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One of the long-standing questions in eukaryotic DNA replication is the mechanisms that determine where and
when a particular segment of the genome is replicated. Cdc7/Hsk1 is a conserved kinase required for initiation of
DNA replication and may affect the site selection and timing of origin firing. We identified rif14, a null mutant of
rifT*, a conserved telomere-binding factor, as an efficient bypass mutant of fission yeast hsk1. Extensive
deregulation of dormant origins over a wide range of the chromosomes occurs in rif1A in the presence or absence
of hydroxyurea (HU). At the same time, many early-firing, efficient origins are suppressed or delayed in firing
timing in rif1IA. Rifl binds not only to telomeres, but also to many specific locations on the arm segments that
only partially overlap with the prereplicative complex assembly sites, although Rif1 tends to bind in the vicinity of
the late/dormant origins activated in rif1A. The binding to the arm segments occurs through M to G1 phase in
a manner independent of Tazl and appears to be essential for the replication timing program during the normal
cell cycle. Our data demonstrate that Rifl is a critical determinant of the origin activation program on the fission
yeast chromosomes.
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Replication of genomic DNA occurs only once in a cell
cycle, and its accuracy ensures genome integrity. As in
prokaryotes, eukaryotic DNA replication is also believed
to initiate at specific genomic loci called replication
origins (ori). Although ori in budding yeast are known to
be associated with a specific 11-base-pair (bp) sequence
termed ACS (ARS [autonomous replicating sequence]
consensus sequence), no such sequence has been identi-
fied in ori of other eukaryotes (for review, see Sclafani and
Holzen 2007; Masai et al. 2010). However, it is now well
established that DNA replication is initiated at selected
pre-RC (prereplicative complex)-binding sites (BSs) on the
chromosomes, and timing of the firing of these pre-RCs is
coordinately regulated during S phase (for review, see
Takeda and Dutta 2005). Here, we call the profiles of the
sites and timing of origin firing the “replication program.”
Recent reports indicate that the replication program is
under developmental regulation, just like gene expression
(Hiratani and Gilbert 2009). Dramatic changes of the
replication program or replication domain structures are
observed during induction of differentiation of mouse
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embryonic stem cells or between different cell types (for
review, see Masai et al. 2010). Studies in yeasts showed
that chromatin structures (histone modification) near the
origins can affect the firing efficiency (Aparicio et al.
2004). The checkpoint also regulates the sites and timing
of firing. Dormant or late origins are activated in the
absence of checkpoint regulators (Santocanale and Diffley
1998; Shirahige et al. 1998; Matsumoto et al. 2011). The
checkpoint represses late origins also in mammalian cells
(Aladjem 2007). However, factors that determine the
genome-wide replication program or replication domain
structures are still elusive. The mechanisms of dramatic
reorganization of replication domains during differentia-
tion are not clear.

pre-RC is generated during early G1, and this step may
be under chromatin regulation; the timing and efficiency
of pre-RC assembly were reported to contribute to early
firing of ori in fission yeast (Wu and Nurse 2009). pre-RC
is activated by phosphorylation mediated by CDK (cyclin-
dependent kinase) and Cdc7-Dbf4 kinase followed by
loading of replisome factors, including Cdc45 and DNA
polymerases. Phosphorylation of Mem by CDK and Cdc7-
Dbf4 is crucial for initiation of DNA replication and may
be the critical step for selection of active origins (Masai
et al. 2000, 2006; Walter 2000; Sclafani et al. 2002; Sheu

GENES & DEVELOPMENT 26:137-150 © 2012 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/12; www.genesdev.org 137


mailto:masai-hs@igakuken.or.jp
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 6, 2024 - Published by Cold Spring Harbor Laboratory Press

Hayano et al.

and Stillman 2006; Yabuuchi et al. 2006). However, how
Cdc7 phosphorylates the selected pre-RC at different
timings during S phase is totally unknown.

We studied the Hsk1 kinase, the fission yeast homolog
of Cdc7, and found that deletion of a checkpoint adaptor
protein, mrc1, can bypass the requirement of Hskl func-
tion for viability (Matsumoto et al. 2011). We further
showed that firing of some late/dormant origins was
deregulated in mrcIA, which may contribute to the
bypass of hsk1A. This finding led to the idea that a search
for other hskIA suppressors could enable us to identify
novel regulators of the replication program.

