a hyt cassette. The 

pMH32 'or pMH39 was cleaved with ApaI and integrated at the lys J+ IQCUS of HM664 (h 

nm t1- TK+) or HM683 (h+ nmtl- TK+) ¥ respectively ， and the transformants were isolated using 
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rnediurn containing hygrornycin. 

BrdU incorporation. 

Labeling of newly synthesized DNA with BrdU ， separation of the heavy-light (HL) DNA 

frorn light-light (LL) DNA by CsCl density gradient centrifugation ， and real-tirne PCR 

analysis were carried out as described in Part l. Prirners used for real-tirne PCR are listed in 

Table 11-2. 

Immunostaining 

Yeast cell extracts were prepared as described previously (Ogawa et al.， 1999) with some 

f¥rnodification. S. pombe cells (1 x 10 8 cells) were washed twice with ice cold water and once 

with ice cold Lysis buffer (50 rnM HEPES-KOH [pH 7.4]， 140 rnM NaCl ， 1 rnM EDTA ， 

0.1% Triton X-100 ， 0.1% sodiurn deoxycholate). The cell pellet(was suspended in ice cold 

Lysis with protease inhibitor cocktail and PMSF and disrupted with glass 、beads by a bead 

beater (Micro Smash MS-100 ， TOMY). The broken cells were collected .f rom the bottorn of 

the tube through. a puncture and sonicated four tirnes for 10 、sec. . Supernatant after 

centrifugation was analyzed by SDS-PAGE followed by irnrnunoblotting. Swi6 and 

Nda2/Tubl (tubulin alpha lI tubulin alpha 2) were detected by fluorography using rabbit anti-

Swi6 (a gift frorn Dr. J. Nakayarna) and rnouse anti- TATl (a gift frorn Dr. K. Gull) antibodies ， 

respectively ， followed by reactions with HRP-conjugated antibodies (Jackson). 

Construction of plasmids for in vitro translation 

To express Dfpl ， Dfpl-3A and Dfpl-2E by an in vitro translation systern ， expression 

plasrnids were constructed as below. ‘ A fragrnent containing df1 ワ1 ORF was arnplified with 

N-terrninus NdeI site and C-terrninus BαmHI site and cloned into the NdeI and BamHI sites of 

pBl uescript to obtain pBS-djtr(a gift frorn Dr. H. Yabuuchi). The NdeI-BarnHI fragrnent 

was cloned into pDON R2 01 日 FLAG-XCDC7(a gift frorn Dr ， T. Takahashi) carrying attLl 

and attL2 for GATEWA Y Cloning systern to generate pMH55. To obtain pDONR plasrnids 

carrying the point rnutations of djtl ， a SpeI-EcoRV fragrnent of pMH47 (pBS-~か1-3A) or 

pMH48 (pBSφ 1-2E) was cloned into pMH55 ， resulting in pMH70 or pMH71 ， respectively. 

By using LR reaction ， a djtl fragrnent of p1 唖-I 55 ，pMH70 or pMH71 was cloned into 

pCIT E4 a-DEST (a gift frorn Dr. T. Takahashi) ， which carries attRl and att R2 at cloning site 
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of pCITE-4a (Novagen) ， to create pMH61 ， pMH72 or pMH73 ， respectively. 

In vitro pull down assay. 

The binding of Dfpl to Swi6 was analyzed essentially as described previously (Nakayama et 

al.， 2001a). The N-terminally S-tagged Dfpl ， Dfpl-3A and Dfpl-2E proteins were 

expressed from pMH61 ， pMH72 and pMH73 ， respectively ， by using an in vitro translation 

system (Promega) and incubated with E. coli expressed GST-tagged Swi6 or GST (gifts from 

Dr. 1. Nakayama) together with glutathione-Sepharose beads (GE Healthcare) in IP buffer-

N50 (1 0 m M  Tris-HCl [pH 8.0] ， 50 m M  NaCl ， 0.1 % N-P40 ， 1 m M  EDTA [pH 8.0]) for 2 hr 

at 40 C. The beads were washed three times with IP buffer-N50 and the bound proteins were 

(~~) analyzed by SDS-PAGE followed by immunoblotting. S-Dfpl and GST-Swi6 were detected 

by fluorography using rabbit anti-S antibodies (Bethyl) 'and goat anti-GST antibodies (GE 

Healthcare) ， respectively ， followed by reactions with HRP-conjugated antibodies (Jackson). 

LJ: 

Chromatin immunoprecipitation. 

