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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 irhportant for complete
duplication of the genome. Tovel‘ucic‘iate control mechanisms of initiation of DNA replicét_ion,
I determined location of proteins that binds to vorigins as well as actual DNA synthesis using
the whole genome tiling-chip of fission yeast. Replicétion origins 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. Heterbchromatin in the
pericentromere and the silent mating-type (mat) locus feplicates in early S phase. This séemed
~ paradoxical because héterochromatin 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 (HP1), is required for early replication
specifically at the pericentromeré and the mat locus. Loading of Sld3 to replication origin,
which depends on Dfpl (Dbf4)-dependent kinase (DDK), is stimulated by Swi6. An HP1-
binding motif within Dfpl is required for in vitro interaction with Swi6 and for early
replication of the pericentromere and the mat locus. Tethering of Dfpl to the pericéntromere
and the mat locus in swi6 deficient. cells restores early replication of these loci. These results
demonstrate the novel mechanism that a heterochromatin protein positively regulates
initiation of replication by recruiting a regulatory Kkinase to re‘plication‘ origins in

heterochromatic regions.



GENERAL INTRODUCTION

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 limifed‘ period of S phase in every cell cycle, DNA replication initiates
at a number of chromosomal elements called repliéation origins (Bell and Dutta, 2002; Gilbert,
2001a). The basic mechanism of il;itiatién occurs in several steps and results in bidirectional -
repliéation from the origih (Sclafani and Holzen,b 2007). (A) First, origin sequence is
recognized by. origin recognition complex (ORC), which is composed of six subyinits Orcl-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) Secon‘d,
t‘h'e\ORC—bound origin is “licensed” by ‘léading of mini-chromosome maintenance (MCM)
complex composed of six subunits Mcm2-7 in G1 phése of the cell cycle, resulting in the
formation of pre-replicative complex (pre-RC) (Bell and Dutta; 2002; Diffley et al., 1994).
© 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—depehdent
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

origin DNA and bidirectional replication initiates.

A) Origin recognition by ORC

Although ORC is conserved -among eukaryotes, the nucleotide sequences of réplication
origins are very diverse among organiéms (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 pohzbe (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). Réquirements for specific

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

Recruitment of MCM and resultant pre-RC formation depend on ORC, as well as two other
factors, cdc10 target gene 1 (Cdtl) and cell division cycle 6 (Cdc6, in fission yeést Cdcl18). ‘
The formation of pre-RC is strictly regulated to occur in late M and G1 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 cycle 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). Although pre-RC formation is essential for

initiation of replication, it is not in itself sufficient.

C) Activation of pre-RC

Origin activation at the onset of S phase is regulated by two conserved protein kinases, CDK
and DDK. These kinases are required for assefnbly 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 .aqtive 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). When progression of DNA replication is impaired in the
presence of inhibitory chemicals, initiation of replication from late origin, which normally
fires in late S phase, is ‘blockéd by} checkpoint kinases, Mecl, a homologue of ATR, and
Rad53, a homoiogue 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



each origin firing is determined before the checkpoint regulation. The underlying molecular
mechanism for such temporal regulation is largely unclear, 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, transcri'ptionally 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 feplicate 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 affected 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 chromaﬁn (Gilbert, 2002). -Histone acetyla-ti‘on is linked to opening chromatin for
gene activation. Notably, mutation of the histone deacetylase (HDAC) Rpd3 induced
genome-wide h-yperacetylation and a redistribution of ORC2, a subunit of ORC, in
Drosophild follicle cells (Aggarwal and Calvi, 2004), suggesting that ORC localization 1s
determined by chromatin structure. The study in Xenopus 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 chromosomal loci but did not alter the initiation timing of early origins ora
late-firing, telomere-proximal origin (Apeiricio et al., 2004). These studies suggest that
different steps in origin activation have potential to be‘targeted‘ by chromatin strucfures and
that there is distinct regulation in different chromosomal loci. Although grow‘ing’ evidences |
suggest that compact chromatin structure is suppressive to origin activation, not all regions of
chromoéomes follow this trend. There are early-replicating heterochromatin and highly
transcribed but late-replicating regiohs (Hifatani et al.; 2004; White et al., ‘2004), showing

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



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
Replication 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 clues to dissect the molecular mechanism of regulation
by chromatin. Completion of genomic sequencing of fission yeast predicted the presence of
highly conserved chromo-domain ptoteins 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 h‘igher conserved
chromo-domain proteins in heterochrdmatin 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
teldmeres, of  fission yeast have similar properties with those of metazoans. These
characteristics of fission yeast with powerful genetics provide a great advahtage to study the

molecular link between DNA replication and chromatin structures.

Aim of eXperiments
Although lots of efforts have been concentrated on the dissection of assemblies of replication
factors at origins, the knowledge about the molecular mechanism of their fegulation by
chromatin structures is limitedv. To"under'st'and this issue, it is necessary to identify
replication origins along different chromosomal regions. |

In this thesis, I examined the distribution of pre-RC in G1 phase and their activity in
S phase along whole fission yeast genome td identify replication origins. I further focused
on the molecular mechanism underlying regulation of replication in heterochromatic loci.
From the results, I propose a model for regulati'oﬁ of replication by a component of

heterochromatin structure.



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

replication origins in fission yeast

INTRODUCTION

Since each chromosome region replicates in a specific périod within S phase, timing of origin
activation must be regulated. Although we have a growing understanding of protéin factors:
involved in initiation and elongation of replication, the mechanisms of origin activation at the
chromosome  level have yet to Be clarified in detail. 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
Saccharomyces cerevisiae (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 él.,
© 2001; Wyrick et al., 2001). The majority of proposed ARS (pro-ARS) sites identified by
ChIP-based analyéis exhibit ARS activity, and the correlation with actual initiation sites has
been demonstrated (Feng et al., 2006). On the other hand, reblication timing analyses using -
microarrays with humén; -mouse and Drosophila chromosomes have suggested links betw’een'.
early replication timing and active transcription in large chromatin domains (MacAlpine and
“Bell, 2005). ‘ However, because of difficulties in genome-wide anaiysis of replicatidn factor
binding sites in metaZoafls, it has not been possible to clarify the relation between 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 preferred binding of ORC to AT-rich sequences (Chuang
and Kelly, 1999) and the reqﬁirement of multiple ORC binding sites for origin activity
| (Takahashi et al., 2003), replication origins have been predicted to be “A+T-rich islands”
located prf:ferentially in intefgenic regions (Segurado et al., 2003). Locations of single |
stranded DNA regions under nucleotide depleting conditions are consistent with this

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



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

'stochasti.cally 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

whether all the pre-RCs are activated or only a subset of origins is selected to fire.

In this study, I conducted high-resolution mapping of Orcl and Mcm6 binding sites

“in G1 phase, using a tiling array covering almost the entire genome of fission yeast, to

identify pre-RC sites precisely on the whole gehome. Mapping of nascent DNA in the
presence of HU in wild type and checkpoint deficient cdsIA 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 (maf) locus, and subfelomeric_ heterochromatin behaved differently, suggesting

distinct regulation in functional chromatin domains.
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RESULTS

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

Initiation 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 on fission yeast chromosomes, DNA immunoprecipitated with
Orcl and Mcmé6 in Gl-arrested cells (Ogawa et al., 1999; Takahashi et al., 2003) was
énalyzed with a tiling array that covers almost the entire genomé of fission yeast at 250 base
pair (bp) resolution except for_telomeres.and tDNA repeats. Both Orcl and Mcm6 were
located exclusively at intergenic regions, and 84% of Orcl.. binding sites co-localized with .
Mcm6 (Fig. I-1, Supplementary Table I-S1; data of the tiling array analysis are available
online, see materials and methods). -A total of 460 pre-RC sites, where peaks of Orcl and
Mcm6 co-localized, were identified (black triangles in Fig. I-1 and Table I-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 111, where both ends of the array were flanked with
rDNA repeats. [ confifmed localization of Ofc4, another component of ORC complex in
logarithmically growing cells were highly colocalized with those of Orcl (>90%; Fig. I-2 and
Supplementary Table I-S1). This result indicates that peaks of Orcl represent the binding
sites of ORC complex,. ‘

Identification of early replication origins that incorporate BrdU in the presence of HU

- For identification of active replication origins, it is crucial to label newly synthesized DNA

around replication origins. I labeled newly synthesized DNA by incorporation of 5-bromo-
2’-\deo'xyuridine (BrdU), a heavy-density nucleotide analogue. Because fission yeast cells -
do not normally' intake BrdU due to lack'.of thymidine k_i_nasé activity, the 'herpes simplex
virus thymidine kinase gene was expressed from the inducible promoter. - Thevexperimental
scheme is shown iin .Fig. I-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 around

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

10
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Fig. I-1. Locations of Orc1 and Mcmé6 binding sites and BrdU incorporation sites
were highly colocalized on fission yeast chromosomes. For mapping of Orc1 and
Mcmé6 localization sites, HM568 (h- nda3-KM311 ¢cdc10-129 ura4-D18 leu1-32 orp1-
bflag / pREP82-cdc18 pREP81-cdtl) cells expressing Cdc18 and Cdt1 were arrested at
the cdc10 arrest point in G1 phase and used for ChlP. The orange and blue vertical bars

- represent the binding ratios of loci showing enrichment of ChiP fractions with anti-Flag-

Orc1 (top panels) and anti-Mcm6 (middle panels) antibodies, respectively, for regions-
1000-1100 kb on chromosome 1, 1500-1600 kb on chromosme Il and 1800-1900 kb on
chromosome Ill. For mapping of nascent DNA synthesis, HM668 (h- cdc25-22 nmt1-TK)
cells arrested at the G2/M boundary were released at 25°C for 90-min in the presence of
10 mM HU and 200 uM BrdU. Cellular DNA was digested with Haelll and centrifuged in
a CsCl gradient. The experimental scheme is shown in Fig. I-3. Relative enrichment of
BrdU-labeled DNA compared 10 the control whoie cell DNA is presented (bottom panels,
green bars). Black triangles indicate pre-RC sites identified as colocalization sites of -
Orc1 and Mcm8, which were programmatically picked up (Supplementary Table I-S1,
and online materials). Names of known replication origins colocalized with pre-RCs are
shown. Horizontal bars show open reading frames. The scale of the vertical axis is l0g,.



Figure I-2
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Fig. I-2. Peaks of Orc4 binding sites are highly colocalized with those of Orc1 bind-
ing sites. ChlIP was performed against Orc4 from logarithmically growing cells and recov-
ered DNA was analyzed as described in Fig. I-1. A representative region around ars2004
is shown. Yellow bar represents significant signal of Orc1 (upper panel) and Orc4 (lower
panel).



Figure I-3
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Fig. I-3. A scheme to localize nascent DNA strands in early S phase. HM668 (h-
cdc25-22 nmt1-TK) cells were synchronized and labeled with BrdU in the presence of HU
as described in Fig I-1. Cellular DNA at 0 and 20 min after release from G2/M block was
digested with Haelll and centrifuged in a CsCl gradient. Fractions collected from the top
were dialyzed and recovery of DNA in each fraction was analyzed by real time PCR with
ars2004 and non-ARS primers (see Fig. I-4). DNA in the HL-density fractions was pooled
and used for tiling-array analysis. For discrimination of positive and negative sighals for
BrdU incorporation, HL-density fractions at 90 min (early S phase) were compared with
LL-density fractions at 0 min (G2/M phase).
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origin (Okuno et al.,. 1999),,aﬁd a non-ARS (non-origin) region about 30 kb distant from the
c')rigin‘were analyzéd by real time PCR. After 90 min of BrdU-labeling in the pres.ence of
HU, about 50% bof the ars2004 région was recovered in the heavy-light density fractions,
while the non-ARS fragment remained in the light-light density (Fig. I-4), ihdicating that
BrdU was incorporated selectively around the origin. I also confirmed that ‘both ars2004
and non-ARS fegioﬁs were fully substituted with BrdU in HU-free conditions (Fig. I-5),

excluding the possibility that selectlve incorporation of BrdU around the ars2004 was due toa

.shortage of BrdU. Since recovery of the nascent 'DNA by the method was verified, the

heavy-light DNA fractions were pooled and subjected to the Whole—genome analys1s (Fig. I-3).

The results of the tiling array analys1s showed that BrdU-labeled DNA was co-
locahzed with Orcl and Mcm6 at a very high frequency (Fig. I-1, green bars in bottom panels
and Supplementary Table I-S1). At the ars2004 origin locus, BrdU-labeled DNA spanned

about 10 kb around the intergenic region where Orcl and Mcmé6 were confined (Fig. I-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 Orcl, Mcm6 and BrdU, a total of 307 loci, 119, 107 and 81, on chromosomes I, II and I11,
respectivély, were defined as early‘r'eplication origins that fired in the presence of HU (red
squares in Fig. 1-6, and Supplementary Table .Iv—Sl). In contfast, 153 Orcl—Mcm6
colocalization sités, 88, 62 and 3, on chrqﬁlosomes I, II and III, respectively, did not
incorporate BrdU in the présence of HU. Although it is not distinguished whéther BrdU-
negative origins fire in late S phase and/or at a low efficiency, they are collectively designated
as late origins below (blue squares in Fig. I-6, and Supplementary Table I-S1). \
“Among 36 origins previoﬁsly identified by two-dimensional gel electrophbresis, 28

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

(Dubey et al., 1994; Gomez and ,Antequefa,' 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, Orcl signals were below the standard, although at least
either BrdU or Mcm6 signals Were detected. Whe_n the replication origins identified in this
study were compared with those obtained in the previous genome-wide analyseé, 189 out of
307 early origins (62%) and 69 out of 153 late o'rigins (45%) coincide precisely with the
origins (A+T-rich islands) predicted from AT content calculation (Segurado et al., 2003)
(Supplementary Table I-S1). On the other hand, the early origins are colocalized at a high

11



Figure |-4
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Fig. I-4. BrdU is incorporated preferentially into origin proximal regions. DNA in each
fraction at 0 min (biue open circles) and 90 min (red filled circles) was analyzed by real
time PCR using primers for ars2004 (left) and non-ARS (right) regions. Relative recovery
(%) among total DNA recovered is presented together with the refractive index (green tri-
angles). For the whole 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 analysis 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. HM®668 celis released from G2/M were labeled with BrdU for 160 min as
described in Fig. I-1 and I-3, except that HU was not added. DNA in each fraction after CsCl
centrifugation was analyzed by real time PCR using pnmers for the ars2004 (filled square)
and the nonARS (open square) ‘



Figure 1-6
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Fig. I-6. Distributions of early and late replication origins. Locations of the early origins
(red squares) and those of the late and/or inefficient origins (blue squares) are shown on
chromosomes |, |l and Hll. Positions of known replication origins are shown. Positions of
centromeres are shown by green ellipses.
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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 al., 2006), 50% (154 loci) of the early origins and 16%
(24 loci) of the late origins match with the previously identified origins (Supplementary Table
I-S1)..

7Early origins clustered in harrow regions
It should be noted that Orc1-Mcmé6 colocalization sites are frequently clustered within a broad
BrdU-labeled region extending 20-30 kb, such as at positions 510-530 of chromosome II (Fig.
I—7A). The presénéé of multiple peaks of BrdU-labeled DNA corresponding to Orcl-Mcmb6
binding sites is consistent with the initiation from closely located several origins,.'although the
possibility that DNA synthesis extended from a unique origin remains. To distinguish these
possibilitiés, I first examiﬁedvvs}hether each of Orcl-Mcm6 colocalization sites. exhibited the
ARS\ activity. Among- 11 fragments derived from the region, five geherated transformants at
a high frequency (Fig. I-7B), indicating that the ARS fragments .are‘clustered. .‘

| Next, 1 examined whether these ARS’s are active on the chromosome.
Chromosomal DNA of cells synchronously released from G2/M in the presence of HU was
analyzed by two-dimensional gel electrophoresis. The results preéented in Fig. I-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. I-7C). Fragments 7, 8 and 11
correspond to ori2031E, 2032E, 2033E, respectively (Supplementary Table I-S1).  Another
early origin exists in fragment 3, although the origin was not identified by génome—wide
analysis due to weak Orcl signal (Supplementary Fig. I-S1). These results demonstrate that
clustered pre-RC sites act as early-firing origins. Initiation of replication from closely
located origins has been reported for the ura4* 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 Cds1

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

replication stress such as depletion of nucleotide by HU (Feng et al., 2006; Santocanale aﬁd

12
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Fig. I-7. Clustered pre-RC sites act as early replication origins. (A) Locations of Orc1
(orange, top panel), Mcm6 (blue, middle panel) and BrdU-labeled DNA (green, bottom
panel) in the 500-540 kb region of chromosome |l are presented. (B) Eleven fragments
containing intergenic regions, shown by horizontal lines in (A) were cloned into the pYC11
vector and used for transformation of HM123 (h- leu1-32). Transformants formed on mini-
mum media plates after 4 days at 30°C are presented. Vector alone and the ars2004
plasmid were used as controls. Plus signs, +++, ++ and + below panels represent large,
middle and small colony size, respectively, while a minus sign shows absence of any vis-
ible colony. (C) HM668 (h- cdc25-22 nmt1-TK) cells released from the G2/M block were
cultured at 25°C for 20 min in the presence of 10 mM HU and replication intermediates
were analyzed by neutral-neutral 2D gel electrophoresis. Locations of the restriction frag-
ments analyzed by 2D-gel methods are shown above the map of open reading frames and
the relevant restriction enzyme sites: B, BamHI; Xb, Xbal; N, Ndel; H, Hindlll; C, Clal; S,
Spel; E, EcoRl. Positions of the hybridization probes, which correspond to the fragments
used for the ARS assay in (B), are shown as gray bars.