Rifl was originally discovered in budding yeast as
a telomer-binding protein, and its orthologs have been
identified in fission yeast and in humans. Budding yeast
Rifl negatively regulates telomere length via interaction
with the Rapl C-terminal segment (Hardy et al. 1992;
Levy and Blackburn 2004; Hirano et al. 2009). In fission
yeast, Rifl binds to the dsDNA in telomeres through
interaction with Taz1, an ortholog of human TRF1/TRF2.
Rifl is required for telomere maintenance in a Tazl-
dependent manner, although its role in telomere mainte-
nance is minor, and Rifl shows diffuse nuclear localiza-
tion even in tazIA (Cooper et al. 1997; Kanoh and
Ishikawa 2001; Miller and Cooper 2003).

Findings in this study show that Rifl may selectively
bind to not only telomeres, but also arm regions, and may
regulate the sites and timing of origin firing throughout
chromosomes in fission yeast. It is important to note that,
in addition to activation of dormant/late ori, some active,
early-firing origins are suppressed in rif1A cells, indicating
that Rifl is not simply a repressor of origin activation, but
rather a critical determinant of the genome-wide origin
activation program in fission yeast. Potential roles of Rifl
in regulation of origin selection and timing are discussed.

Results

Rif1 bypasses Hsk1 functions for viability

We recently reported that growth of hsk1-null cells can be
restored by deletion of Mrcl. Further studies indicated
that the selection and efficiency of origin activation were
affected in mrc1A cells (Hayano et al. 2011; Matsumoto
et al. 2011). These findings prompted us to conduct
screening of novel mutants that may rescue the growth
of hsk1A cells, with a hope that the identified genes may
regulate the origin activation in fission yeast.

Since Hskl1 is essential for DNA replication and cell
survival under normal growth conditions at 30°C, the
hsk1A mutant carrying the ura4* plasmid containing
hsk1* is not able to grow on the SD (synthetic defined
medium) plate containing 5-FOA, which eliminates ura4*
plasmid DNA (Supplemental Fig. S1). We randomly in-
tegrated a budding yeast LEU2 marker gene into chromo-
somes to conduct insertion mutagenesis in hsk1A and
screened for the LEU2 transformants on the SD plate con-
taining 5-FOA at 30°C. As a result, we isolated 16 LEU2
clones that could survive in the absence of Hskl. mrc1::
LEU2 was among the 16 strains, confirming that the
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procedure is working. Out of the 16 clones, the four most
vigorous suppressors were identified as rif1 mutants.

In order to confirm the bypass of hsk1* function by
rif1A, a diploid strain, h*/h™ hsk1*/hsk1 ::kan rif1*/rif1::
LEU2, was constructed and subjected to tetrad analysis.
Among 48 tetrads dissected, 24 tetrads gave more than
two viable segregants, supporting our notion that hskIA
rif1A is viable (Fig. 1A). To further verify this, genotypes
of spores were determined by colony PCR (Fig. 1B,C).
While hsk1A rif1* spores gave no visible colonies, small
colonies emerged from hsk1A rif1A spores (Fig. 1A). These
data clearly demonstrate that rif1A can restore the growth
of hsk1A, albeit with a reduced growth rate, and exclude
the possibility that unknown mutations or gene rearrange-
ments are responsible for the viability of hsk1A rif1A cells.
Bypass was observed in spo4A encoding a second, meiosis-
specific Cdc7-like kinase (Supplemental Fig. S2), showing
that aberrant expression of spo4 is not responsible for the
suppression.

rif1A restored the growth of the hsk1A mutant more
efficiently than mrc1A or mrc1-3A (S604AT645AT653A)
(Fig. 1D), specifically defective in replication checkpoint
activation (Zhao et al. 2003; Xu et al. 2006). Indeed, the
rif1A hsk1A mutant grew better than mrc1A hski1A or
mrc1-3A hskiA in liquid culture (Fig. 1E). Furthermore,
the rif1A mrc1A hsk1A triple mutant grew better than the
rif1A hsk1A or mrc1A hsk1A double mutant, suggesting
that rif1A and mrc1A suppress the hsk1 mutation through
independent mechanisms (Fig. 1D).