Chromatin immunoprecipitation (ChIP) was performed essentially as described in Part 1 with 

rabbit anti-Orc4 ， rabbit anti-Mcm6 ， rabbit anti-Ssb2 ， mouse anti-Flag (M2 Monoclonal ， 

Sigma) ， rabbit anti-Swi6 and rabbit anti-GFP (Living Colors Full-length A. v. Polyclonal 

Antibody ， Clontech) antibodies. DNA prepared from whole-cell extracts or 

immunoprecipitated fractions was analyzed by real-time PCR using SYBR green 1 in a 7300 

Real- Time PCR System (Applied Biosystems). 

Two-dimensional gel electrophoresis. 

Neutral-neutral two-dimensioilal gel electrophoresis analysis of replicating DNA was 

performed as described in Part l. Relevant ARSs were used for southern hybridization 

probes after random prime labeling. For detection of pericentromeric origins ， portions of the 

ARSs in the pericentromere (ars3.0K for dg and arsL for dh) (Smith et al.， 1995) were cloned 

by PCR (pMH26 and pTN766: a gift from Dr. T. Nakagawa) to prevent cross hybridization 

between pericentromeric repeats and the silent m αt locus. 
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、 Table 11-1 S. pombe strains used in this study 

Strain Genotype Fi gures 11 

HMl23 h k~J2 lB 

HM664 h ura4-D18: :ura4+nmt1- TK+ used for transformation 

HM683 h+ ura4-D18 にura4+nmt1- TK+ used for transformation 

HMl182 h90 cdc25-22 ura4 一D18:: ur ，α4+nmtl- TK+ his2 Ki i1 t2: :ura4+ 2， 4A ， 4B ， 8 

HMl183 h90 cdc25-22 ura4-D18:: ura4+ l1I ntl-TK+ his2 Kint2 ・ura4+ swi6 L1: :ka 叫α6 2， 4A ， 4B ， 8， 11 

HM1418 h ura4-D18: :ura4+nmt1-TK+ 加1.1::( ゆ J+ -CFP-2CD hphMX6) transformant 

HM1420 h90 cdc25-22 ura4-D18:: ura4+nmt1-TK+ hお2 Kint2 にura4+ swi6 L1 ::kan .A- α6 かs1 L1 ::(c 砂J+ -CFP-2CDI ψhMX6) 9A ， 10 ， 11 

HMl423 h90 cdc25-22 ura4-D18:: ura4+nmtl-TK+ hお2 Kint2::ura4+ l)'s1 L1::( ゅJ+ -CFP-2CD hphMX6) 15 

HM1460 h ura4-D18::ura4+nmt1-TK+ lys1 L1 ::(CFP-2CD hph んα6) transformant 

HM1467 h90 cdc25-22 ura4-D18:: ura4+nmt1-TK+ 肋 2 Kint2: :ura4+ swi6 L1:: ・kanMX6 かs1 L1 ::(CFP-2CD hphMX6) 9A ， 10 ， 11 

HMl471 h90 cdc25-22 ura4-D18:: ura4+nmtl-TK+ his2 Kint2::ura4+ lys1 L1 ::(CFP-2CDhphMX6) 15 

HMI482 h90 cdc25-22 ura4-D18:: ura4+nmtl-TK+ his2 Kint2::ura4+ swi6 L1 ::kan .A- α6 clr4 L1:: 知 nルα6 12 ， 13 

HM1588 h90 cdc25-22 ura4-D18:: ura4 勺lmtI-TK+ Flag-cdc45::kanMX6 his2 Kint2::ura4+ 5C ， 5F 5G ， 14 

HM1589 h90 

仁jHM 日 h90 

cdc25-22 ura4-D18:: ura4+nmt1-TK+ Flag-cdc45::kanMX6 his2Kint2::ura4+ swi6 L1 ::kanMX6 5C ， 5F 5G ， 14 

cdc25-22 ura4-D18:: ura4+nmtl-TK+ p抑 -5Flag:: 如 nMX6 his2 Kint2::ura4+ 5B ，5E ， 14 

HM1591 h90 cdc25-22 ura4-D18:: ura4+nmtl-TK+ P5. ρ5Flag::kanMX6 his2 Kint2::ura4+ swi6 L1:: 如 nN. α6 5B ，5E ， 14 

HMl826 h+ ura4-D18::ura4+nmt1-TK+ ゆ 1-3A::kanMX6 transformant 

HM1828 h+ ura4-D18: 川 α4+nmt1-TK+ ゆ 1-2E::kanMX6 イ transformant

HM1841 h90 cdc25-22 nda4-108 ura4-D18::ura4+nmtl-TK+ sl d3 -5 Fl ag::kan J. α6 his2 Kint2::ura4+ 5D ， 14 

HM1843 h90 cdc25-22 nda4_ J0 8 ura4-D18::ura4+nmtl-TK' sl d3 -5Flag::ka 叫fX 6 his2 Kinf2::ura4+ swi6 L1 ::kan N. α6 5D ，14 