Diffley, 1998). Mapping of single-stranded DNA in the HU-arrested fission yeast cells has
suggested that similar regulation exists in fission yeast (Feng et al., 2006). . On the other
hand, Rad3, the ATR bomologue in fission yéast, affects initiation from a small number of
origins (Heichinger et al., 2006). I tested whether the late origins identified in this study
might be activated in the absence of replication checkpoint kinase Cds1/Chk2. Wild type
and cdsIA 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 consistent with slow

DNA synthesis in the presence of HU (top panels in Fig. 1-8). In c_ontrasf, small but
significant BrdU incorporation was detected in the subtelomeric regions of chromosomes I
and II specifically in cdsIA cells, although BrdU DNA did not form peaks at most of late
origins (middle panels in Fig. I-8). These résulfs suggest that the majority of late origins do.
not fire at a comparable éfficiency of early origins even in cds/A mutant. However, when
the ratio of BrdU DNA in cdslA to that in Wild type was calculated, cdslA-specific BrdU
incorporation was observed at subtelomeric regions énd at thq: late origin loci but not atithe
early origin loci (brown bars in bottom panels of Fig. I—S). - BrdU incorporation was

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

~ early origins), showing specific firing of late origins in cdsIA cells. To confirm the tiling

‘array result, I examined replication. kinetics in wild type and cdsIA cells in the presence of

HU using real time PCR.  Figure I-9 shows that BrdU incorporation increased in cdsIA cells
compared to those in wild type at the late origin AT2080 and at the sﬁbtelomere ,l.ocus but not
at the eaﬂy ofigin 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 part by

replication checkpoint regulation.

Coordinated distribution‘of early and late origins in large chromatin regions -

In figure I-6, the early and late origins tend to cluster separately, spanning several hundred

.kilo-bas'es on chromosome I and on the left arm of chromosome II. 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 (Fig. I—IO), suggesting - that pre-RCs

themselves are randomly distributed along chromosomes (Patel et al., 2006). Then, I asked

13



Figure 1-8
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Fig. 1-8. Incorporation of BrdU increases at iate origins in subtelomere and chro-
mosome arms in cds1A cells. HM668 (h- cdc25-22 nmt1-TK) and HM1405 (h- cdc25-

22 nmt1-TK cds1A::kanMX6) were released from G2/M block and labeled with BrdU
for 150 min at 25°C in the presence of HU and the genomic DNA was analyzed with the
tiling array as described in Fig. I-1. Green vertical bars represent relative enrichment of
BrdU-incorporated DNA in wild type (top panels) and in cds 1A (middle panels) in 300 kb
region from the left end of chromosome . The bottom panels show ratios of enrichment
of BrdU DNA in cds1A to that in wild type (brown vertical bars). Red and blue triangles
above panels show locations of the early and late origins identified in this work, respec-
tively. Horizontal bars show open reading frames. The scale of the vertical axis is log,.



Figure 1-9
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Fig. I-9. BrdU incorporation at the subtelomere and late origin loci gradually increases
in the absence of cds1. HM668 (h- cdc25-22 nmt1-TK) and HM1405 (h- cdc25-22 nmt1-
TK cds1A::kanMX6) were labeled with BrdU from 60 min to 240 min after release in the
presence of HU. The genomic DNA from wild type (open circle) and cds1A (filled circle) at
each time point was prepared as described in Fig. I-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 (telo2R-203)(purple). The replication efficiency (Re
%) was obtained by the equation, Re = [(HL/2)/(LL+HL/2)] x 100. The heavy-light fractions
at 150 min were used for DNA microarray analysis (Fig. I-8 and online materials)
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Fig. I-10. Pre-RCs distribute randomily on fission yeast chromosomes. Distribution of
— inter-pre-RC distances are shown. Best-fit exponential curve and associated R2 value for
Q/‘ the distribution of inter pre-RC distance were calculated by using KaleidaGraph 4.0J for
Mac (Synergy Software, HULINKS Inc.). The exponential nature of this distribution indi-

cates that pre-RC sites are randomly distributed along fission yeast chromosomes (Patel
et al., 2006). - '



Table I-1

The z statistic Tor distribution of the early origins and late origins on each chromosome arm.

‘ N test
OriE OriL |pre-RCs| run mean (1) varfance statistic
- T | (@) (2)
Leftarm | 78 | 63 141 48 70.7 350 | -3.88
Chrl : -
Rightarm | - 41 25 66 22 321 15.8 -2.65
Leftarm | 47 25 72 20 336 - 17.3 -3.58
Chrii : .
| Rightarm | 60 37, 97 36 46.8 - | 237 -2.33 .
Leftarm | 30 1 31 3 NA NA | NA
(\; Chr il — ,
— Right arm 51 2 53 5 NA NA NA
Whole 307 153 | 460 131 1 221.0 105.0 -8.78

Early and late origins were symbolized as E and L, respectively, to perform Wald-Wolfow- -
itz runs test (see Materials and methods). To test the coordinateness of origins on whole
genome, the three chromosomes were considered {0 be one sequence. Centromeres
were neglected, while runs were divided at each telomeric end. NA: not applicable.
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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 coordiﬁately 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 én early origin (Table I-1 and Materials and methods).
The actual distribution of early origins does not likely result from randomness on
chromosome I and on the left arm of chromosome II (P < 0.01), while randomness was not
fejeéted on the right arm of chromosome II (P = 0.0198; o = 0.01). The analysis was not
applied on chromosome I, 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 réplication is differently regulated in centromeres, the silent mating-type
locus and subtelomeric heterochromatin o '

It is of interest how initiation of replication is regulated in specific chromosomal loci, such as
centromeres and telomeres, ‘because ‘these loci contain heterochromatic regions, which have
been rei)orted to replicate generally in late S phase in higher eukaryotes (Jeon et al., 2005;

Woodfine et al., 2004). In fission yeast, thre¢ regions, centromere, subtelomere -and thé

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

In 100-250 kb subtelomeric regions from the ends of chromosomes I and II, 'BrdU
incorporation was rare despite of the existence of highly clustered pre-RCs (Fig. I-6 and Fig.
I-11A), suggesting that they were not activated at least in early S phase. In order to

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

-cover, I used ChIP-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). ChIP against Orc4 and Mcm6 were performed, follbwed'by
real time PCR analysis (Fig. I-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 I failed to detect Ssb2 (a component of

RPA) binding in HU-arrested cells (Fig. Ié'llB). It is worth rio_ting that Mcmé6 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

14
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Fig. I-11. Potential origins are clustered in the subtelomeric regions. (A) Locations
of Ore1 (orange bars, top), Mcmé (blue bars, middle) and BrdU incorporation (green bars,
bottom) in left and right subtelomeric regions on chromosome Il in wild type HM668 (h-
cde25-22 nmt1-TK) are presented. Note that the tiling array does not contain telomere-pox-
imal regions because they share highly homologous sequences. White boxes above the
panels denote open reading frames. Signhals are absent in gray-shaded regions because
of the presence of homologous sequences. (B) Locations of Orc4 (top), Mcm6 (middle) and
Ssb2 (bottom) in the right end of chromosome Il. HM1182 (h* cdc25-22 nmt1-TK) cells
were arrested in early S phase by HU after G2/M synchronization. ChiP samples were
quantified by real time PCR with telomeric primers (Kanoh et al., 2005), and recovery was
normalized to the nonARS locus. Note that all telomeres contain sequences homologous to
this region. White boxes above the panels denote open reading frames. Black triangles rep-
resent telomeric repeats. Error bar indicates standard deviation.
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central core region (cnt), where the kinetochore complex is formed, and the inverted répeats
(imr) and the outer centromeric repeats (ofr), where heterochromatin is formed (Pidoux ahd
Allshire, 2004). It is remarkable that all BrdU, Orcl and Mcm6 signéls were detected at the
otr, indicative of efficient initiﬁtion from the otr in éarly S phase (Fig. [-12A). In contrast,
the inner centromere cnz2 region did not replicate in the presence of HU (Fig. I-12A).
Surprisingly, Mcm6 was not localized at the cn2 region despite enriched binding of Orcl
(Fig. IL—12A). Localization of Orcl without Mcm6 or BrdU incérporation at the cnt was
common property on all the chromosomes (online data and data not. shown). Since I
anticipated that epitopes in Mcm6 could be sequestered from éntibody in cnt-specific proteih
complex, DNA samples chromatin-immunoprecipitated with polyclonal antibodies againsf
Mcm?2 and Orc4 in addition to Orcl a_lnd Mcm6 in Gl-arrested cells (Takahashi et al, 2002) . -
were analyzed by real fi@e PCR. The cnt2 DNA was rgcovered by Orc1-IP and Orc4-IP at a
higher efficiency than the ars2004 and the ofr DNA (Fig. 1-12B). In contrast, recoveries of
the cnt2 DNA by Mcm2-IP and Mém6—IP were about one-tenth of those of the ars2004 and
the otr DNA (Fig. I-12B). These reéults show that Mcm2 nor Mcm6 is efficiently located at

. cnt2, which is consistent 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 mar2 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). In order -

to examine replication origins in the mat K-locus I performed ChIP-qPCR analysis against’

Orc4 and. Mcmé6 to locate pre-RCs because the tiling array does not cover the mat K-locus.

Although Orc4-sikgn‘als in HU-arrested cells are relatively low in the mat K-locus, they are
significantly high around the mar2 and mat3 loéi (16, 17, 20, 23, 29, 33, 34 and 36 kb from
the matl locus) compared to surroﬁnding; euchromatic regions as well as the nonARS locus
(Fig; I-13; Orc4). Consistent with this observation, Mcm6 signals are highly enriched
around the maz2 and mat3 loci (Fig. I-13; Mcm6), indicating enriched localization of
replication origins in the mat heterochromatic region. To examine the property of these

origins, I performed ChIP against Ssb2 using HU-arrested early S phase cells. Ssb2 signals

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

origins act as early replication origins.

15
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Fig. 1-12. Replication is distinctly regulated in centromeric domains. (A) Locations
of Orc1, Mcm6 and BrdU incorporation at centromere on chromosome |l are shown. The
physical map of fission yeast cen2 above the panels denotes otr comprised of dg and
dh elements, imrand cnt. Vertical lines indicate tRNA genes. Signals are not presentin
gray-shaded regions at imr2R and otr2R because of the presence of identical sequences
with imr2L and oir2L, respectively. (B) Orc1 and Orc4 but not of Mem6 and Mcmz2 local-
ize at cnt2. ChIP with Orc1-5Flag, Orc4, Mcm6 and Mcm2 was carried out from G1 ar-
rested cells as described in Fig. I-1. DNA recovered in ChIP was analyzed by real time
PCR using primers amplifying nonARS, ars2004, dg and cnt2 regions and relative recov-
ery normalized to nonARS region is presented.
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Fig. I-13. Early origins clustere in the silent mating-type locus. Locations of Orc4
(yellow), Mcmé6 (blue) and Ssb2 (green) in the silent mating-type K-locus. Adiagram of the
mat locus is shown on top. IR-L and IR-R indicate heterochromatin boundary elements.
The mat2P and mat3M are the silent donor loci for the mat? locus . Red box represent
cenH sequence homologous to the pericentromeric repeats. White boxes indicate open
reding frames. HM1182 (h* cdc25-22 nmt1-TK) cells were arrested in early S phase by
HU after G2/M synchronization. ChIP samples were quantified by real time PCR, and re-
covery was normalized to the nonARS locus. The ars2004 is an euchromatic early origin
control. Error bar indicates standard deviation.
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DISCUSSION

In this study, high-resolution whole-genome mapping of Orcl and Mcm6 binding sites -
allowed to identify precise locations of 460 pre-RC sites on S. pombe chromosomes. I 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. I-6). -Interestingly, pericentromeric heterochromatin and

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

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

functional chromatin regions (Fig. I-11 and I-12).

Distribution and regulatidn of replication origins in chromosomal arm regions

Because more than 80% of Ofcl binding sites w>ere colocalized with Mcm6.,‘the majority' of
ORC binding sites serve for pre-RC assembly. The pre-RCs are formed exélusively 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. I-
10) except for enriched localization at pericentromere, the mat locus and.subtelqmeric regions
(Fig. I-11, I-12 and I-13). | However, only a subset of pre-RCs is activated in early S phase.
When the early origin ars2004 and the late origin AT2080 fragments were mutually
exchanged, AT2080 became early'origin while ars2004 became late one, suggesting that
timing ‘of firing is not intrinsic to ARS fragment but dependent on the context of the locus
(Hayashi et al., 2007). Furthermore, the results of statistical analysis suggest that
distribution of the early and late origins does not result from random choice of pre-RCs at
least in chromosome I and in the left arm of chromosome II (Table I-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 activitiés. Histone deacetylase inhibitors alter replication timing
in mammalian cells (Bickmore and Carothers, 1995). In budding yeast, the de3—Sin3
histone deacetylase affects ’replicat/ion 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.

I showed that the late origins in subtelomeric and arm regions incorporated BrdU in
HU-arrested late S phase in cds/A mutant (Fig. I-8 and 1-9). These results are consistent

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

| chrorﬂosome loci in HU-arrested cds“] A cells (Feng et al, 2006). It should be noted, however,

cdsl A-specific BrdU incorporation at the late origins was much less efficient than those at the
early origins (Fig. I-8), suggesting that replication initiation occurs only' in small popﬁlation
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-independentregulations may account

for suppression of initiation from the late origins.

Distribution and regulation of replication origins in fﬁnctiohal’ genomic loci

Using the ti'ling array and ChIP-gPCR 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.
Interestingly, those origins in heterochromatic regions b’ehave distinctly in each locus. The
origns in subtelomeric rcgions are not activated in early S phase (Fig. I-11), while those in

pericentromere and the silent mat K-locus replicate in early S phase (Figs. I-12 and I-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 pe‘ricéntromere and
the silent mat K-locus will be analyzed and discussed farther in Part I1I.

In budding yeast, mutations in Sir3 result in both increased gene expression
(Wyrick et al., 1999) and firing of silént replica_tion origins in subtelomeric regions
(Stevenson» and Gottschling, 1999). In fission yeast, Swi6, a fission yeast homologue"ofr

heterochromatin protein 1 (HP1), is required for repression of transcription by
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heterochromatin structures extending from the telomere ends (Kanoh et al., 2005), although it
is not likely that Swi6 is involved.in repression of the subtelomeric late origin firing (see Part
II). On the other hand, I showed that, in the absence of Cdsl, BrdU incorporation increased
at subtelomeric regions after prolonged incubation with HU (Fig. I-9), suggesting that Cdsl
has an important role in repression of subtelomere replication under replication stress.
Progression of replication fork at subtelomeric regionr' may be particularly sensitive to
replication stress and‘ this may be avoided by strict suppression of initiation.” Highly
clustered pre-RCs in the subtelomeric regions might be required for efficient replication in
Very late S phase. ~Alternatively, they might play some role in telomere maintenance.

The results of this study clearly demonstrated distinct rephcatlon profiles at
centromere; replication initiates at the pericentromeric repeats (o#r) but not at the core regions
(cnf) (Fig. 1-12). Although the cnil and cnt2 fragments clone‘d on plasmids exhibit ARS
activity, these replicators do not fire in the native centromefe (Smith et al.; 1995; Takahashi et
al., 1992). Remarkably, Mcm6 or Mcm2 was not localized at the core regions oﬁ all three
chromosomes despite of Orcl and Orc4 enrichment (Fig. I-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, suggestlng that interactions of ORC with pre- RC
components might be interfered by centromeric core and telomere spec1flc 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 inéluding cytokinesis has been suggested in
different 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 pétterns’ of
centromeric subdomains might be important for centromere functions. Earlier replication of
pericentromeric heterochromatin (major satellite) than kinetochore-forming minor satellite on
mouse chromosémes_ has been reported (Guenatri et al., 2004; Hollo et al., 1996). |

Since replication is likely to be coupled with various chromatin functions such as
sister cthmatid cohesion, condensation, DNA repair, checkpoint and chfomatin structures,
the data on replication machinery assembly sites and direction of replication fork progression

will help to identify locations and movement of relevant proteins.

18



19-

MATERIALS AND METHODS

Yeast strains and genetics

All S. pombe strains used are listed in Table I-2. Fission yeast strains were cultured in
complete YE medium (0.5% yeast extract and 3% glucose) and Edinblirgh minimal medium
(Moreno et al., 1991). All solid media contain 2% agar. Transformation of S. pombe was

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

Construction of yeast cells expréssing thymidine kinase gene

A fission yeast strain expressing the herpes simplex virus thymidine kinase; gene (TK) was
obtained as below. For integration-of TK-ura4™ fragment into ura4 locus, PCR-amplified
upstream (-1078 to -579 bp) and downstream (+1244 to +1594 bp) locus of ura4" gene was
cloned into Bamﬁl site. of pBluescript II - SK(+) by usi'rlg. primers 5’-

AAAGGATCCTGCAGGCATGAAGAATTGGTTATCC-3’ and 5’-
AAAGGATCCAAGCTTCTGTCAAAGTTTAAC-3’ ,  and 5-
AAAGGATCCGCGGCCGCTAGTATACTTTTTCTCGGAG-3’ and 5-

AAAGGATCCTCGAGCCTGCAGGAGACGGTTCA—3’, respectively, resulting in pBS-
uradup (pMH9) and pBS-uraddw (pMH10). To obtain pMH2, a HindIll and- Ssel8387
fragment'of pMH9v~was cloned into modified pBluescript II, where Xhol-Notl fragment was
replaced with a fragment carrjing XhoI—NotI-Cqu-HindIII—Sse183 87 recognition sites. A 1.8
kb ura4* fragment was inserted at HindIll site of the pMH2 generating pMH3, and then both
the XhoI-thI fragment of pMH10 and Notl fragment of pUC-nmt-Not were cloned into
Xhol-Notl site,‘of pMH3, resulting in pMHS5. The TK gene was re-cloned from the pGAD-
TK plasmid (Kétou et al., 2003) into the BamHI site between the nmtl promotef and
terminator sequences (Maundréll, 1993) on pMHS to create pMH6. - pMH6 was digested by
Ssel8387 and used for transformation of HM52 (A" ura4-D18 leul ;32).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed éssentially as described previously (Takahashi et al., 2003). For
examination of pre-RC localization at cnt and ChIP on chip analysis, T used ChIP samples
previously prepared by Dr. Tatsuro Takahashi (Takahashi et al., 2003).. In brief, HM568 (4
nda3-KM311 cdcl0-129 orpl::orpl —Sﬂag ura4-D18 leul-32) cells harboring pREP82-cdc18
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and pREP81-cdtl were cultured at 28°C for 16 hr to express Cdc18 and Cdtl from inducible
nmil promoters and then at 20°C for 4 hr for M—phaée arrest. Cells synchronously
reentering the cell cycle were incubated at 36°C, the restrictive temperature for the cdcl0-129,
for 3hr to arrest them in Gl phase. Cell extracts were used for ChIP assays with mouse anti-
‘Flag (Sigma—Aldrich), rabbit anti-Orc4, rabbit anti-Mcm2 or rabbit anti-Mcm6 antibodies ‘as
described earlier (Takahashi et al., 2003). Tb analyie localization of pre-RC and RPA in the
subtelomére and the silent mat locus, HM1182 (4*° cdc25-22 nmt1-TK) cells were arrested in
eérly S phase by HU at 25°C for 80 min after G2/M synchronization (36°C, 3 hr). Cell
extract was used for ChIP aésays with rabbit anti-Orc4, rabbit anti-Mcmé6 or rabbit anti-Ssb2
antibodies. Recovery of DNA was quantified by real time PCR using primers amplifying
subtelomeric region (Kanoh et al., 2005) and the silent mar K-locus (Table I-3).