Deletion of rifl bypasses Hsk1 function in a manner
independent of the checkpoint, tazl, or rapl

We examined whether Rifl is required for activation of
DNA replication or the DNA damage checkpoint. In
contrast to mrcIA or cdslA, the rifIA mutant was not
sensitive to hydroxyurea (HU), MMS (alkylating agent),
camptothecin (an inhibitor of topoisomerase I), or UV
irradiation (Fig. 2A), indicating that Rifl is not necessary
for cellular responses to replication stresses. The levels of
Cdsl kinase activity after HU treatment were similar
between the wild-type and rif1A cells (Fig. 2; Supplemen-
tal Fig. S3). Thus, Rifl is likely to affect the selection of
ori through a checkpoint-independent manner. It should
also be noted that rif1A does not bypass the sensitivity
of hsk1-89 to various DNA-damaging agents (Fig. 2A).
Growth of the hsk1-89 mutant at 30°C was not recovered
by deletion of taz1 and rap1, which is required for telomere
maintenance. On the contrary, taz1A showed a synthetic
growth defect with hsk1-89 at 37°C (Fig. 2B; Supple-
mental Fig. S4), a semipermissive temperature for hsk1-
89 (Matsumoto et al. 2005, 2011). These results suggest
that rif1A-mediated bypass of Hsk1 function is indepen-
dent of its telomere-related functions.

Rif1 regulates initiation of DNA replication both
positively and negatively throughout the genome
in fission yeast

To examine the effect of rifIA on the selection of
replication initiation sites, we performed chromatin
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Figure 1. rif1A recovers growth defect of hsk1A. (A) Tetrads derived from h*/h~ hsk1::kan/hsk1* rif1::LEU2/rif1* diploid cells were
microdissected by using a Singer MSM micromanipulator onto YES agar plates and were photographed after 7 d of growth at 30°C.
Colonies resulting from eight such tetrads are shown. Genotypes of the spores from the eight tetrads are shown in the right panel. (H)
hsk1*; (h) hsk1::kan; (R) rif1%; (r) rif1::LEU2. The genotypes of these colonies were determined by colony PCR as shown in B and C.
Locations of the primers and parts of the results of colony PCR detecting the Hsk1-coding sequence (B) or LEU2 insertion disruption of the
rif1 gene (C) are shown. The primer sets used were Sal-hskl, 5-TTTAGTCGACAAGTAGTCCTGCTAGAATATACAATG-3'; and seq-
03R, 5'-CTATCTCCATGAGTGCATCCACGTCGTCCT-3' (B); and rifl-1fw, 5'-ATGACAAAAGAAATTGCTGTGAAGGAGGCT-3';
and rif1-99rv, 5'-AAATGCAGTTCCCTTAATATCACTTCTAAA-3' (C). (D) hsk1A and its derivatives with the ura4* plasmid carrying
hsk1* were cultured in YES medium. Fivefold serial dilutions of exponentially growing cells as indicated were spotted onto SD plates with
or without 5-FOA. Cells were incubated for 4 or 5 d at 25°C or 30°C. Rescue of growth of hsk1A by mrc1A is known to occur more
efficiently at 30°C than at 25°C (Matsumoto et al. 2011). (E) Exponentially growing cells were diluted to 1 X 10° cells per milliliter and

cultured in YES medium at 30°C. The numbers of cells were counted at the indicated time points.

immunoprecipitation (ChIP) and microarray (ChIP—chip)
assays in the cells released from M phase in the presence
of HU. BrdU-incorporating DNA was immunoprecipi-
tated with anti-BrdU antibody, and purified DNA was
hybridized to the Schizosaccharomyces pombe tiling
array (Hayano et al. 2011). Some late-firing origins, in-
cluding AT2080 and pARS745, fired in rif1A (Supplemental
Table S2) as well as in mrcIA and cds1A (Kim and
Huberman 2001; Hayashi et al. 2007; Matsumoto et al.
2011), as indicated by ChIP—chip and two-dimensional
(2D) assays.

The subtelomeric regions form heterochromatin and
are replicated late in S phase (Hayashi et al. 2009), and
BrdU is not incorporated into this region in the presence
of HU in wild-type cells (Fig. 3A). However, significant
and extensive BrdU incorporation was detected across the
subtelomeric region (chromosome I, 0-98 kb [left arm]
and 5500-5582 kb [right arm]; chromosome II, 0-118 kb