HM1853 h90 cdc25-22 ura4-D18::ura4+nmt1-TK 十 djj り1-3A::kanMX6 his2 Kinf2:: ・ura4+ 7A ，8 

HM1857 h90 cdc25-22 ura4-D18::ura4+nmt1-TK+ djj り1-2E::km ルα6 his2 Kint2::ura4+ 7B 

HM1899 h+ ura4-D18 にura4+nmt1- TK+ lys1 .1::( φ1-3A-CFP-2CD hphMX6) transformant 

HM1934 h90 cdc25-22 ura4-D18::ura4+nmf1-TK+ his2 Kint2::ura4+swi6 L1 ::kanMX6lys1 L1:: 何百b1-3A-CFP-2CD hphMX6) 9B 

HMl994 h90 ura4-DS/E Kint2::ura4+ swi6 L1 ::kan ルα6 ~lli 

HM2608 h90 cdc25-22 ura4-D18::ura4+nmt1-TK+ his2 Kint2::ura4+swi6 L1 ::ka 叫 1X 6::(swi6-W J0 4A hphMX6) 3C 

日M2613 h90 ura4-DS/E Kint2::ura4+ swi 6L1 ::kanMX6 ・:(s 予1J i6 目 WI04A hphMX6) 3A ，3B 

TNF2518 h90 ura4-DS/E Kint2::ura4+ 3A ， 3B 

Table 11-2 Pri lIl ers used in this study 

Locus Name Sequence Source 

ars2004-66-F ターCGGATCCGT AATCCCAACAA-3' 
ars2004 This study (Part 1) 

ars2004-66-R 5'- TTTGCTT ACA TTTTCGGGAACTT A-3' 

no nA RS-70- F ターTACGCGACGAACCTTGCATAT 目 3'
nonARS This study (Part 1) 

no nA RS-70- R ターTTATCAGACCATGGAGCCCATT-3'

dg-l08-F 5'- TCCAAA TGTCGCATGAACACTC-3' 
dg (pericentromere) This study (Part 1) 

dg-l08-R 5'-CTTTTTTGGGAATACATTGGGTTT-3' 

matK-108-F ターTCTTCCCTGCGTTGGACTTC-3'
mat K locus This study (Part 1) 

matK-108-R 5'-CACCCT ACCATCCGTGTT ACCT -3' 

TEL-59-F 5'-CAGAAGAGACT ACAGAGGCGGTTT -3~ 
subfelomere This study (Part 1) 

TEL-59-R 5'-GGATGCCTT ATCTGCGACCA-3' 

jk380 (TEL-O.3K-# 1) 5'-TATTTCTTTATTCAACTTACCGCACTTC-3' 
、subtelomere This study (Part I) 

jk381 (TE しO.3K-#2) 5'-CAGT AGTGCAGTGT ATT ATGAT AATT AAAA TGG-3' 
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CONCLUSION 

In this thesis ， 1 showed distribution of replication origins and their behavior in their chromatin 

contexts. Especially in heterochromatic region ， 1 found intimate molecular link between 

heterochromatin structure and a replication regulator. The results provided the evidence that 

replication origins are distinctly tegulated by the surrounding chromatin contex t. 

In Part 1， by using the whole genome tiling chip and ChIP-qPCR ， 1 found early and 

late origins tendto distribute separately on chromosome arm despite the random distribution 

of pre-RCs. On the other hand ， 1 found replication origins are. regulated differently in 

functional genomic loci; earlY origins accumulate in the pericentromere and the silent mat 

locus while late origins cluster in the subtelomeric heterochromatin ， and pre-RC formation is 

suppressed at the kinetochore and the telomeric end. 

In Part II ， 1 showed a heterochromatin protein ， Swi6 ， stimulates earlY firing of 

origins in the pericentromere and the silent m αt locus by recruiting a regulatory kinase ， DDK ， 

to the loci. 

Replication origins in the pericentromere and the silent mat locus and maybe those 

in the subtelomere are regulated at the step of DDK loading. Interestingly ， euchromatic 

late/potential origins are suppressed ， at least in early S phase ， at the step of Sld3 loading 

(Yabuuchi ， 2008) ， suggesting that these origins are also regulated at the step of DDK loading. 

Euchromatic early origins are probably accessible to DDK ， or alternatively ， euchromatic 

origins may have distinct mechanism(s) to recruit DDK at specific period in S phase. 

Consequently ， 1 propose that recruitment of DDK is a crucial step in the regulation of 

replication timing at all replication origins in fission yeast ， although the mechanisms of 

recruitment may differ between chromatin regions. The biological significance of the 

regulation is one of the next attractive issues. 1 hope the knowledge obtained in this study 

will provide the clues to comprehend the mechanism for regulation of replication by 

chromatin structures in other systems. 
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