- BrdU incorporation

HM668 (I cdc25-22 ura4-DI18::ura4'nmtl-TK") cells grown in EMM medium lacking
thiamine to induce transcription of the 7K gene at 25°C for 18‘- hr to 1 x 107 cells/ml were
arrested at the G2/M boundary for 3 hr at 36°C and then released for 90 min at 25°C in the
presence of 200 pLM 5-bromodeoxyuridine (BrdU) and 10 mM hydrdxyurea' (HU). Cells (1
x 10®) were fixed with cold water cohtaining 0.1% sodium azide and the total’cellular- DNA
was purified as described (Raghuraman et al., 2001). DNA was digested with Haelll and
centrifuged in 1.7 ml of the CsCl solution containing 10 mM Tris-HCI (pH 7.4), 1 mM EDTA
and 150 mM NaCl‘ (the refractive index at 25°C adjﬁsted to 1.4030) in a Hitachi RP120VT
rotor at 80,000 rpm for 14 hr at 20°C.  Fractions (120 ul each) collected from thé top Were
dialyzed using the Micrd Dialysis System (GIBCO BRL) and recovery ‘of DNA in each
fraction was analyzed after PCR—afnplification with ars2004 and nonARS primers. DNA in
the HL-density fractions was pooled and used for the tiling—arréy analysis as described below.
For quantitative analysis, DNA in each fraction was analyzed by real time PCR using SYBR
Green I in 7300 Real Time PCR System (Applied Biosystems). Prifners used for real time
PCR are listed in Table I-3: |

Tiling array'(chip) analysis

S. pombe chromosomes II-IIl high-density oligonucleotide tiling-arrays and whole

chromosome tiling-arrays = were produced by Affymetrix Custom Express Service
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(S_pombea520106F, P/N 550106;. pombeAlla520099, P/N 520099). Seq’uences and
positions of oligonucleotides on the array are available from Affymetrix. Amplification of
chrorﬁatin—immu_noprecipitated and total DNA, labeling with biotin—N6-ddATP, hybridization
and primary deta analyses were performed by Dr. Yuki Katou and Dr. Takehiko Itoh 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
contiguous loci that fulfilled the above two criteria were selected. - All data of the tiling array
analysis - are accessible at ‘ the - website

(http://wwW.nature.com/emboj/ journal/v26/n5/suppinfo/7601585a.html).

ARS assay _ _

Intergenic regions of the indicated locus were PCR amplified and cloned into pYC11, a
derivative of pBluescript II SK(-) earrying the LEU2 gene (Okuno et al., 1997), resulting in
pMH12, 13, 14, 15, 16, 17, 18, 19,, 20, 21 and 22, and used for transformation of HM123 (h‘
leul-32). After 4 days incubation on EMM plates at 30°C, ARS plasmids yielded visible

transformants at a high frequency.

' Two-dimensional gel electrophoresis

HM668 cells arrested at G2/M block were released at 25°C for 90 min in the presence of 10
mM HU. DNA was prepared and digested with indicated restric_tioﬁ enzymes in agarose
plugs (Arcangioli, 1998). Fractions enriched for replication intermediates were obtained by
melfing the agarose plugs as described below (Dr. Kanji Furuya, personal communication). |

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

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

enzymes (40 U/plug), B-Agarase I (2 U/plug, New England Bio Labs Inc;) and RNaseA (1
ug/plug, Sigma-Aldrich Inc.).  Supernatant was collected after centrifugation at 13,000 r.p.m.
for 10 min and DNA was precipitated with isopropahol. The replication intermediates were

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

- Statistical analysis

To test the randomnes.s of distribution of the early and late origins, I used Wal_d-}Wolfowitz '
runs test (Chang, 2000). A ‘run’ means a séquence of adjacent equal symbols. For
example, the sequence “EEELLLELLLLLEELE” is divided in seven runs: four of them are
made of ‘E’ and the others are made of ‘L’. If the two symbols are generated randomly, an
expectéd number of runs, u, and the variance, 02, are given as u =1+ (2NgN,) / N and o=
2N N,(2N N, - Ny | N°(N - 1) = (u-DHu-2)/ (N-1), respectively, whefe Nyis the number of
E, N, that of L, and N = N; + N,. The z statistic is given by z = (Ra - @) / V&, where Ra is
the actuallnumber of runs in the pattern. If the z statistic is negative, the actual humber of

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

“to be clustered. I set the significance level, «, as 0.01 in the anaiysis 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 chromosoine III, where the number of late origins is too small for
valid statistics. All the values of z were negative and I could successfully reject null
hypothesis that the distribution pattern of the eaﬂy and late origins is random on the whole
chromosome I and on the left arm of chromosome II (P < 0.01), whereas the randomness was |

not rejected in the right arm of chromosome II (P =0.0198).

22



TN

Table I-2

S. pombe strains used in this study

.

matK-L(-2k)-65-R

- 5-ATAACTATTGGGAAGTGAACGTGATG-3'

Strain Genotype. - Figures I

HM52 h* ura4-DI18 leul-32 used for transformation

HM123 leul-32 ‘ . 7B

HM568 ki ura4-DI18 leul-32 nda3-KM311 cdcl0-129 orpl::5FLAG-orpl  1,2,7A,11A,12A,12B

HM654 h*  ura4-DI18::urad+nmtl-TK+ leul-32 transformant

- HM668 K cdc25-22 ura4-DI18::ura4+nmtl-TK* 1,4,5,7A,7C, 8,9, 11A, 12A

HM1182  7* cdc25-22 ura4-DI8::urad+nmtl-TK* his2 Kint2::ura4* 11B, 13

HM1405 k& cdc25-22 edsl A:kanMX6 urad-DI18: urad-+nmt1-TK* 8,9

Table I-3 Primers used in this study

Locus Name “Sequence Source
ars2004-66-F 5-CGGATCCGTAATCCCAACAA-3' .

ars2004 This study

: ars2004-66-R 5-TTTGCT TACATTTTCGGGAACTTA-3'
nonARS-70-F 5" TACGCGACGAACCTTGCATAT-3' .

nonARS : This study
nonARS-70-R 5-TTATCAGACCATGGAGCCCATT-3'

AT2080-71-F 5'-CGAACAACAGGCTTGGTTAGAA-3' . )

AT2080 : : This study
AT2080-71-R 5-GAAGTACGGACTTGTTTCGATTCC-3'
dg-108-F 5" TCCAAATGTCGCATGAACACTC-3'. o

dg . This study
dg-108-R 5-CTTTTTTGGGAATACATTGGGTTT-3' )
cnt2-211-F 5-GGTTTTATGATTTTGGCGAAGTG-3' o

cnt2 . . . This study
cnt2-211-R 5-CGACAAGCGTGGATTTATTTTATG-3' :
telo2R-203-F 5-GACTACAGCCACAAGCTA-3' . .

subtelomere ‘ This study
telo2R-203-R 5'-CATTATGACTTCCAATCCCT-3'

. TEL-59-F 5'-CAGAAGAGACTACAGAGGCGGTTT-3' .

subtelomere ) This study
TEL-59-R 5-GGATGCCTTATCTGCGACCA-3'
jk682 (18K-#1) 5'-AATTTCAGTTGCCAAGGGACA-3' .

subtelomere : ' Kanoh et al., 2005
k683 (18K-#2) ' 5'-GGGTCAAAACCTGCGCATAA-3'

. 1k386 (14K-#1) 5-TTCCAAGTATGCCAGCTTATCATC-3'

subtelomere - ) : Kanoh et al., 2005
jk387 (14K-#2) 5'-CATCAGCAACGTCGCCAACT-3'
jk384 (12K-#1) 5'-GCTCTCGACAAAGCCGTTCT-3' :

. subtelomere . Kanoh et al., 2005
k385 (12K-#2) 5'-CAGCATTAACCAACAGTGGTCITC-3'
jk620 (E-9K-#1) 5"TTCTTAATCATTATCAAGTATTCATTGCAA-3'

‘subtelomere Kanoh et al., 2005
jk621 (E-9K-#2) 5 '-ACAGTAAACT 'ATGATCGCTTTTGAAGAC-3' .
jk618 (D-6.5K-#1) 5'-GCCTACCGCTTGCAGTTGTT-3' )

subtelomere ] ) Kanoh et al., 2005
k619 (D-6.5K-#2) 5-GGTTTGAGCATCTGTCAGAGGTAA-3'
jk614 (A-3K-#1) 5'-GTCTCGTTGCTCGCTTCACA-3' '

subtelomere ] Kanoh et al., 2005
jk615 (A-3K-#2) 5'-GGAGGATGGGAAATTTTGAGGAT-3' i
jk380 (TEL-0.3K-#1) 5-TATTTCTTTATTCAACTTACCGCACTTC-3' s

subtelomere Kanoh et -al., 2005
jk381 (TEL-0.3K-#2) 5-CAGTAGTGCAGTGTATTATGATAATTAAAATGG-3'
matK-L(-8k)-113-F 5-AATGCGATAGCGGCATAAGG-3' .

mat K-locus This study
matK-L(-8k)-113-R 5-GGTCTCGTGGCTCTCGGTT-3'
matK-L(-5k)-71-F 5-TACCCGATACGGTGCTGGAT-3' o

mat K-locus This study
matK-1(-5k)-71-R 5-AACTTTTAAGGACACCCGGCTA-3'
matK-IR-60-F 5-CAGAAGAGACTACAGAGGCGGTTT-3' .

mat K-locus K This study
matK-IR-60-R 5'-CCCAGGACCCCAAACCAT-3'

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



mat K-locus

mat K-locus

mat K-locus

mat K-locus

mat K-locus

mat K-locus

mat K-locus

RT-matK108-F
RT-matK108-R
matK (4k)-83-F
matK(4k)-83-R
matK(7k)-62-F
matK(7k)-62-R
matK(10k)-65-F
matK(10k)-65-R
matK-R(2.5K)-174-F
matK-R(2.5k)-174-R

- matK-R(6k)-90-F

matK-R(6k)-90-R
matK-R(9k)-68-F
matK-R(9k)-68-R

5-TCTTCCCTGCGTTGGACTTC-3'
5'-CACCCTACCATCCGTGTTACCT-3'
5-ACGGGATTAGTGCTGCAAATG-3'
5'-GTTCATGGGATCCGTCACATT-3'

5" TCGTCGATGTCTAAGAAGGATCTAAG-3'
S-TGTTTGTTTTGCTGATCTGTTTTCT-3'
5'-CTGGAAAATCAAAGTGCGCTAA-3'
5-GCT TCCTCGCCT GCTTACAT-3'
5'-ATCCCAAGCACCAAGCTTTG-3"
5“TCCTGCCGAAGTTTCTAAATGAG-3""
5“GATACGGGTTATTGTCGACTTGAA-3'
5'-CGTGTCGTTGGTAGTCTTAGCATT-3'
5ATTAACAAGTGCCCAGCTTCTGA-3'
5'-CATCACGAAGATGGCACTTTCTAA-3'

This study
This study
This study V
This study
This study
This study- '

This study
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Part II: The heterochromatin protein Swi6/HP1 activates replication origins

at pericentromeres and the silent mating-type locus

INTRODUCTION

Heterochromatin is highly condensed chromosomal regions throughout the cell cycle. In
many cases heterochromutin replicates in late S phase and hardly contains transcriptionally A
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
mechauism underlying such function has been explained by the presence of conserved
heterochromatin protein, HP1, which binds to methylatéd Lys 9 or1 histone H3 (H3K9Me)
with its chromo-domain (Nakayama et al., 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 mar locus contain active

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

* .also Part I). This phenomenon also argues against considering heterochromatin as an inactive

and static domain and suggests an active regulation of replijxition in heterochromatin, yet the

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 platform to recruit a variety of effectors, such as factors involved in
transcriptional silencing, modifications of. histones, chromosome segregation and even in
transcriptional activation (Grewal and Jia, 2007), shedding light : on‘ dynamic feature of
heteroohromatin (Zofall and Grewal, 2006). Moreover, SWi6 has been shown to interact with
replication factors, such as Pola, a primase at replication fork (Ahmed et al., 2001; Nakayama
et al., 2001a), and Dfpl, a regulatory subunit of Dbf4—depéndent 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 unclear.
Initiation of replication proceeds in stepwise manner: formation of pre—replicative"
complex (pre-RC) in Gl phase and activa‘tion‘of pre-RC in the following S phase (Bell and
Dutta, 2002). In fission yeast, loading of Sld3 is the furthest upstream ieaction in
activation of pre—RC depending on DDK; then GINS is recruited depending on CDK,
followed by Cde45 loading (Yabuilchi et al., 2006). Assembly of DNA polymerases and
RPA, a single strand binding protein, follows the activation 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 I show that Swi6 activates heterochromatic replication origins in
pericentromere and the mat locus,“ which results in early repiication of these_‘ loci. In swi6
deletion mutant, efficiency of replication initiatiori reduced in these heterochromatic loci,
resnilting in retardation of replication kinetics specifically at the pericentromere and the mat
locus. ChIP-gqPCR analysis Shows that Swi6 stimulates Sld3 loading at heterochromatin.
Point mutations at a putative chromoshadow-domain binding (HPl—biiiding) motif at (O
terminal region of Dfpl abrogate interaction between Swi6 and Dfpl in vitro and early
replication of Swi6-bound heterochromatin in vivo. Furthermore, tetiiering Dfpl-
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'vapl, which results in loading of Sld3 and activation of replicationv 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, I examined the replication
kinetics of heterochromatin loci in wild type and swi6A cells. The heavy analogue 5-bromo-
2’-deoxyuridine (BrdU) was incorporated into the n'ewly.synthesized DNA for various

perlods of the synchronous cell cycle and replicated DNA with heavy-light density was

separated from non-replicated DNA by CsCl den31ty gradlent centrifugation. Replication

efficiencies were calculated by real-time PCR for replication origins in the pericentromere
(Smith et al., 1995), the mat logus (matK: 20 kb from the matl locus, see Part I)(Olsson etal.,
1993) and the subt‘elomerei (21 kb from the telomeric end, see Part I)(Fig. II-1A; red, orange,
purple lollipops, respéctively), as well as an early replication origin in the euchromatic region
(ars2004)(Fig. II-1A; black lollipop) and a non-origin locus (nonARS) located at about 30 kb
from the ars2004 origin (Fig II-1A; white lollipop). All origins 1nclud1ng the subtelomeric
origin have autonomously replicating activity (ARS act1v1ty) when cloned on a plasmid (Fig.
II-1B). In the wild type, ars2004 replicated earlier than the nonARS locus by about 10 min
(Fig. I1-2). The rephcatlon kinetics of the perlcentromere and matK were similar to those of
ars2004, 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-0.3K; dark red lollipop in Fig. II-1A) replicated even later than the

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

~fork from telomere-distal side. In swi6A cells, the profiles of the ars2004 and the nonARS

loci were similar to tho'se‘ of the wild type (Fig. II-2). The replication kinetics of the
subtelomere and the TEL-0.3K did not change (Fig. 11-2), ‘suggesting that the subtelomeric
origin does not fire efficiently in early S phase in the absence of Swib. Surprisingly,
however, replication of the: pericehtromere and matK was delayed as late as that of the
nonARS ilocﬁs (Fig. II-2), indicating that Swi6 is required for early replication of the
pericentromere and the silent mar locus.  To examine whether this role of Swi6 is dependent
on its localization at these heterochromatic loci, I introduced a chromo-domain mutation,
swi6-WI104A, which impairs the interaction of Dorosophila HP1 with H3K9me (Jacobs and

Khorasanizadeh, 2002). The mutation caused defect in silencing of a reporter ura4™ gene
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Fig. [I-1. All heterochromatic loci contain autonomously replicating sequence (ARS).
(A) Schematic representation of fission yeast euchromatic (ars2004) and heterochromatic
(centromere, the silent mating type locus and subtelomere) loci. The central vertical box
represents a whole view of chromosome 2 along with the locations of ars2004 (gray),
otr, pericentromeric heterochromatin (red) flanking the central core region (cnt); mat, the
mating type locus (orange); and subTEL, subtelomeric heterochromatin (purple). Maps
of relevant regions are shown. The dh and dg repeats at the outer centromere, cenH in
the silent mating type locus and cenH-fike in subtelomere contain sequences involved in
the establishment of heterochromatin through an BRNAi-dependent mechanism (red boxes
on each map). A black bar below the map denotes the fragment used for ARS analysis.
Relevant restriction fragments (ET, EcoT22l; B, BamHl; E, EcoRl) and probes (gray box)
used for two-dimensional gel electrophoresis and southern hybridization are shown below
the maps (Fig. [1-4B). Lollipops represent positions of the segment analyzed by quantita-
tive real-time PCR. (B) To examine the ARS activity of heterochromatic replication origins,
fragments corresponding to ars3.0K (Smith et al., 1995) in the pericentromere (dg) and
ars2PR (Olsson et al., 1993) in the mat locus, which had been previously described, were
PCR-cloned into pYC11 carrying LEUZ gene. For the subtelomeric replication origin, a
fragment that contains multiple AT-stretches characteristic in fission yeast replication ori-
gins at 21 kb from the right telomere of chromosome 2 was PCR-cloned into pYC11. Each
plasmid was introduced into HM123 (h feu1-32) followed by 5 days incubation at 30°C.
Ars2004 and vector serve as positive and negative controls, respectively.