[left arm] and 4467-4558 kb [right arm]) in rif1A (Fig. 3A;
Supplemental Fig. S5), indicating that Rifl suppresses
initiation of DNA replication in the subtelomeric seg-
ments. We evaluated replication efficiency also by mea-
suring the copy number of chromosome DNA. Genomic
DNA was isolated from the cells released from M phase in
the presence of HU, and then the copy number of genomic
DNA was measured at each origin (Fig. 3C). Two late-firing
origins—oriy_445; and ARS727, present on chromosome II
and repressed by both the DNA replication checkpoint and
Rifl and by Rifl alone, respectively—replicated more
efficiently in rifIA than in wild type (Fig. 3B,C). oriy_sa¢,
an early-firing origin less efficient than ars2004 (data not
shown), replicated slightly more efficiently in rif1A than in
wild type (Fig. 3C; see also Fig. 7B, below). These results
indicate that Rifl suppresses initiation of DNA replica-
tion from some late-firing origins and low-efficiency
early-firing origins.
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Figure 2. riflA is resistant to inhibitors of DNA replication or
DNA damage treatment, and taz1A is not able to bypass Hskl
function. (A) The cells with the indicated genotypes were
spotted onto YES plates containing no drug, 4 mM HU,
0.0025% MMS, or 4 mM camptothecin. UV was irradiated at
250 J/m? onto the cells spotted on YES plates. After incubation
for 5 d at 25°C, pictures were taken. (B) rif1A, taz1A, and rif1A
taz1A were generated in wild-type and hsk1-89 backgrounds.
Exponentially growing strains were spotted onto YES plates and
grown for 3-5 d at 25°C, 30°C, and 37°C. hsk1-89 cells are able
to grow at 37°C but not at 30°C (Matsumoto et al. 2005).

Centromeres and their neighboring segments replicate
efficiently in the presence of HU (Fig. 4A), as reported
previously (Kim and Huberman 2001). Interestingly, BrdU
incorporation into the centromere segment decreased in
rif1A (chromosome I, 3756-3785 kb; chromosome II, 1600~
1645 kb; chromosome III, 1065-1143 kb). Especially, DNA
replication at the central core segments was completely
suppressed in rif1A cells (Fig. 4A; Supplemental Fig. S6).
On chromosome III, most of the ori are early-firing, and
loss of rif1 resulted in down-regulation at most of these
origins (Fig. 4B; Supplemental Table S2). DNA replication
at ars2004, one of the most efficient early-firing origins,
was also reduced in rif1A (Supplemental Fig. S7). Measure-
ment of copy numbers at cenl, oriz 333, Oriz_jogs, and
ars2004 in rif1A also showed inhibition of DNA replication
at these early-firing origins (Fig. 4C). These results indicate
that Rifl is required also for efficient and early S-phase
replication at some early-firing origins.

The numbers of origins affected by rifl A

The peaks of Mcm4 binding and BrdU incorporation
were counted throughout the chromosomes, except for
subtelomeric and centromeric regions that contained
too many Mcm4-binding peaks to be distinguished into
single peaks. We chose to define the numbers of ori
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(Mcm4-BSs) in hsk1-89 cells, since in these cells, the
peak pattern is clearer (because Mcm4 does not move
from the ori due to the failure of Cdc45 loading) (see
Supplemental Fig. S12). We detected 1083 ori with a false
discovery rate (FDR) threshold of 0.1% using rMAT
(Droit et al. 2010) (in contrast to 693 in the wild-type
cells) (Supplemental Table S1). Detailed comparison
of pre-RC localization and BrdU-incorporating sites
throughout the chromosome arm regions indicated that
445 (41%) out of 1083 ori were actually activated to
incorporate BrdU in the presence of HU in the wild-type
cells (“early” ori). The numbers of the initiation sites
increased to 500 in rif1A cells (Fig. 5A). In total, 323
origins were identified to be affected in rif1A cells in
BrdU ChIP-chip assays (Fig. 5B). Genomic copy number
assays detected small changes occurring in rifl1A cells
(e.g., oriy_ 326 and ars2004) (Figs. 3C, 4C), suggesting that
the numbers of Rifl-regulated origins may be under-
estimated in BrdU ChIP-chip assays. One-hundred-
eighty-nine dormant origins (99, 89, and 1 on chromo-
somes I, II, and III, respectively) fired in rif1IA. On the
other hand, 134 origins (40, 43, and 51 on chromosomes
I, II, and III, respectively) were down-regulated in rif1A
cells (Fig. 5B). We classified ori into EE (“early to early”;
early in wild-type and early in rif1A), LL (“late to late”),
EL (“early to late”), and LE (“late to early”). The numbers
of EE, LL, EL, and LE were 311, 449, 134, and 189 (Fig.
5C). These results indicate that Rifl regulates the firing
of ori both negatively and positively across the chromo-
somes. This is in sharp contrast to checkpoint mutants,
which did not affect the firing at efficient, early-firing
origins (Hayano et al. 2011; Matsumoto et al. 2011).