Figure [I-2
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Fig. II-2. Early replication at the pericentromere and the mat locus depends on Swib.
Wild-type and swiBA cells carrying cdc25-22 were arrested in G2/M phase at 36°C for 3
nr and then released at 25°C in the presence of BrdU. At the indicated time points, newly
replicated DNA with heavy-light (HL) density was separated from unreplicated light-light
(LL) DNA by CsClI density gradient centrifugation. Replication efficiency was determined
by guantitative real-time PCR with the primers described in Fig. ll-1A.
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inserted at‘the silent mat locus (Fig. II-3B) in the presence of the mutant protein (Fig. II-3A),

indicating that localization of Swi6 is impaired by the mutation.  Strikingly, I observed delay

in replication of the pericentromere and the silent mat locus in the mutant‘(Fig. I1-3C),

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 matK in
swi6A cells is- caused by impaired initiation of replication, replication efficiency was

measured in the presence of hydroxyurea (HU). In the wild type, ars2004, the

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

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

the silent mat locus. In contrast, in swi64, the replication efficiencies at the pericentromere

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

efficiently as in the wild type (Fig. I[-4A). These results 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,a’e'ar32004, the dhi and dg repeats of the pericentromere and the matK locus
indicates initiation of replication at these loci (Fig. [1-4B, arrowheads). Strong Y arcs at the
dh and dg repeats prebably represent passive replicatioh from neighboring repeats. In swi6A
cells, the bubble arcs were reduced at the dh and dg repeats and the mazK locus but not at
ars2004, indicating reduced initiation of replicatien specifically at the pericentromere and the
mat locus (Fig. II-4B). In addition, the Y arcs at the pericentromeric repeats were reduced,
which is consietent with impaired initiation at the repeats (Fig. I[I-4B). These results confirm
that Swi6 is required for efficient initiation of replication at fhe pericentromere ahd thes_ilent

mat locus.

Swi6 stimulates S1d3 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)(Fig. II-5A). To
elucidate the mechanism by which Swi6 stimulates initiation of replicatien, we examined
localization of replication factore at origins using chromatin immunoprecipitation (ChIP)

analysis. I first examined Orc4 and Mcm6, components of pre-RCs, in wild type and
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Fig. II-3. Swi6 promotes early replication at the pericentromere and the mat locus in a
chromo-domain dependent manner. (A) The expression of Swi6-W104A was confirmed.
Wild type (wt), swi6A or swi6-W104A cells were harvested and the cell extracts were ana-
lyzed by western blotting with anti-Swi6 (top) or anti-TAT1 (bottom) antibodies. TAT1 serves
as a loading control. (B) The point mutation swi6-W104A impairs the silencing at the silent
mat locus. Silencing of a ura4* marker inserted at the silent mat locus was examined by
growth on selective media. Ten-fold-diluted cultures of indicated strains were plated onto
nonselective medium (NS), medium containing 5-FOA (FOA) and medium lacking uracil
(-ura). (C) Chromo-domain of Swi6 is required for early replication at the pericentromere
and the mat locus. Replication kinetics in swi6-W104A cells were analyzed as in Fig. |I-2.



Figure I1-4
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Fig. ll-4. Swi6 promotes firing of origins in early S phase specifically at the pericen-
tromere and the mat locus. (A) Replication efficiency was determined in wild-type and
swi6A cells in the presence of HU (10 mM) at 100 min after release from G2/M synchroni-
zation. Error bars represent standard deviations. (B) Swi6 promotes initiation of replica-
tion at the pericentromere and the mat locus. Replication intermediates prepared from
wild-type or swibA cells with HU at 80 min after release from G2/M arrest were analyzed
by neutral-neutral two-dimensional gel electrophoresis. Arrowheads indicate bubble arcs
in wild-type samples.



Figure II-5
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Fig. 11-5. Swi6 stimulates loading of Sld3 at the pericentromere and the mat locus.
(A) Amodel for replication initiation in fission yeast. ORC and MCM complexes bind to rep-
lication origins to form pre-replicative complexes (pre-RCs) in G1 phase. At the onset of
S phase, SId3 binds to origins in a DDK-dependent manner, and then the GINS complex
is recruited in a CDK-dependent manner, followed by loading of Cdc45 before the single
strand DNA binding protein (RPA) binds. (B-G) Localization of SId3 to the pericentromere
and the mat locus is impaired in swi6A cells. Localization of Orc4 (B), Mcmé (C), SId3-
5Flag (D), Psf2-5Flag (E), Cdcd5-5Flag (F) and Ssb2 (G) at euchromatic and heterochro-
matic loci was examined by ChIP using quantitative real-time PCR. Wild-type and swi6A
cells, carrying psf2-5Flag or cdec4b-5Flag. were arrested in early S phase by HU for 80 min
after G2/M synchronization (B, C, E-G). Wild-type and swibA cells, carrying sld3-5Flag,
were arrested in sarly S phase by using mem5 mutant (Yamada et al., 2004) after G2/M
synchronization (D). Recovery ratios of immunoprecipitated DNA to total DNA at the indi-

cated loci were normalized to the value of nonARS locus. Error bars represent standard
deviations.



P
i )

27

swibA cells arrested in early S phase by HU. Orc4-ChIP analysis in wild type revealed that
the ars2004, pericentfomefe 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.v II-5B). Sinﬁlarly, the ‘preferential localization of Mcmé6 at
ars2004, pericentromere and matK was not decreased in swi6A cells (Fig. II-5C), _indieating
that Swi6 is not required for pre-RC formation at the pericentromere\ and the silent mar locus.
In contrast, localization of SId3 was decreased in swi6A cells at the pericentromere and matK
but not af ars2004 (Fig. 1I-5D). Consistent with this observation, localization of Psf2 (a
component’ of GINS) Cdc45 and Ssb2 (a component of RPA), which depend on Sld3, was
reduced at the pericentromere and the matK locus in swi6A (Figs. II- 5E G). These results
strqngly suggest that Swi6 stimulates loading of Sld3 onto origins in the pericentromere and

the silent mat locus.

Physwal 1nteract10n between Swi6 and Dfpl is requlred for early rephcatlon at the
pericentromeres and the silent mat locus

Then I addressed the molecular mechanism of the stlmulatlon of Sld3-loading by Swi6.. It
has been reported that a C-terminal region of Dfpl, Wthh contains a putative chromoshadow-
domain bmdlng (HP1-binding) motif (PxVxL/I/V), is mvolved in the interaction w1th Swi6
(Bailis et al., 2003). This interaction was thought to be,separable from initiation activity of
DDK, be.cause overall DNA replication appeared to be normal in a dfp/ mutant lacking the .C—
terminal region (Balhs et al., 2003) However, since DDK is required for loading ef Sid3
onto replication orlgms (Yamada et al., 2004) I examined the possibility that the 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 with GST alone, indicating that Dfp1 interacts directly with

-Swi6b (Fig. II-6B, lanes 6 and 10). I then tested whether the HP1-binding motif of Dfp‘l is

required for the interaction, by iﬁtroducing amino acid changes in the motif (Fig. 1I-6A).
Recovery of Dfpl-3A (carrying P447A, V449A and I451A substitutions) and Dfpl-2E
(V448E and V449E) by pull-down assay was greatly reduced eompared with Wﬂd type Dfpl
(Fig. 11-6B, lanes 11 and 12), indicating thét the motif is required for the interaction. To

examine the effects of the substitutions on DNA replication in vivo, the endogenous dfpl™

27



SN

Figure 11-6
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Fig. I-6. The HP1-binding motif in Dip1 is required for efficient interaction with Swi6.
(A) The amino acid sequence of the HP1-binding motif in the C-terminal region of Dip1 and
‘the substitutions in the motif (Dip1-3A and Dip1-2E) are shown. (B) The point mutations
reduce the efficiency of interaction between Swi6 and Dip1. S-peptide tagged Dip1, Dip1-
3A and Dfp1-2E expressed in vitro were incubated with GST or GST-Swi6 in the presence of
glutathione beads, and bead-bound proteins were analyzed by western blotting with anti-S
and anti-GST antibodies. -



Figure Il-7
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Fig. [I-7. Early replication of the pericentromere and the mat locus depends on the
HP1-binding motif of Dfp1. Replication kinetics in dfp?-3A (A) or dfp1-2E (B) cells were
analyzed as described in Fig. lI-2.
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The localization of Swi6 was analyzed by ChIP in wild type, swiSA and dfp1-3A cells ar-
rested in early S phase by HU. Recovery ratios of immunoprecipitated DNA to total DNA
at the indicated loci are shown. Error bars represent standard deviations.
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| gene was replaced with dfpl-3A. Replication of the pericentromere and matK in dfpl-3A

~ cells was delayed to that of the nonARS locus, similar to the results observed in swi6A cells '
(Fig. 1I-7A, compare with Fig. I[-2). The dfpl-2E mutation caused similar delay in
replication of the pericentroi'nere and the inatK ~(Fig. II-7B). Localization of Swi6 at
heterochromatin was not significantly altered by the dﬁ)i -3A mutation (Fig. 1I-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. I 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 immnnoprecipitated DNA with S-4FLAG-
Dfpl or Dfpl-13Myc, I could not locate DDK at the pericentromere, the matK or even at the

~euchromatic origin ars2004 (data not shown). Moreover, tagging C-terminal region by -
13Myc caused defect in replication at the pericentromere locus (daté not shown), suggesting

that the C-terminal tag affects the interaction between Swi6 and Dfpl.

Forced recruitment of Dfpl to the pericentromeres and fhe silent mat locus in the
absence of Swi6 restores early replication of the loci | ’ A

The results described above prompted me to examine whether forced localization 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 swi6A cells, Dfpl fused at the C-terminus with two
tandem copies of the chromo-domain (CD) of Swi6, which binds to H3K9me, was expressed
from the native dfpIl-promoter, because H3K9me remains in the pericentromere and at the
rspecific 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 swi6A dfpl-CFP-2CD cells. As a control,
expression of CFP-2CD without fusion to Dfpl did not significantly affect replication of these
leci (Fig. II-9A). Consistent with these results, I Confirrned that bubble arcs were restored at
the pericentromere and the silent mat locus in swi6A cells by expressing. Dfpl—CFP—ZCD‘, but
‘ not by expressing CFP-2CD (Fig. 1I-10). I also showed that tethering of Dfp1-3A-CFP-2CD
to the pericentromere ‘and the mat locus in swi6A cells restored early replication V(Fig. II-9B),
suggesting that delayed replication of these loci in dfpl-3A cells was cause(i by inefficient :

localization of DDK at these sites. From these results, I concluded that Swi6 activates
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Figure 11-9
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Fig. [1-9. Tethering of Dfp1 restores early replication timing at the pericentromere
and the mat locus in the absence of Swi6. (A, B) Dip1-CFP-2CD or Dip1-3A-CFP-
2CD restores early replication timing at the pericentromere and the mat locus in the ab-
sence of Swib. Dfp1 or Dfp1-3A was fused with CFP and two tandem copies of chromo-
domain (CD) of Swi6 and expressed from the native dfp1- promoter in swi6A cells. Rep-
lication kinetics in swi6A dfp1-CFP-2CD and swi6A CFP-2CD cells (A) or swiBA dip1-
3A-CFP-2CD cells (B) were analyzed as in Fig. [I-2.



Figure lI-10
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Fig. i-10. Expression of Dip1-CFP-2CD restores initiation of replication at the peri-
centromere and the mat locus in swi6A cells. Replication intermediates prepared from
swibA cells expressing Dip1-CFP-2CD or CFP-2CD were analyzed as described in Fig.
11-48. Arrowheads indicate bubble arcs.



Figure 1l-11
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Fig. lI-11. Dip1-CFP-2CD localizes to the pericentromere and the mat locus in swi6A
cells. ChIP analysis using anti-GFP antibody for CFP-tag was performed in swi6A dfp1-
CFP-2CD and swi6A CFP-2CD cells as described in Fig. II-6B-G .
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rei)lication origins by recruiting DDK to heterochromatic loci. It should be noted that
replication of the subtelomere was not significantly altered in swi6A dﬁa]-CFP—ZCDcells (Fig.
I1-9A). ChIP analysis showed that Dfp1-CFP-2CD is localized at the pericentromere and
matK locus, but not at the subtelomere (Fig. 1I-11).  The absence of Dfp1-CFP-2CD from the
subtelomere in swi6A is probably a result of decreased maintenaﬂce and sprea-ding 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 maz locus, which
is crucial for activation of repliczition origins in these loci, is hindered in swi6A cells. To test
the possibility that remaining heterochromatin components that bind to H3K9me in the
absence of Swib6 are responsible for the delay in replication, I examined the effects of deletion
of clr4+; a fission yeast homologue of Su(var)3-9 histone methyltransferase, on réplication in
SWI6A background, since localization of known heterochromatin components was abrogated

in clr4A cells (Cam et al., 2005). In swibAclr4 A cells, the pericentromere replicated in early

* S phase, supporting the notion that the remaining heterochromatin structures are responsible

for the delay in feplication (Fig. II-12).  Interestingly, however, repliéation timing at the
matK remained as late as the nonARS locus. I wondered whether pre-RC formation is
maintained in the absence of heterochromatin assembly, because loss of clr4 results in de-
repression of transcription corresponding 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 swi6Aclr4A cells taken 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, fhe pericentromere and the
matK locus, suggesting ORC binding to these loci (Fig. II-13). Moreover, continuous
localizatic;n of Orc4 and Mcm6 at the ars2004, as well as pericentromere and the matK locus,
was observed from 60 fnin to 180 min after G2/M release (Fig. 1I-13), suggesting pre-RC
formation in the absence of heterochromatin components. Since MCM leaves a replication
origin after initiation of replication, accumulation of M¢m6 at the )natK locus at 120 min and
180 min may resﬁlt 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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Figure [I-12
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Fig. 1I-12. Deletion of the clr4* in swi6A background restores early replication
at the pericentromere but not at the mat locus. Replication kinetics of indicated
loci in swi6Aclr4A double mutant cells were analyzed as described in Fig. [l-2.



Figure 11-13

NonARS 1 ars2004 m pericentromere @ matK

16
>‘ 1
o 14 .
& ,
8 12
5 10 |
Orc4 =z 8
6 |
CD |
=
m |
° 2
T oo LS - . .
0 60 120 180
Time after G2/M release in HU (min)
12 ;

=i
o

o9

Mcm6

Relative ChIP recovery
(@)

o N

0 60 120 180
Time after G2/M release in HU (min)

Fig. 11-13. Pre-RC is formed at the pericentromere and the mat locus in the ab-
sence of heterochromatin assembly. The localization of Orc4 and Mcm®6 was ana-
lyzed by ChIP in swiAcir4A cells. Samples were taken at 60-minute intervals after
G2/M arrest. Recovery ratios of immunoprecipitated DNA to total DNA at the indicated
loci were normalized to the value of nonARS locus.
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pre-RCs at the pericehtromere, 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 Dfpl to the loci. In contrast to these loci, the
subtelomeres replicated in very late 1n wildrtype, swi6A and swibAclr4 A (Fi gs. [1-2 and I1-12). |
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 different mechanisms at three heterochromatic loci.

Forced recruitment of Dfp1 to the subtelomeres accelerates replication timing

I questioned why the subtelomere replicates in late S phase regardless of Swi6 localization.
Orc4 and Mcm6 were localized at the subtelomeric ARS in early S phase in wild type and
swi6A éells, whereas‘ S1d3, Psf2, Cdc45 or Ssb2 were not effiéiently enriched at the
subtelomeric ARS in either cell (Fig.- I1-14). Considerihg 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,.res‘ulti_ng in late replication. - I examined whether
forced recruitment of DDK would accelerate replication in subtelomeric heterochromatin by
expressing Dfplr—CFP—VZCD 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-2CD did not alter the replication kinetics of the subtelomere, as well ‘as t_he TEL-0.3K,

relative to ars2004 and the nonARS locus, although replication of the pericentromere and

-maiK was slightly delayed (Fig. II-15), probably because CFP-2CD competesv,with Swi6 for

binding to H3K9me. In contrast, expression of Dfpl-CFP-2CD accelerated replication of
the subtelomere to be similar to that of the nonARS locus, whereas the replication kinetics of
the pericentromere and matK were not si gnificantly altered (Fig. II-15). Consistent with this
result, replication timing of the TEL-C.3K_ §vas also accelerated to the similar extent of the
subtelqmere. Thesé results suggest that subtélomeric origins are activated, at least partially,

by tethering of DDK.
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Figure 11-14
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Fig. lI-14. Initiation of replication at the subtelomeric ARS is inhibited after pre-RC
formation in both wild type and swibA cells. ChIP samples in Fig. lI-5B-G were ex-

amined by quantitative real-time PCR using the subtelomeric primers shown in Fig.
I-1A.
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Fig. 1I-15. Expression of Dfp1-CFP-2CD in wild type cells accelerates replica-
tion timing at the subtelomere. Replication kinetics in dfp1-CFP-2CD and CFP-
2CD cells were analyzed as in Fig. 1I-2.
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DISCUSSION

The results presented here 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. I found

that S1d3 loading and early firing of origins in the pericentromere and thé sil'ent‘maz locus are
stimulated by Swi6 (Figs. II-2, 3C, 4 and 5D).  Swi6 physically interacts with Dfpl through
the HP1-binding motif in Dfp1, which is required for early replication of the pericentromere

and the silent mat locus (Figs. II-6B and 7). Furthermore, tethering Dfpl or Dfp1-3A to the

. loci restored early replication in the absence of Swi6 (Figs. I1I-9 and 10).

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

From the resuits in this Study, I prépose a model: Swi6 recruits DDK to pre-RCs in the
heterochromatic pericentromere and the silent mat locus in early S phase and stimulates
DDK-dépendent assembly of the» replication factor Sld3 (Fig.vII-16). The underlying/
molecular mechanism is H3K9me-dependent localization of Swi6 and consequent Swi6-
dependent localization of Dfpl.

. 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 dfpl-3A and swi6A cells lacking the interaction of Dfpyl with Swi6
(Fig. [I-16), and the delay in replication of the pericentromere was canceléd in swi6Aclr4A
cells (Fig. II-12). On the other hand, other mechanism(s) is responsible for the delayv in
replication of the silent mat locus in the absence of heterochromatin assembly (Fig. 11-12). 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
(Gilbért, 2002), and the deletion of cir4 disrupts subnuclear loéalization of the mat locus
(Alfredsson-Timmins et al., 2007) but not that of the centromere (Ekwéll et al., 1996),

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

-in the absence of heterochromatin assembly. The underlying molecular mechanism remains

to be shown.

If the heterochromatin structure is intrinsically inaccessible to trans-acting factors,
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Figure 1I-16

cen, mat subTEL
(wild type) (wild type)
cen, mat

(5w, dfp1-3A)

Fig. 1-16. A model for regulation of replication origins in heterachromatic loci.
SwiB/HP1 recruits DDK to the pericentromere and the matf locus through physical
interaction, which promotas loading of Sid2 onto pre-RCs and sarly replication of
the loci (left). The positive effect of SwiE appears to be cancelad in the subtelomer-
ic regicn by unknown mechanismis} (right}. In swi6A and dip1-3A mutant cealis, re-
maining hetercchromatin components and/cr unknown mechanism(s} may pravent
DK localization in heterochromadtin, resulting in [ate replication of the loci (right;.
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how other replication factors, such as MCM, GINS and Cdc45, are recruited to the ori gihs in
the pericentromere and the silent maf locus? It has shown receﬁtly that H3K9me and Swi6 |
localization are regulated in cell-cycle-dependent manner (Chen et al., 2008). The amount
of H3K9me and Swi6 in the heterochromatic loci reduces in G1 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 phosphorylafe 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
allows recruitment of downstream factors. Structural change of origin chromatin bry’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 suppreséibn of replication and
the resulting late replication may be involved 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 budding yeast (Gilberf,
2001b). How‘eVer, my results are unfavorable for the involvement of H3K9me-dependent
suppressive chromatin sfructure in replication control at fission yeast subtelomere; though it is
still possible that telomeré specific proteins and/or subnuclear localization have some role in
regulation of telomeric replication. - The involvement of Ku complex, which localize the
telomere and regulate its subnuclear localization, in replication -timing 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 (Fig. 1I-15). Therefore, DDK seems to be an important target even in

regulation of subteloimeric 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 sighificance of regulation of replication timing has been proposedy %Q be ¢oupl-ing

~ with inheritance of chromatin structures during each cell cycle (Goren and Cedar, 2003).

However, one could argue against this notion, because Swi6 remains at pericentromere and

* the silent mqf locus after the delay of replication timing in dfpI-3A mutant. On the other

hand, replication of the mat] locus in a specific direction is required for genomic imprinting
at the mat locus (Dalgaard and Klar, 1999). Activation of the origin in the silent mat
het’erochromatin establishes the spécific directionbof,replication fork at the matl locus,
although there seems to be redundant mechanism that blocks replication fork from the other
side of the matl locus to ensure fork direction (Dalgaard and Klar, 2001). Because the C
terminus’ regioﬁ of Dfpl is vréquired 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 c'ohesinvis 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 HPI1-
binding motif in Dfpl does not appear to be conserved in Dbf4 homologues in other
eukaryotes. However, their direct interaction needs to be examinéd experimentally, because
HPi has shown to interact with proteins thfough 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 >rep1ication.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-1. 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- dornain mutant

To express Swib- W104A mutant protein from the endogenous swi6” promoter the swi6”
codrng sequence with its potential promoter and terminator regions was first cloned into
pBluescrrpt (pAL2pBK), and a hyg' cassette was introduced into the pAL2pBK plasmid
(pALZpBK—H: a gift from Dr. J.- Nakayama). The W104A mutation was introduced by site-
directed 'mutagenesis | using  primers, 5’-
CACTGGGATCGTCATAACCT TCGGCCTTCAAAAGGTATTCATAGCCTCCA-3’  and
5- CATCATAAGAGTCAGACGCTCTA-3’. The resultant fragment was used as primer
for second PCR with 5’- AAATTTAAGCTTGCTAATGTACAAAAGCAGCAAC—37 and
cloned into the Af/11-Hindlll sites of pAL2pBK-H, generating pMH100. After confirmation of |
the sequence, pMH100 was cleaved with Hpal for introduction into downstream of the swi6

locus of HM1183 (b cdc25-22 nmtl-TK* swi6A::kanMX6 his2 Kint2::ura4*), and the

‘transformants were isolated using medium containing hygromycin.

Construction of Dfp1 carrying HP1-binding motlf mutants
The pornt mutants dfpl-3A or dfpl-2E was constructed as below The dfpl-3A or dfpl-2E
mutation was  introduced by site-directed = mutagenesis using primers: 5’-

GTAGTGCTGCTAGTGTTGCGGTGGCAACAGCTA ATGGGAGAGATATCGCA-3’ and

5 > AAGGATCCA ATCTGGCCTTAAGGGACG-3’ for dfpl-3A; or - 5-

GTGCTGCTAGTGTTCCGGAGGAAACAATTAATGGGAGAGATATC-3> = and 5’-
AAGGA’l‘CCAATCTGGCCTTAAGGGACG—3’ for dfpl-2E. The resultant fragments were
used as primers for second PCR with 5’-AAGGATCCACTAGTATTGGCCGGTGT-3’ and
cloned into pBluescript to obtain pMH47 (pBS-dfpl-3A) and pMH48 (pBS-dfpl-2E),
followed by confirmation of the sequences. A 0.2 kb 3’-UTR of dfpl was amplified using
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" primers, 5’-AAGGATCCACTAGTA ATAGCCCGTGTCTTCAA-3 ’ and 5’-

AAGGATCCACTAGTCAGAAAATAAACCGTGAAAC-3’, with BamHI site and cloned
into the BamHI site of pBluescript to obtain pMH49. A Spel fragment of pMH49 was
incubated with T4 DNA polymerase to geﬁerate blunt end and cloned into the EcoRV site. of
pFA6a-kanMX6, resulting in pMHS0. A BamHI-Spel fragment of pMH31 (a N terminus
fragment of dfpl) and a Spel-BamHI fragement of pMH47 or. pMH48 were cloned into
BamHI site of pMH50 to geherate pMHS51 or pMHS2, respecﬁvely. Because C-terminal 13-

Myc cassette caused defect in early replication of the pericentromere, the 13-Myc cassette and

- ADH] terminator of pMHS51 or pMH52 were replaced with a potential terminator region of-

dfpl”; C términus fragment of dfp! was amplified using 5'-GACAGAGTCAAGAACCATC-
3’ and 5’-AAGGATCCACTAGTCAGAAAATAAACCGT GAAAC—3’ as primers, followed
by digestion with EcoRV and BamHI; ant the resultant fragment was cloned into the EcoRV-
Bglll fragment of pMH51 or pMHS52 to obté_in pMH76 or pMH77; respectively. pMH76 or
pMH77 was digested at the Norl sites for introduction into the dfpl* locus of HM683 (h.+

nmtl-TK"), and the transformants were isolated using medium containing G418.

Constructidn of bel fused to chromodomain of Swi6 , 7
For construction of Dfp1-CFP-2CD or CFP-2CD, a plasmid carrying CFP open reading frame
and a sequence encoding two copies of the chromo-domain of Svﬁ6 (a gift from Dr. Y.
Watanabe: pMH28)(Kawashima et al., 2007) Was used. A 2.7 kb fragment containing dfpl
ORF with its potential promdter or 1.0 kb fragment containihg the potential promoter region
was amplified using primers: 5’-AAAGGATCCGCGAGCTGATAATTCGCATC-3’ and 5°-
AAAGGATCCGCGGCCGCCTTAAGGGACGTTGAAC—3-’; “or 5’-
AAAGGATCCGCGAGCTGATAATTCGCATC-3’ and 5-
AAAGGATCCGCGGCCGCATGTGGTACAGCCACCTTAC-3, respectively, with BamHI

site at N-terminus and BamHI-Nod sites at C-terminus. The resultant fragments were cloned

‘into the BamHI site of pBluescript to obtain pMH31 (pBS-Pdfpl-dfpl) or pMH37 (pBS-

Pdfpl). A Sphl-Notl ffagment of pMH31 or pMH37 was cloned into pMH28, generating
pMH32 or pMH39, in which the N-terminus of CFP is fused to the.C—ferminus of dfpl” or
immediately adjacent to the dfpl” native promoter, respectively, with a hyg’ cassette. The
pMH32 'or pMH39 was cleaved with Ade and integrated at the [ys/™ locus of HM664 (&
nmtl-TK") or HM683 (h'+ nmtl-TK"), respectively, and the transformants were isolated using
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medium containing hygromycin. -

BrdU incorporation. . , v

Labeling of newly synthesized DNA with BrdU, separation of the heavy-light (HL) DNA
from light-light (LL) DNA by CsCl density gradient centrifugation, and real-time PCR
analysis were carried out as déscribed in Part I. Primers used for real-time PCR are listed in -

Table I1-2.

Immunostaining

Yeast cell extracts were prepared as descfibed previoﬁsly (Ogawa et al., 1999) with some
modification. S. pombevcells (1 x 10® cells) were washed twice with icé cold water and once
with ice cold Lysis buffer (50 mM HEPES-KOH [pH 7.4], 140 mM NgCl, 1 mM EDTA,
0.1% Triton X-100, 0.1% sodium deoxycholate). The cell pellet. was suépended in icé cold
Lysis with proteaée_ inhibitor cocktail and PMSF and disrupted with glass beads by a bead
beater (Micro Smash MS-100, TOMY). The broken cells were collected.from the bottom of
the tube through-a ‘puncture and sonicated four times for 10" sec. ‘Supernatant after
centrifugation was analyzed by SDS-PAGE followed by inimunoblotting. Swi6 and
Nda2/Tubl (tubulin alpha 1/tubulin alpha 2) were detected by fluorography using rabbit anti-
Swi6 (a gift from Dr. J. Nakayama) and mouse anti-TAT1 (a gift from Dr. K. Gull) antibbdies,

- respectively, followed by reactions with HRP-conjugated antibodies (Jackson).

Construction of plasmids for ir vitro translation

- To express Dfpl, Dfpl-3A and Dfpl-2E by an in vitro translation system, expression
plasmids were constructed as below.: A fragment containing dfp] ORF was amplified with
- N-terminus Ndel site and C-terminus BamHI site and cloned into the Ndel and BamHI sites of
pBluescript to obtain pBS-dfpl*(a gift from Dr. H. Yabuuchi). The Ndel-BamHI fragment

was cloned into pDONR201—_FLAG—XCDC7 (a gift from Dr: T. Takahashi) carrying a1
and arl.2 for GATEWAY Cloning system to generate pMH55. To obtain pDONR plasmids

carrying the point mutations of dfpl, a SpéI—EcoRV fragment of pMH47 (pBS-dfpl-3A) or
pMH438 (pBS-dﬁ] -2E) was cloned into pMH55, resulting in pMH70 or pMH71, respectively.

By using- LR reaétion, a dfpl 'fragment/of pMHS55, pMH70 or pMH71 was cloned into

pCITE4a-DEST (a gift from Dr. T. Takahashi), which carries a#fR1 and a#tR2 at cloning site

36



-

37

of pCITE-4a (Novagen), to create pMH61,I 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 Dipl-2E proteins were
expressed from pMH61, pMH72 and pMH73, fespectivel_y, by using an in vitro translation
system (Promega) and incubated with E. coli expressed GST—tagged Swi6 or GST (gifts from
Dr. J. Nakayama) togethér with glutathione-Sepharose beads (GE Healthcare) in IP buffer-
N50 (10 mM Tris-HCI [pH 8.0], 50 mM NaCl, 0.1% N-P40, 1 mM EDTA [pH 8.0]) for 2 hr

~at4°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).

Chromatin 1mmunoprec1p1tat10n
Chromatln immunoprecipitation (ChIP) was performed essentially as descrlbed in Part I with

rabblt 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 I in a 7300

Real-Time PCR System (Applied Biosystems).

Two-dimensional gel electrophoresis.

Neutral neutral two-dimensional gel electrophoresis analysis of rephcatmg DNA was

performed as described in Part I. Relevant ARSs were used for southern hybrxdlzatlon

probes after random prime labellng. 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 mat locus.:
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- Table II-1  §. pombe strains used in this study

Strain Genotype " Figures II
HMI123  h leul-32 1B

HM664 k- ura4-DI8:urad*nmtl-TK* used for transformation
HM683 h*  ura4-DI8::urad*nmtl-TK* used for transformation
HM1182  h* . cdc25-22 ura4-D18:: urad*nmtl-TK* his2 Kint2::urad* _ 2,4A,4B,8
HM1183 KO cdc25-22 urad-DI8:: urad nmtl-TK* his2 Kini2::urad* SWIBA: kanMX6 2,4A,4B, 8, 11
HM1418 A ura4-DI18::ura4*nmtl-TK" lysl A::(dfpl*-CFP-2CD hphMX6) transformant
HM1420 A% cdc25-22 ura4-D18:: urad*nmt]-TK* his2 Kint2::ura4* swiA: :kanMX6 lyslA::(dfpl +—CFP—2.CD hphMX6) 9A,10,11-
HMI1423 B0 cdc25-22 ura4-D18:: urad*nmt]-TK* his2 Kint2::ura4* lysl A:A(dfpl*-CFP-2CD hphMX6) 15

HM1460 - i wura4-DI18::urad*nmtl-TK" lys1 A::(CFP-2CD hphMX6) transformant
BM1467 K cdcéS-ZZ urd4-D1 8:: urad™nmtl-TK* his2 Kint2::ura4™ swit A::kanMX6 lysl1A::(CFP-2CD hphMX6) 9A,10,11
HMI1471  K°  cdc25-22 ura4-DI18:: urad*nmtl-TK* his2 Kint2::ura4* lysl A::(CFP-2CD hphMXG6) 15

HM1482 - A¥ .cd025—22‘ urad-DI8:: urad*nmt]-TK* his2 Kint2::urad* swi6 A: kanMX6 clr4A:kanMX6 12,13
HMI1588 4™  cdc25-22 ura4-D18:: urad*nmt]-TK* Flag-cdcd5::kanMX6 his2 Kint2::ura4* 5C, 5F 5G, 14
HM1589 /% cdc25-22 urad-DI8:: ura#*nmtl-TK* Flag-cdcdS::kanMX®6 his2 Kini2::ura4" swi6 A: -kanMX6 5C, 5F 5G, 14

) HM1590 K cdc25-22 ura4-DI8:: ura4*nmt]-TK* psf2-5Flag: kanMX6 his2 Kint2::urad* ) 5B, 5E, 14

CHM1591 A% ¢dc25-22 ura4-D18:: ura4;‘n.m2‘1 -TK* psf2-5Flag::kanMX6 his2 Kint2::ura4* swi6 A: :kanMX6 5B, 5E, 14
‘HMI1826 h*  ura4-DI8::urad*nmtl-TK* dfpl-3A::kanMX6 ' transformant
HMI828 A" ura4-DI8::ura4"nmtl-TK" dfpl-2E:-kanMX6 ~ * transformant
HMI841 A% . cdc25-22 ndad-108 urad-DI8::ura4* nmtl -TK* sld3-5Flag:kanMX6 his2 Kint2::urad* 5D, 14
HM1843 h*° cdc25-22 ndad-108 ura4-D18::ura4* nmtl-TK* sld3-SF. lag ::kanMX6 his2 Kint2::ura4*™ swi6A: :kanMX6 5D, 14
HMI1853 K™  cdc25-22 ura4-D18::urad*nmtl-TK* dfpl-3A::kanMX6 his2 Kint2::ura4* 7A, 8

HM1857 A%  cdc25-22 ura4-DI18::urad*nmt1-TK* dfpl-2E::kanMX6 his2 Kint2::urad* 7B

‘ HMI1899 h*  ura4-DI8::urad*nmil-TK* lysl1A::( dfpl-3A-CFP-2CD hphMX6 ) transformant

HM1934 h*°  cdc25-22 ura4-D18::urad+nmt1-TK* his2 Kint2::urad* swiG A:kanMX6 lys1A::(dfpl-3A-CFP-2CD hphMX6) ~ 9B

HM1994 A%  ura4-DS/E Kint2::urad* swi6A: :kanMX6 ‘ ' o : 3A,3B
HM2608 %  cdc25-22 urad-DI18::urad+nmil-TK* his2 Kint2: urad* SWIBA: :kanMX6: :(swi6-W104A hphMX6) 3¢
HM2613 KA ura4-DS/E Kint2::urad” swib A::kanMX6::(swi6-WI104A hphMXG6) 3A,3B
TNF2518 K° urad-DS/E Kint2::urad*

3A,3B

"~ Table II-2 Prirers used in this study

jk381 (TEL-0.3K-#2)

5-CAGTAGTGCAGTGTATTATGATAATTAAAATGG-3' -

Locus Name Sequence Source
} ars2004-66-F 5'-CGGATCCGTAATCCCAACAA-3' - !

ars2004 This study (Part I)

ars2004-66-R 5-TTTGCTTACATTTTCGGGAACTTA-3'
’ nonARS-70-F 5-TACGCGACGAACCTTGCATAT-3'

nonARS . This study (Part I)
nonARS-70-R 5-TTATCAGACCATGGAGCCCATT-3'
dg-108-F 5-TCCAAATGTCGCATGAACACTC-3'

dg (pericentromere) . This study (Part I)
dg-108-R 5-CTTTTTTGGGAATACATTGGGTTT-3'
matK-108-F 5-TCTTCCCTGCGTTGGACTTC-3'

mat K locus ) This study (Part I)
matK-108-R 5'-CACCCTACCATCCGTGTTACCT-3'
TEL-59-F 5-CAGAAGAGACTACAGAGGCGGTTT-3'

subtelomere This study (Part I)
TEL-59-R 5-GGATGCCTTATCTGCGACCA-3'

) jk380 (TEL-0.3K-#1) S5-TATTTCITTATTCAACTTACCGCACTTC-3'
subtelomere i This study (Part I)
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CONCLUSION

In this thesis, I showed distribution of replication orfgins and their behavior in their chrbma’gin
contexts. [Especially in heterochromatic region, I found intimate molecuvlrar link between
heterochromatin structure and a replication regulator. The results provided the evideﬁce that
replication origins are distinctly regulated by the surrounding chromatin context.

In Part 1, by using the whole genome tiling chip and ChIP-qPCR, I found early and -
 late ori gins tend to distribute separately on chromosome arm despite the random distribution
of pre-RCs. | On the other hand, I found replication origins are. regulated differéntly in
functionalv genomic loci; early origins accumulate in the pericentromere and the silent mat
locus while late origins cluster in the subtelofneric heterochromatin, and pré—RC formation is
suppressed at the kinetochore and the telomeric end:

In Part II, 1 showed a heterochromatin prdtein, Swi6, stimulates early firing of
origins in the pericentromere and the silent mat locus by recruiting a regulatory kinase, DDK,
to the loci. | ‘V ' \

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 phaée; 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, I propose that recruitment of DDK is a crucial step in the regulatibn of
. réplication timing at all »r'eplivcation origins in fission yeast, although the mechanisms of
recruitment may differ between chr_orhatin regions. The biological significahce of the
regulation is one of the next attractive issues. I 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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1048 | L 1045 1024 11488756 | 11488755 |  + SPACESFS,12 SPACSEFE.15
048 | E 1046 1032 1025 11673755 | 11576255 |  + 2501 /SPACSGFS.16 PSC2ISPACE2A12.016
1050 | E 11633755 | 11628755 : CSN4/SPACZ2A 12,036 TpS2201/SPAC22A12 040
wsl | E 7 1033 1014 | qoes | 11818755 | 11921255 = SPAGZ2A12 176 SPACACS 01
082 | E 1047 1034 1573755 | 11971255 |  + ryh1/SPAGATS 026 SPACACS.03
1065 | E 1027 12063755 | 12263755 |  + psmISPACICFE0S: | SPAGIOFG10
1054 | E 1043 1035 1015 1028 15568755 | 12668755  + CUlB/SPAGAEEA. D SPACSEES 05
1055 | E 1048 1035 1016 1029 12756755 | 12761255 ¥ csn2/SPAPB17E12.040 TpIGT03/SPAPE17E12.05
1085 | L Yes 1050 1360625.5 | 13606255 ¥ fin/SPAC 10E8.02 pas|/SPAC19E0.03
0s7 | E 1052 1041 1019 1034 14451255 14481255 |+ SPAC3ATZ.13c cam/SPAGaAI2.14
1058 | E 1053 fo4s | 1o20 1035 14776256 | 14778255 + SPACE.07¢ SPAGY.080




mes1/SPAGSDE.08¢

L ‘ 1021 1036 14998755 . v SPACEDS 000
E 1055 1048 15101255 | 15008755  + SPACED5.04 SPACEDA.02¢
e o' 1047 1022 1038 15741255 | 15751255  + SPACZ3H4 19 b1 (SPAG23H4 18¢
L Yos ¥ 16003755 | 16001255 | - gin1/SPAC23H4 06 SPAC2aH4 05¢
E s = - = -
. 1056 1049 = — e o s msc1/SPACR43 e rds1/SPA34312
E {087 1050 1040 7091255 | 17091255 + | SPAGBSA 02c SPACES4.03
E 1051 17108955 | 17196255 =+ SPACES4.08c cali/SPACEsI08 |
L 1059 17661255 | 17681255  + UIp2ISFAGITAS 07¢ SPAGT7A5.00
L 18238755+ 2 psUi /SPACH002,13¢ SPAG1002.20
£ 1081 1054 1043 18348755 18351255 + SPAC1002.18 SPAC1002.21
1070 | L Vas RS ST 1028 | 1045 ieezeass| v |+ SPAPBIAI0.14 SPAPBIA10.15
101 | L Yas 1082 1028 1045 [Tooseess|  + SPAPBIAI0.15 <dn2/SPACH 40,01
1072 | L i 19473755 | 19471255 = SPAC3H1 08¢ SPACZH1.09¢
o7a | L ves 19548755 | 19548755 - Tl
1063 | SPACEH1.10 SPACHT 11
074 | L Ves - 19503755 -
o5 | E 1054 1055 1030 1047 18758755 | 19758755 1 1pI3001/SPACYGT 03¢ 0xal101/5PACEG1 04 |
1076 | L Yes 1048 20061255 | 20261255  + ddot (SPACTHSA0c SPAGT7HY. 11
1077 | L 1085 1057 1018 20428755 | 20428755  + SnUT3/SPACET.03 SPAGE0T.04
1078 | L Yes 1087 | 1050 20071255 | 20988755 + obr1 [BPACACT 14 SPAC25AS.030
1079 | L Yes C1o8e 081 1051 21413755 | 21411255 | = kI [SPAGZIC T 040 SPAC23C11.05
o0 | E 1088 1032 1052 | 21as3755 21951255 5 hsl4/SPAC 1783040 hip1/SPAGT783.05
081 | E 1070 1063 1033 1053 ORITGORI] | 22288755 | 22288785 - SPAGT8GE 05¢ SPAC19GE.06
1082 | L 22331255 | 22831265 - mra1/SPAG1AGE.07c SPAC1BGE 08¢
083 | E 1073 1066 1034 1054 P250B25 5 | 22506055 & byra/SPAC1306.020 SPAC1308.03¢
1084 | L 1067 2PG38755 | 22641255 3 SPACAGS.060 88647-8/8PACAGO.07
1085 | E 1055 22746055 | 22743755 + arg 11/SPACAGS.00¢ arga/SPAGAGO.10
1088 | E i 1074 1068 1055 22808755 | 22808755 + vps2B/SPACAGE. 13¢ SPACAGO.14
oR7 | L Yes 1036 1086 | 28051255 | 23056255 | - mac1/SPACIAG?.04c SPAC13G7.05
1088 | L Yes 1077 1072 1036 1057 26403755 | 23406255+ SPAGEC3 08 SPACEC3.09
080 | L il SPACT7GB 1o SPAC17GB 12
1080 | L Yes 1078 o 24068755 24071255 + Sok1/SPAC 1B9.020 SPAC1B9.03c
1001 | L Yes = 24171255 | 24186255 - SPAGEH12 03¢ SPAGEB1204c
082 | E 1080 1075 fipt 24393755 | 24303755 -  SPACSB1214c cpe2/SPACEB12 15
ows | E 1081 1075 1037 1058 24428755 | 24428755  + Cpe2/SPACERIZ 15 MeUZB/ERACER 2,16
Tows | E {082 1076 24528755 | 24506265 | + SPAC32A11.020 phoct /SPACB2A1.03¢
085 | E 1076 24571255 | 24581255 + phx1/SPAG32A11.030 Up2/SPAC19AB A5 |
1098 | L 25101255 25111255 . gly1 (SPAC23H3 08¢ SSr2/SPAC23HA 10
097 | L Yes | 108 25263755 | 25263755 + SPAC25I11 01c |mi1/SPAC25H1 02
1008 | L Yes R 2508625 5 | 25286255 + |mi1/SPAG25H1 02 MUgBE/SPAG25H1.03
fooe | E 1078 1062 R | 257012555, 25703755 + prs1/SPAGAAB 14 CUCASPAGHABA5C
oo | L 1062 26011255 | 2601375.5|  + ~ SPACEz31 SPAGEZ3.12
ol | L 1039 1064 26158755 | 261568955 - | spaciDatse SPACTDA12¢
foz | L 1085 1078 28188755 | 26184255 2 SPAGTDA 126 | Seca8/SPAGTDA11C
nos | L et 1086 1080 1040 1065 5441255 | 26441255  + itr1/SPACAFS 15 hes1/SPACAFE.14c
ot | L Ves 1088 1081 1066 26685255 B hk2/SPACAFS.076 SPAGAFB 0B
1105 | E Yes' 1080 1062 1042 1067 27206255 | 27206255 v SPAPB2E4 04c VMaS/SPAPR2AA 05
108 | E toe | 1om 1043 1058 27626255 | 27626255 + SPACEFS 130 VRIS/SPACEFS 15
Hor | E 1086 1045 1068 28043755 | 28043755 |  + SPAC1805,16¢ crm1/SPAC] B2.01
Hos | L Yes 1072 28756255 | 28761255 + SPACUNK4 17 SPACUNKA 10
Hog | L Yes 1094 1083 1072 25838755 | 288382555 |+ SPACUNKA 15 SPAGUNKE 14
o | E 20388755 | 20386255  + SPAG2E1PA05¢ SPAPB2CBOT |
| E 1085 1091 20806255 | 20611255 |  + SPAPR24D3.07C SPAPBE4DA 080
ez | E 1050 1074 29781255 | 20781255  + a0/1/5PAPE24Da 10 SPAPBIA11O1
ma | E 1050 1074 . 29808255 |  + SPAPE1AT] 01 SPAPE1A1T U2
4 | E 1082 1050 1074 29841255 29841255  + SPAPE1ALT.02 SPAPB1A11.03
ms | E R ose | 1083 1051 1075 30108755 | 3010875.5 T maii/SPACA1 G510 SPAGH105.21
1118 | E 1087 1004 1051 1075 30236255 | 30228755 + SPAC31G5.18¢ SPAG31GEA9
mT | E & 30321255 | 30341255 |+ SPAC1786.010 SPAC1786.04
i | E 30538755 | 3053625.5|  + SPAG24CS 08¢ bys2/SPAC2409.07¢
me | E 1008 1085 1052 1076 ORI76 30508755 | 30611265 | 4 bgs2/SPAC24G8.07¢ SPAG24C0.08
neo | L 30711255 B 5 sPACz4De N | SPAC24C5.12¢




1121 | E 1005 1096 1054 | 1078 31278756 | 1278755 + <1b8/SPACGES 08 SPACESE 00
ez | E 1100 1067 ™ 1078 31453755 | 31453755 | + SPACEBS.14 bel6/SPACAGE. 160
1123 | L Yes 31593755 | 1583755 | + peg1 /SPACIGE. 12 SPAC3GA. e
f1ex | E 1101 1088 1055 | 1080 31853755 | 31853755 | + SPAC3GE01 SPAC1486.01
1125 | E 104 1101 S| 5 33016255 | 33016255 + emel/SPAPBIE7 Ofc SPAPBIEZ.07
1128 | E 1105 1102 1058 | 085 PARS7S7 | 33218755 | 33218755 | =+ 1pSEORISPAPBIET. 12 mns1/SPACZETPS 01G
1iz7 | E 1106 1102 1050 1087 34056255 | 34058755 + aPcR/SPAGO59.00¢ ~ sPaPmARO2 |
12 | E 1107 1104 1060 34113755 | 84113755 | + SPAPaZA8.03c TpIS01/SPACAHS 120
fea | E 1108 1107 1062 1080 ORI c27 3499125.5| 34991255 |  + TpS502/SPACE28 100 SPAC16ER.01
1130 | E 10 3 1055 | ios 36421255 | 95421255 E SPAGIB1.02¢ kape5/SPAC 1B1.030
[Tarar | e 1111 1108 I 35496255 | 95106255 | + SPACIBI.04c bsu1/SPAC 17A2.01
[ naz | 112 1110 as71arss | asroess| . [ aPAcizAZis Cox1/SPACI7AZ 090
[113s | € 114 1110 | 35776255 | 35770755 |  + | SPACI7A210c SPACT7AZ11
| 13 | E | 5 5 G SPAGI7AZ 11 " Spaciiaziz |
135 | E I 3R0DATSE | 45083755  + SPAC17G6 026 SPAG17G6.03
136 | E 1002 36113755 | 38126255 |  + SPAC17G6.410 cUlT/SPACT7GE 12
1e7 | E 115 Tz 1065 | 10a3 36356255 | 36356255  + SPAGTIAZ04 Clr5ISPAG1142.05
1ee | e I 36461255 | 36471255  + cgs!/SPACBCA.03 SPACB00.04
T3 | E 116 s 1066 1084 |a70tazs6 | a701ee55|  + | mdeGlSPAGIEAI0.I0 Ubr1 1/SPACT5A1D.11
140 | E 768755 | a74e8755 |+ - | rpl100RISPAPIGE 0 SPAPTGS.06
e | B a5 7118 1098 | 7538255 | 37536255  + | SPAP7G5,08 centromere
née | E 1122 1066 1097 [searizss | senarss|  « | SPACAHBO7c SPACAH3 08
4s | E 1124 1123 B5aa7sE | 9B5aETE5 |  « | % SPAGAHS 13
[TAsd e 38788755 | 08798755 & |
e 1125/1128 1128 1071 1088 === - ——  pmal/SPACIOT 10 SPAC1071.11
48 | E 1127 1127 [ 30986255 | 898755 | + SPACE26.07c SPACO26.08¢
a7 | E 1128 1128 1072 | 1089 39541255 | 39538755  + SPACEF3. 14c ISk1/SPAC2F3 15
fe | E 1129 e | 100 | 39020755 | 30928755 - SPAPBISES.01¢ SPAPB15E9 020
14e | E 1128 1174, | 1100 30058755 | 40058755 SPAPBISEQ.020 Ti2-5/3PAPB15ES. 03¢
150 | L _ 40106255 | 40101255  + SPAC27E2.03¢ SPACZTEZ 11c
151 | E 1120 1130 1975 | 01 40201255 | 40208755  + SPAC27E2.08¢ PVGRISPAGOTER 07
152 | E 1137 1131 1078 1102 ORl 19 0731255 40723755 = SPAC18G12.130 IS3/SPAC1SG2.14
153 | E 1182 15z 1077 1108 0801255 40891265| - mnH/SPAG23A1.04¢ SPAQ23A1 05
1154 | E 133 1133 1078 1104 41373755 | 41378765 + EQIZ/SPACRAHE. 080 SPAG26HE. 006
155 | € 41411255 41411255 v SPAG26H5,09c 1151 /SPAC2EH5.10
16 | E 1078 1105 41546255 | 41546255  + SPAC28H5, 13 SPAC25B8.01
ns7 | 1 1781255 . = SPAG2588.11 SPAC258812¢
158 | L g T 7 41808755 | 41808255 | = SPAG2588 126 {sp7/SPAC25E8.13¢
1ise | E 1154 1154 1081 41858755 | 41858755  + 15p//SPAG2588 130 mal2/SPACE5EE 14
180 | E 1135 3 41976255 | 41978755  + SPACES3.03 SPACE83.020
18l | E 1082 42306055 | 42326055 |  + SPACIF7.08 lip1/SPAGIF7.07¢
16z | E 42401255 | 42808755 £ fl01/SPAC1F7.08 SPACIF7.09c |
163 | E 1135 1136 pert 40BE1255| 4266125.5)  + pert (SPAGZAET1 03¢ PPI/SPACRIETT 04
[Toee [ E 1136 1187 1083 1108 42756255 | 42756255 7 SPAG2C4.07¢ SPAC2CA08
[THies | € 137 1138 1084 1o 43066255 | 43268755 v SPAC27F.05¢ SPAC27F1 10
[Tates | L Yes 1138 1085 i 4365875.5 | 43660255  + SPAC23D3.12 | SPAC23D3.13¢
er | L e 43873755 v T SPAC1527.03 Sec72/SPACE0.01c
1es | L Voo! 1139 1139 086 | 13 44156255 | 44158755  + SPAGEIEG 06 SPAC29EE.07 |
1ee | o Ves 1140 1114 4439825 5 | 44398755 ¥ SPACRES17c JeU2/SPACEES.03
170 | L Yos 1140 1115 44513755 | 44513755 - VpL2/SPACSES 07¢ rad26/SPACSED. 08
17l | L Yes 4450625 5 | 44573755 + SPAC9ES.080 | oohisPaceEn e |
172 | L Yes 44BBBTEG | 4468375.5|  + SPACOED.120 WoS2IGPACOER T |
173 | E 114 11s 44848255 44846255 4 Sim1/SPACITCO.10 tim13/SPACT7Co.08c |
n7e | E 1141 1144 118 45341255 | 45341255 |  + SPACE7D7.11c butl/SPAC27D7.12
s | L Yes 1142 Z 48053755 | 46053755 ¥ SPAG12B10.16¢ SPAC1093.01 ;
s | L = 1143 1149 20 48533755 | 46506255 + SPAC144.01 SPACT44.02 ‘
177 | L Vs 1150 1090 1121 2 46748755 | 46751255 |  + Wl /SPAGT44.106 s 1102/SPAG134.11
178 | E 1145 1152 1091 1123 e 47409755 | 47403755 | + SPAC458.04c PIKISPACAGE.05
170 | E Yes 1146 1153 Too2 1124 47706055 | 47708055 |+  SPAGHH11 026 - SPAGTIH11O3c |
1180 | 1125 48038755 | 48038755 | 4 SPAC22F8.08 1 6/SPAC22FB 08
181 | E 1155 ey 4B4G6255 | 48461255 4 alg18/SPAGAF10.07¢ SPACAF10.08
1182 1147 1156 8533755 | 48536255 | + SPACAF10.10¢ SEN1/SPACAF10. 11




48831255 | 48828755

188 | e Yes 1148 1004 1128 = SPAC19B12,02¢ bgs3/SPAC19B12.03
184 | L 48123755 | 40131265 1pn502/SPAPBAES. 02c mae1/SPAPBSES 03
85 | E 1158 1120 | 46173755 40176255| ~ |  SPAPBSE5Odc - mim1/SPAPBSES 05
1186 | E 1148 1160 40641256 40641265 | & \hH/SPAG1B3 160 clr2/SPAGTB3AT
187 | L 46856255 | 49848755 |  + SPAC1952.050 SPAC1952.100
188 | E 1152 1162 1096 1132 ORI 22 50253755 | 60253765  + SPACZIE12.08¢ cos1/SPACZOE12.04
e8| L 1154 1164 s | 50081255 | 50973755  + TDI3002/SPACH 250,05 at1/SPAC1250.04c
1180 | E e 1155 1186 iosa | 1138 | 51566255 | 51573765  + SPACZGF 1120 SPAC26F1.11/dublous
g1 | E 1167 e | 51786255 | 5178625.5 v SPACZ6F1.05 elr|/SPAC26F1 Ode
182 | L 1100 1187 | 51903755 | 51903755 - SPAPJBR1 02 SPAPJGO1.03
o | E 1156 1188 101 1138 52341255 | 52346255 + mek1/SPAGT 4C4.03 B22918-2/SPAC1404.04
184 | L Yes 1158 52723755, 5O7T23765|  + adg1/SPAPI760.05¢ SPAGZH10.01
1185 | L Yes 1159 1170 1140 50228755 | 63231255  + hSpO/SPAPSAS, 0dc SPAPBA3.05
186 | E 1160 171 1108 1142 53041255 | 53938765 + SPACAGE.07 ervi/SPACEG6.08
1197 | E e[ 2 1144 54491255 54406255 |  + SPAC1039.01 SPAC1020,02
1188 | Er & 51703755 | 54703755 2 ISPG/SPAC1039.09 mmi2/SPACO22.01
1189 | E 1183 1174 104 | 1145 N z SPAG1038.110 SPACEZ2.03
1200 | g 1164 1175 54833755 | 54826255 - | sPacsseod SPACD22.05¢
1200 | L 54876255 | 64875755 z SPACY22.06 SPACEz2O7c |
1202 | L Yes 1186 176 1148 55026255 | 65028755  ~ mal/SPACAES. 07 SPACHES.08¢
1203 | L Yes 167 176 v | cooseass| ¢ SPACS40.06¢ SPAGBES.05¢
1204 | L Yes 56108755+ ¥ SPACEA8.05¢ SPACS60.04
1205 | L Yes 56178755 56161255 < SPAGSA0.03¢ SPACEES.02¢
1206 | L Yos s5218755 | - + SPACBES.02¢ SPACS50.01

eo7 | L Yas i 105 1147 3 55208755 = + SPAG1B6.01 SPAC186.02¢

Ghromosome Il ' B
O | s G817 | Bioinfo Number | ORIs Number Nu?n?::rhfgﬁ;rg;l,) ABED gl M Position(be) Orcs. o e T
MNumber Suppression | {Segurado ef al) | (Heichinger et al) Acdsi (Segurado ef al.) lacalization
wt (HU) (HU) Ore1 Mcm8g

e Yos e « | aiarss " SPEC1348.10¢ SPBC1848.11
2002 | L Vos I am1255 | 881255 = SPEC1348.13 SPEC1348.14c
2003 | L Yes ; 531255 | 531265 ¥ ort1[SPEPBABA Odc SPBPREAE 03¢
2006 | L Yos } 633755 | 618755 5 SPEPB21=7.02¢ SPEPB2157.040
2005 | L S YRa | 66875.5 - + SPBPBRIET 05 SPBPB21E7.06
2006 | L e I 69755 | - . SPRPB21E7 06 avs1/SPEPBZIE7.07
2007 | L Yes 743755 | 748755 | - SPRPB21E7.08 SPBPB21ET 00
2008 | L 781265 | - v+ | seeem2iEvon ~ SPaPB21E7 10
2008 | E 2001 2001 818755 | 818765 ¥ SPBPBZ1ET 10 SPRPR10DB 01
2010 | L 2001 268755 | - B SPEPB10DS 020 SPBPR1008.03
21 | g 2002 2001 908755 | 613765 T SPBPB10DA.03 SPEPE10D8,04c
2012 | L 2008 2002 1046255 ‘ + SPEPE10D8.07¢ SPECA59.01
2013 | E T a0 1121255 | 1118755 ¥ aIr2/SPBC359.02 SPBCE5 03¢

T [ e e o s 2002 * 1176255 + SPBCE59.03c SPBCA50 0dc
2015 | L 2010 I 1323755 | 1926255 + SPBCa59.00 SPBC1683.01
Zoie | E 2011 2003 1423755 | 1421255 = SPBO1683.030 SPBO1683.0¢
2017 | E 2012 2004 2002 2003 1521255 | 1521255 + SPBC1683.05 SPBC1683.06
2018 | L Yes 2013 2003 2004 2018755 | 2021255 + fbp1/SPBCEE0.040 SPBCEG0.05
2019 | L Yes 2014 2043765 2 TR SPECES.05 SPBCE50 06
2020 | L 2288755 | 2088755 + SPECER015 SPBCES0 16
2021 | E 2015 2005 2004 2006 2501255 | 2501255 5 Ir3/SPECEN0.08 1p4301 fpls7a-1
2002 | E 2018 2006 2786255 | 2786255 + SPBCACO. 1 SFBG300.12¢
2023 | E 2006 2823755 | 2823755 ¥ SPECB00.13 SPBC1773.01
2024 | E 3241255 - + SPBCIT73.17¢ carl /SPBF2EC.02c
2005 | E 2018 2008 : 3086255 | 3266255 - carl /SPBP2608 02¢ SPBR26CO.0%
2026 | E 2019 2006 3330755 | 3333755 + SPEP26CH 036 SPBCI271 150
2027 | E 2008 3548755 | 8573755 ¥ SPBC1271.09 ~ SPRC1271 08¢
2028 | L Yes 2023 2013 [ 4546255 | 4548255 Z SPBC428.060 MeUB/SPACA28.07
2028 | L 2008 zon | 4853755 | 4848755 + alp5/SPECR02.01c ctfi8/8PECA0Z 070
2080 | E 2014 " 2009 2012 P 5186255 i 1ps27/SPBC1685.10 1Ip1/SPEC1 885,11
2031 | E Fera 5211255 . 3
s 2024 2015 o - P4 /SPECA 885,11 SPRG1685,12¢
208 | E 2010 5203765 | 5208255 + SPRC1EA5 13 SPEC1585 140




[F2004 [ E 2025 2016 5711265 | 5706255 T SPBC354.00¢ SPBG354.10
2055 | E 2017 5033755 | 5926755 7 tead/wsha WHZ/SPEC1706.02¢
203 | E 2026 2018 2012 2014 AT2026 8041255 | 6041255 + TRIB03/PKOA ps1701/SPBC83.050
2087 | E e e e P 2016 6701255 | 6703755 + SPBCSA7 050 SPBCEAT.04
2088 | E 2028 2021 8746755 | 6751255 + SPBCS47.04 SPBCR47.03c
203 | E 2023 2017 7176755 | 7176255 + Ubc4/SPEG118.02 SPBC119.08
z040 | E 2017 7218755 s = mei3/SPRG119.04 csha/SPBC118,050
2041 | E 7241255 | 7238755 + csh3/SPEC118.05¢ . 5001/SPBCT19.06
z042 | E 2020 2024 2014 2018 7458755 | 7461255 + SPBG116.18 i1/SPBCT18.14 :
2043 | E 'B33875.5 | 8338755 + SPBC530.15¢ SPBG36.01e |
2014 | E P 8356255 B + SPBC3601C SPBCA.02¢
o045 | E X% . 8413755 +
2046 | E 22! 2 2017 2021 446255 | 8438755 ¥ s RERC00%
2047 | E 2082 2027 2017 2021 8481255 | 8481255 |  + SPBC3603C cys11/SPBCIE 04
2048 | L Yes 2033 8008755 | 8628755 + pmp1/SPBCTIS11e  erg1/SPBCTIS.12
2040 | L Yes 2035 0406255 | 0406255 + 9ap1/SPECRAE 120 5ds23/5PRCEAE 13
2050 | L Yes 2036 2030 2023 9551255 | 9681255 v SPBGB46.15¢ SPBCS6.16 R
2051 | L Yes 962755 | 0628755 + dic1/SPECES6.01c SPBP35G2.02
abe | B | oo 2075 10558755 | 10556755 z otr1/SPB0337. 130 TPo4/SPBCAAT 14
2053 | L Yes 2026 1079125,5 | 1080875, + SPBC1734.10¢ SPECI734.1
2054 | E 2038 | 2034 2019 2027 11083755 | 11066255 + CYP3/SPBC1708.04¢ sks2/SPBC1709.05
2005 | E 2020 | 203 2020 2028 11426455 | 11426255 i skp1/SPRCA09.05 Uch2ISPBC408.06
2088 | E i 11486255 | 1148875.5 ¥ Wis1/SPBOAOSOT | SPECA08.08
2057 | E [ = 2023 2029 12448755 | 12451255 + Qyp10/SPECES1 .03 SPBCBS1.04
2058 | E 2041 [ 2w AT2041 1265875.5 | 1256625.6 ¥ tpe1 /SPECES1 08c SPECA5T.08¢
2059 | E 204212043 2040 12673755 | 12061255 ¥ cwl1/SPBCA1AB.O1C SPBCA1AS.02
2080 | E 2041 1269625.5 . ¥ SPECG1AB.02 bul2/SPEG3DE.02
2081 | E 2044 | 2042 2024 2030 ORI G7 12783755 | 12788755 + mad1/SPBCA0G.04c plp4/SPBC3DE.05
o0e2 | E 2048 2044 2025 | 2031 13138255 | 1313625.5 e sol1/SPBG30B4, 040 kap108/SPBCa0B4.05
2083 | E 13521255 | 13511255 - SPBC27B12,14 SPBC27812 12¢
2084 | L 13888755 . =  hht2/SPBOSDZ.04  sfil/SPRCADZ05c |
2085 | E 2045 206 | 2032 13856755 | 12001285 - SPBCEDZ. 16c SPBCED2.17
2086 | E 2047 2047 7 14446255 | 14443755+ | SPEP22HT 050 SPBPZ2HT.C6
2067 | E 2048 2048 2028 2034 14576256 | 14578255 |  + " nep2/SPECAZHB.02C berm45/SPECA2HA 03
2068 | L 14628755 | 14623755  + SPBCA2HS.05 SPBC32HE 08
2088 | L Yes 2035 15008755 16011255 + SPBC11B10.08 dc2/SPECH1B10.00
2070 | E 2049 2050 2028 2036 ars2004 15466255 | 15463755 = SPBCB3.180 att1/SPBG2985.01
2071 | E 2030 arsa003 | 15571255 15568785  + isp4/SPBC2285 02 PIZ6/SPBC20B5, 03¢
2072 | E 2061 2051 2031 ars2002 15868755 | 15001255 | - kap1/SPBC28F2 100 SPBC28F2 11
2073 | E 2053 16568755 | 16568755 = | SPBC21B10.0 SPBC21B10.080
2074 | E 2054 : 16676255 | 16883755| = | nrfU/SPBG21B1004 SPBC21B10.03c
2075 | e 16833755 16831255 - |  ubpli/SPBC180204c |  rani/SPBO19G205
2076 | E 2055 2033 || 2008 17078755 | 17083765| =+ SPAC2F12150 gual/SPBCZF12 140
2077 | E 2036 2033 | 2038 17168755 | 17183765|  + SPEC2F12120 rep2/SPRC2F1Z 110
z078 | E 2034 2030 17521255 | 17506255|  + SPBGID7.08 scA/SPECID7.020 |
2078 | E 2058 2035 | 2040 17808755 | 17801255 v sce3/SPECIBH10.04¢ 3PECIEH1005 |
2080 | E o 2036 | 2041 18076255 | 18068755  + SPECI8H10.180 SPACI8H1019
2081 | L Yes 2082 o080 2042 18698755 18598755 ¥ mug142/SPBC3HT.00 SPEC3H7.08c
s0m2 | E 2037 18846255 | 18946255 5 Spo14/SPBP1675.010 mcs2/SPEF16F5,02
2083 | E 2061 2044 | e433755 | 19438755 = pab2/SPBG1BES 120 Ksp1/SPBC16E9.18
2084 | E 2062 2030 19546255 | 19551255 | - SPAC16ES 160 rem 1/SPEC16E9.17¢
2085 | E 2063 2039 19656255 10858755 T SPBG1ER 03c Ti2-10-psetido/SPEC1EB.04 |
208 | E 2063 2064 2040 | 2048 2006655 | 20248755|  + SPBR23AT0 T1c  SPBP23A10.12
z087 | E 2065 2056 2041 2047 20536255 | 2053875.5 z SPEC20A3.07¢ Pat4/SPBEC29A3 08
2088 | 1 o088 | 2087 2048 20718755 | 20716255 - SPBC20AG. 16 Qe13/SPBC29A3.17
2080 | L | Yes 2067 21063755 | 21086255 5 nil/SPBC23G7.04c Sull/SPBC23G7.06
2000 | L Yes o 21126255 | 21123758 + SPBC23G7.07c 1ga7/SPEC23GT. 08¢
2001 | E Yes 208 | 2088 2042 2049 | pARSTSBIORI 75 | 21166255 | 21153755 + matme. 2/SPBCZ3G7.00 SPEC23GT.100
200z | E I < 21311255 |  + :
e aeeRoro | 208 2050 S 'pp202/SPEC23G7. 150 matmi_1/SPEG1711 01c
2004 | E 2071 i 2070 21306255 | 21301255 + matme_1/SPEC1711.02  SPRG1711.03
2005 | E | am 21786755 21788755 ¥ NUREE/SPEC17G0.040 CYPB/SPBGA7G0.05 #




2006 | E 2072 2073 2044 2051 * ATZ072 21886255 | 21976265]  + oSxZ/SPBC17G9.080 11213/5PBC1769.00
2007 | E 2073 2075 2045 2054 22478755 | 20478755  + SPBC15C4 04c SPBC15CA.05

2008 | L Yes 2046 2055 22671255 | 20676265  + SPBC21H7.066 NisS/SPBEC21HT.07c
2088 | E 2074 2076 2047 2056 23206055 | 23208755  + rx2/SPBC12D12.070 nedB/SPBC2406.01c
2100 | L Yes 2057 23401255 | 23411255 | - SPBC24C6.06¢ SPBC24CE. 100

2101 L Yes 2075 24128755 | 24123755 | + mex67SPBC1821.03c SPBC1921.04c

2102 | E 2076 2000 | 2048 2058 24453755 | 24451255 7 Ucpa/SPEG21 D10,05¢ fnx1/SPBC1202.13¢
2103 | E e 2081 ol 25253755 | 25253755  SPBCaes14c  apaiSPBCIBS 15 |
2104 | E i 25308755 | 25328755 + Alp4ISPRCAES 15 secIssIE |
2105 | E 2078 2082 } 25548755 25548755  + SPEG20A10.07 SPEG29A10.08

2106 | L Yes 2080 2052 2088 | ATz080 25828755 | 25831255 : SPBCZ2GS.02¢ SPEC2GE.03

2107 | E 2081 2083 1 25656255 | 25006255  + rpcB5ISPEG2GE 076 SPBC25B2.01

2108 | L 26146255 - + SPOG2502.08 SPBC2582090

2108 | | Yes A 26498755 | 26501255 - SPBOEB1 08¢ SPBCEBI.12¢

Wi0n e 2084 2087 2086 27048755 | 27036255 it mrplag/SPBCAFE,08c Swi/SPBCAFGOD. |
2111 i E 2085 2088 | 27408255 | 27403755 - SPBC335.02 #fc25/5PBC336.03
212 E 2086 2001 2055 2068 gl 27031255 27023765  + Pt /SPBCA2F12.080 tg1/BPECS2F12.04
213 | E | 2087 2002 rumi 25013755 28013755  + duo1/SPECA2F12.08c rum1/SPECA2F12.00
2114 | L Yes 2088 2065 DARSTAE | 28298755 28301255 |  + SPEC19C7.04c SPBC18C7.05

215 | E | Yes 2089 2093 2070 PARSTTE | 20031255 | 25023755  + SPBPAH 10,14 SPBPAN10. 15

2118 (] Yes 28118755 * = SPBP4H10.18¢ SPBP4H10.16¢c

2117 E 2001 | 2004 2057 | 207 20411255 | 29408755 - UbpeISPRC1703 12 SPBG1703 130

2118 | E | 2002 2005 2058 272 20888755 | 29886255 < SPBCZD10.11c thp23/SPBC2010 12
ae L | 2094 2098 2078 | 0541255 | 30536755 | -+ SPAEG13E7,06 SPBCISE7.O7 |
| 2120 | L Yes 2005 2008 2060 2075 30008755 | 30003755|  + 201/SPBCA0010.01 rap1 [SPECA778.02
2121 | L Yes 3153376.5 | 31635765 ¥ SPBCA09.01 £t 1/SPBOS00.02
2122 | E 2087 2100 2078 317787656 | 31778765  + dis2/SPBOTTE 020 SPBCT76.08

2123 | E 2100 2102 2080 2885755 | 228912556  + SPBC20F 10,020 SPBCZOF10.08

224 | E 2103 2082 33391255 | 35986255 |  + SPBC17D1.05 dbpa/SPBC7D1.06
2125 | E 2102 2104 2083 33533755 | 30631255  + SPBGIICT1 12 Tpl1B07/SPEG I 07
Coize L Vas 2108 e PARS727 | 33811255 | 33811255 + SPAC3R80S  dsd1/SPBC3BBOTC |
2127 | L 2104 [aat01255] aetorzss|  + PIr2/SPBC 13A2.040 SPBC4B4.01c
R 2105 2108 | 2083 2004 | 34238755 | a4241255 + smg1/SPBGARY 05 Vps25/SPECAEA.06
sim | E | 2107 2064 2085 | 3083755 | asssarss + SPEC2G2.16 sPBC2G2.A7c. |
2130 | E | | 24m0a75 5 | a4s06255 +

= : 2107 2108 e - 2is1/SPBO1718.07¢ SPBPBTES.01

23 | L | 3 3503875.6| 35041255 SPBPBTEB.OZ SPBC1105.01

2i® | E | ‘ 2065 | 2088 35128755 | 35118755 + M 16/SPBEC 106,030 cbp1/SPEGT106.040
3134 | E | 2108 35151255 | 36161255 |  + cbp1/SPHC1105,04c exg1/3PBC1106.05
213 | E Yos* 2108 2110 2066 | 2087 35580755 | 35583755 |  + SPBCB87 080 mCs4/SPBCaET. 10
2136 E 2067 2088 35891255 | 35991255 + dnaz/SPBC16D10.04c mok1SPBC16D10.05
a7 | E | o o110 21 ; 36071255 | 36078755| - mok13/SPEC16D10.05 SPBC16010.06
e | E 2111 3112 2068 2089 36360755 | 36368755 + ~ sPBR@B7OlC SPBPEBT 02

238 | L Yes 7031255 37051255 = puct ISPBC19FS.01e SPBC1OFS020 |
2140 | E Yes 2114 2115 2002 87226755 47223755 = mem7/SPEC25D12,080 SUc22/SPRC25012.04
2141 | E 2115 2117 2050 | 2003 37651255 | A7843755|  + sar1/SPACA1F10.08¢ SPRCA1F10.07

2142 | L 37793755 | a7798755|  + hip1/SPBC31F10.13¢ hp3/SPBGATF10 140
2148 | L 2118 2070 2084 38041255 | 28041255 5 SPBC21CA.02¢ SPEC21CA.08

2144 | E 2118 38168755 | 38171255 + SPBC21CA 100 SPEC21CAA1

2145 | E i il pig) 2071 2065 38408755 | 38408755  + SPEG23E6.010 SPBC2IES 02

2146 | E e | o= 2072 2068 99778755 | 36181255 + SPBC1604.08¢ imp 1/SPBC1604.08¢
247 | E i 9281255 | 39286255 = SPEOT804.04  SPBC1E04.03

4s | E 3120 2124 2073 2080 39401255 | 39408755  + SPRC1677.036 (N2/SPEC2EHE 01

2149 | L Yas } 0761255 | 20778765 + dis3/SPEC26H8.10 SPBC26HS 116

2150 | L Yes | 30858755 | 30868755|  + SPEC25HEA2 stel1/SPECA2C12.02
3151 | E 2123 2125 2076 2101 40211255 | 40213755 ¥ nup120/SPECABY. 160 i5a2/SPEC3E0 17
2152 | L 40333755 | 40321255|  +

i 2126 e Gil11/SPBC215.04 apd1/SPAC215.05
Ceme | L Yes 2125 2078 | 2104 | 41083755 | 41095755 T SPBCSEF2 06 SPBC56F2.050
2155 | L 2079 | 41311255 | 41311255 |  + |  cnp3/SPEG1861.01¢ abp2/SPBC1861 02
3156 | L 2128 2120 2081 2107 42045755 | 42048755 + algB/SPECA2.01c SPRGC34202 | |
257 | E 2130 4221265 | 42281255 ¥ SPEG16GE.070 Irp4/SPEG16G5.08




2156 | E esr 2131 2082 2108 42385265 | 42386255  + 10pa/SPBC16G5.120 SPBC16G5.13
2150 | L Yes 2108 42536255 | 42538755 + S1g2A/SPBEC16G5 18 SPBCTEGS.10
2180 | L Yes 2129 2132 2110 4241255 | 42946255 + rsm25(SPBC1 6AY.04 lyn1/SPBC16A3,08¢
a1 | L Ys 2 3 | 43458755 | 4vasizss|  « 'pl1/SPBC16C8 07¢ (er6/SPEC1 606 0Be
s | E 2130 2133 2083 2111 43518755 | 43621255 - SPBC2440%c Sid4/SPRC24401c |
2183 | L Yes [ 2118 44131255 44141255+ SPBO1280.130 SPRC1289.14
2184 | L 2131 [ 2135 2084 2114 44218755 | 44218755  + TI-11/3PBG1289.17 SPBC1289.15
2165 | L ' 44278755 | 44278755  + SPBC1280.15 SPBC1280.160
2166 | E 2faz. | 210 44423755 | 44421255 + SPACEE4.08 SPECAE4.02:
2167 | L a3 | 25T 2115 44531255 | 44533755 + phol/SPEP4GS.02 SPBPAGA.03
A R e e Fe E77 o) 44561255 F +
L . 2115 e . SPBP4GA.03 SPAPAZEZ.01
Chromosome 11 o T
o [ P Cds1 Bioinfo Number  ORls Number ngﬂi:lkﬂgﬁzrﬁ};ﬁ) .‘\ﬁlﬁf‘gge\ Mg, Rosiin{be) Orcd 5 GenekIRF 3 Gene/OHI
Number Suppression | (Segurado et ai) (Heichinger et al.) edsT | (Sequrado etai) localization
wt (HU) (HU) Qe Mcmé
3001 | E 3002 3001 3001 3007 353755 | 353755 + SPCP20CE.03 SPCC 188401
002 | E 3003 3004 3003 763755 | 766255 + SPCGT57.12 SPCCT757.18
3003 | E | 3005 3007 3003 | 3004 | as3002/3001 | 1238765 | 1228755 + SPCC330.070 alg11/SPCCa20.08
04 | E | 08 2 | tesi255 | mmzes |+ 2/SPOCT235. 050 Sif/SPOC1235,06
3005 | E 2008 3008 3004 3006 20687565 | 2078755 + ghi6/SPCC1235.13 chiS/SPCO1235.14 |
3008 | E 3007 3010 2321255 | 2318755 + SPGC548.080 Ghi1/SPCO548.076
2007 | E 2009 3012 007 2541255 | 2538765 + SPCC794.04c SPGO794.8
a0 | E 3013 2793755 | 2781255 2 mae2/SPCCT04.120 SPOCT9A15 |
3008 | E 310 | 3014 3008 2863755 | 2866255 + SPC0553.10 spb70/pali2
010 | E [ 200 3008 3058755 | 3058755 : SPCCs53.08 SPCOEEa.02
3011 | E i : £ 3476255 | 3476255 + dis11SPCGTAB 14 SPGOTa6.15
“aniz | E 3012 3017 3008 3010 3701255 | 3703755 |  + SPCG594.07¢ qera/SPCC1882.01
a0z | E 2013 3018 3000 011 3081255 | 3981255 + UbpiBISPCC1882. 120 SPCC1E8213
014 | E a5 | om0 50G6255 | BOSAZES + SPC0S70.06 1pI3601 ISPCCAT0.05
w15 | E aois | ozl 3011 3013 5186255 | 5188755 + rad1 8/SPCCO70.01 Prp11/SPCCAOHT1.01
078 |l e 3017 3024 5656255 | 5656255 T Sap1/SPCC1672.02¢ SPCC1672.05c
a0z | E | 3018 3025 a012 | a0t | 5751255 | 5751255 + asp1/SPCC1672.06¢ SPOGC1672.07
3018 | E | 3026 8056255 | 8058755 = ungi/SPCCH183.08 | ‘spcciisacy |
2016 | E | a01a 3023 3014 2015 6431255 | 6431255 + tal72/SPCC5EA. 03 cUti/SFCCSE4.04
020 | E | 3020 3028 3016 5661255 | 6061255 + pin/SPCC16C4.08 SPOCTE0A04 |
w21 | E 3021 3030 3015 3017 7201255 | 7201255 + SPCC18B5.02¢ wea!/SPCC18B5.03
%02 | E | a0 3031 3016 | aols 7641255 | 7841255 ; 0caz/SPOC1020.10 SPCC1020.09
0% | E S| 8268755 | 8278755 ¥ SPGC139313 SPCOZHB.02
a024 | E | 3018 3020 4 | 8478755 = SPGCB3.06 SPCCE3.07
2025 | E | 2024 3083 853625.5 + pPk3BSPCCE3 08 | | SPCGE3 10c
3025 | E | 3025 3035 3019 3022 9368755 + SPCC24B10.15¢. SPCC24B1020 |
3027 | E 9578755 i 3
. 3026 3036 a020 3023 e 2 SPCCI785.13 SPCC1705.12c
028 | E 3037 | 8881255 | 0aserns 3 SPCC1795,07 map2/SPGC785.06
3030 | L | Yes 3027 3038 3025 10386255 | 10396255 |  + SPCC1256.02¢ pai2/SPCC1250 08
3031 E 3041 10661255 | 1065875.5 1L meuZ7/SPCC1259. 14c centromare
3032 | E 3042 3021 3026 (1418755 | 11421255  + centromere SPCC4BA 18
@03 | E 3030 3044 3024 3028 7 12541255 | 12541288 | - snd1/SPCCE5 086 mpla7/SPCCE45.00
04 | F 3040 3045 3026 3030 13241255 | 12238755 |+ pIBA02/SPCC 1322 15 SPGC1322.16
203 | E 3046 aoze | 08 | 12433755 | 1aasarss| - SPCCA38.18 rad21/SPCGas. 176
3036 | E 13718755 | 13711255 Gl et e
e 3042 3047 3027 303z R SPCCA38.02 ags1/SPOC1284.01
3038 | E | 3028 3033 13936255  + = 1sc7/SPCC1281.05 SPGC128106c |
a3 | E 3048 13066755 | 10968755 ¢ SPCC1281.060 SPCC1z81.07¢
3050 | E 3043 3048 AT3043 14111255 | 14113755 + SPCCE2207 hlal/SPCCE22.08¢
a4 | E 3044 2050 3034 AT3044 14178755 | 14178755 =+ SPGCB22 100 SPCCa22 1
e | E 3045 3051 a02a | a0e5 4491255 | 14seiens | - SPCCE1 00 SPCC61.05
a4 | E 3048 3052 3031 | 5038 1518755 | 15118755 |  + | dorl/SPOO584.10c  SPCGs8AG
3044 | E a0a7 15248755 | 15248755 i SPCCE84 150 | spooseaiee
2045 | E 3047 3053 30a7 15326255 | 16321265  + SPOCE84.01e CUE2ISPOC584,02
2036 | E 054 3038 15563755 | 16563755 + SPCC1A2.12 sPCCis2tic |




3047 | E 3055 3039 15768755 | 15706255 - enl1/SPCC162.07 SPCC1 82 06c

3048 | E 3048 3056 I 15853755 | 15651255  + SPCC13B11.02¢ SPCC18B11.080
3048 | E 3048 3057 3032 | 3040 16098755 | 16088755 |  + SPOCT77.060 SPCCTTT.07

3080 | E ) ‘{ 16728755 | 16728755 |  + Gad5/SPCCA17 02 SPCCA17.03

3051 | E ! 16750755 | 16756255 | = SPGCA1T.04 chr2rSPCO417.080
052 | E il 16806255 | 16806255 | = PPKISISPCCAT7. 080 miol SPCCA17.07c
2083 | E | 051 05 | ams 7 3041 16871255 18851255|  + | miol/SPCO417.07c 16fa/SPCCA17.08
a0s: | E 3052 3080 085 | aoMl 16801255 16806255 |  + | efUSPOO417.08 SPOC417.080

a0 | E 3053 3081 3086 | a042 AT3053 17201255 | = = = sPecienoe gst1/SPCC 181,090

3056 | E 3036 | a0dz + 1728755+ | SPCCI9TI0 imiSPeCTaT |
3087 | E 3054 3052 1728625.5 | 1728875.5 o SPCC1450,01c sPCCl4s002 |
3058 | E 3053 3037 | 3043 17546255 | 17548755  + | ceki/SPCO1450.11c SPOCT1450.12

3058 | E | 18153755 | 18146255 |  + cgs2/SPC0285.080 SPCC285 10c

3080 | E a0ss | aoed | a0 | 3044 ORIeT 18731255 | 10231255 + SPOC2E5 13¢ SPCC285.14

3061 | E 3056 3085 I nmt1 18384755 | 18386255  + SPCC1223.01 nmtSPCG12za02 |
3062 | E 3057 3085 3080 | 8045 | ATS0ST 18454755 | 18453755 | - QU2/SPCC1223,0% 8PCO1223 040
@083 | E | f 18613755 | 18606255  + SFOG1223.00 SPCC1223106 |
3064 | E 3058 3086 3046 18681255 | 18683755 |  + PIc2/SPCC1223 11 meu10/SPCG1223 126
3065 | E } 18786255 | 18781255 - SPCC297.01 sp1/SPCC207.08
3066 | E 3040 | 3047 19226255 | 19236255 | - SPCC74.08 Sy 1/SPCC74.01
3087 | E 3056 3088 3040 | 3047 19301255 | 19288755 | - SPCC74 026 SSpR/SPCCT4.03c
068 | E T : 16875755 | 10381255|  + SSp2ISPCCT4 030 SPCC74.04
| s0e0 | E 3080 3041 3048 19603755 | 19606255 | =+ SPCC16.06c peSAISPCC18.07
3070 | E 3080 072 3042 3049 z 20363755 | 20383755 < | sPcoisecac 3e15/SPGC1138.05
207 | E. . . . 5et5/SPCC1730.05 SPCGi7ao0ec |
3072 | E 20426255 |+ 7 SPCC1733.07 SPCCi7A008c |
3073 | E 20463755 | 20466255 + SPCC1739.080 cox18/SPCC1730.080
2074 | E 343 | 3050 20643755 | 20546255  + PRI 06/SPCC 1738, 14 W21/SPCC 1739.15
3075 | E B 20886255 | 2068625 5 < WifZ1/SPCC1738.15 amt1/SPCPBIGTT.01
3078 | E s ‘ 20723755 | 20728755  + ami1/SPCPBICTT, 01 SPCPBICTI 02
3077 | L 20763755 | 20766255 - SPOPRICT! 02 SPCPBICI .03

2078 | E 3082 3074 3044 3051 PARSTA4 | 21083755 21083755 |  + ksg1 /SPCC576.150 WHf2Z/SPCCE76, 166
“aom | E 3084 | a7 | seer 3053 | 22018755 | 22018765  + SPGCB30.080 SPGCE30.10

3080 | E 20583755 | 20588265 | + bosA/SPC01 840.02¢ Sal3ISPCC1840.03
3081 | E 3085 3078 3049 3054 30771255 | 20771255 + SPGC1840.08 Ism3/SPCC184010 |
a082 | E 080 3055 23008755 | 20013755 + alr1/SPCCAES 08c SPCCE5 08

3083 | L Yes 3056 23006255 | 2300625.5 SPCCS6E. 12 SPCC96518

084 | E 3088 3083 a051 2058 20836255 | 20833755 | + SPGC1827.030 SPOCiE2T0d

Legend and Comments

Qri number: Replication origing identified as pre-RC sites in this study; the first digit Indicates the chromoesome number (1-3).

Class: Activity of origins determined by Brdl incorporation in the presence of HU (see online materials); E, Early origin (red column); L, Late and/or inefiicient origin (blue column).
Cds1 suppression: Origins suppressed by Cds1-dependent checkpoint in the presence of HU (see online materials).

Bioinfo Number: AT-rich island number (Segurado et al., 2003).

ORIs Number: Origins defined by the increase in DNA content (Heichinger et al., 2008). Location of each ORI was compared with our origing by its peak and flanking CRF position.
ORF Microarray Number: Crigins defired by the increase in ssDNA content in the presence of HU (Feng et al., 2008). 5-kb deviation, which corresponds to fork movement in the

presence of HU, from the original peak position was allowed

ARS/2D-gel Number. Name of ARS or arigins identified by ARS analyses and 20-gel analyses (summarized in Segurado et al., 2003).
Map Position: The peak position of Orc1 and Mcm6 signals (see online materials).

Orc4 |ocalization: A"+" and "-

#: A significant but faint signal of BrdU was detected
« A peak was nol programalically picked up, although significant localization of Orc1 or Mcm6 was detected.

indicates that significant signal of Cre4 was detected or not, respectively (see online materials).
5'Gene/ORF, 3' Gene/ORF: The name of the 5' gene/ORF or 3' gene/ORF flanking the region containing the pre-RC site.