Rif1 binds to selected arm segments in addition
to telomeres and centromeres

To clarify the mode of Rifl-mediated replication regula-
tion, we determined localization of Rifl on fission yeast
chromosomes by ChIP-chip assays. Cells were released
from G2 phase and collected at 90 min (G1/S phase). Rifl
binds to the subtelomeric regions, and some of these Rif1-
BSs colocalized with Mcm4-BSs (Fig. 3A). ARS727, which
is silent in the wild type but is efficiently fired in the
presence of HU in rif14, is bound with Rifl (Fig. 3B). Rifl
binds also to the centromere core segment (Fig. 4A). In-
terestingly, replication of this segment is completely sup-
pressed in rif1A, whereas the pericentromere heterochro-
matin regions (dh/dg repeats) to which Swi6 binds and
where transcription is silenced due to heterochromatin
formation (Partridge et al. 2000; for review, see Buhler and
Moazed 2007) are not bound with Rif1 (Fig. 4A). However,
rif1A cells did not show a growth defect in the presence of
the anti-microtubule drug thiabendazole (TBZ), which is
an inhibitor of mitosis (Supplemental Fig. S8), suggesting
no distinct role of Rifl in chromosome segregation.

We identified 155 Rifl-BSs in the G1/early-S-phase cells
(Fig. 6A). We compared the distribution of these Rifl-BSs
and ori locations. Among the 155 BSs, 63 BSs (41%) over-
lapped with ori, which were further divided into 38 late ori
(60%) and 25 early ori (40%). Next, we examined the closest
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Figure 3. Dormant or inefficient origins at the subtelomeric region and in the arm region are activated in rif1A. nda3-KM311 mutants
in the wild-type and rif1A backgrounds were incubated for 5 h at 20°C (arrest in M phase) and then released into the cell cycle for 60 min
at 30°C in the presence of 25 mM HU and 200 mM BrdU. Mcm4-3Flag-bound DNA and BrdU-incorporating DNA were immunopre-
cipitated with anti-Flag antibody and anti-BrdU antibody, respectively. For Rifl ChIP-chip assays, cells in the cdc25-22 background
were incubated for 3 h at 36.5°C (arrest in G2 phase) and then released into the cell cycle for 90 min at 25°C (G1/S-phase boundary).
Rifl-10Flag was immunoprecipitated with anti-Flag antibody. Collected DNA was purified and analyzed by using Gene Chip S. pombe
tiling array (Affymetrix). (A) The O- to 200-kb region of chromosome I containing the subtelomeric region. (B) The 3300- to 3400-kb
region of chromosome II containing a dormant origin, ARS 727. (C) Quantification of genomic DNA by quantitative PCR. Genomic
DNA was extracted from the cells arrested in M phase and from those released from M phase in the presence of 25 mM HU for 60 min
(S phase). Amounts of genomic DNA at indicated locations were quantified by real-time PCR. The ratio of the amount of genomic DNA
in S phase to that in M phase was calculated for all of the locations. The non-oril region that is not replicated under this condition was
used for normalization. (ARS727) A dormant origin that is fired in rif1A, but not in checkpoint mutants (Late, R); (orip_4451) a dormant
origin that is fired in both rifIA and mrcIA (Late, R+M); (oris_ss¢) an early-firing origin on chromosome II that initiates replication less
efficiently than ars2004. Error bars indicate the SD from three independent experiments.
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Figure 4. DNA replication at some early-firing origins in the arm region and at centromeres is repressed in rif1A. BrdU incorporation
and BSs of Mcm4 and Rifl were analyzed as described in the legend for Figure 3. (A) The 3700- to 3800-kb region of chromosome I
containing the centromere. Rifl binds specifically to the centromere core region, and DNA replication in this specific segment is
repressed in rif1A. Black bars indicate the locations of the pericentromeric regions. (B) The 300- to 500-kb region on chromosome III.
Most of the ori on chromosome III are early-firing and are repressed in rif1A. Rifl does not bind to these repressed origins. (C)
Replication efficiency was determined at the indicated locations by quantitative PCR as described in the legend for Figure 3. cenl and
oriz_za3 (an early-firing origin) are indicated in A and B, respectively. oriz_jsg3 is another early-firing origin on chromosome III, and
ars2004 is a well-characterized efficient early-firing ori. Replication efficiency of these origins decreased in rif1A. Error bars indicate the

SD from three independent experiments.

ori for all of the BSs, and 77 and 78 BSs were close to early
and late ori, respectively. The distance between a BS and the
nearest ori was shorter with late ori than with early ori
(Supplemental Fig. S9). This difference (distance to closest
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ori between late ori and early ori) appeared to be significant
(P-value = 0.008 with a Wilcoxon test).

Among 155 Rif1-90min-BSs, 69, 8, 46, or 32 BSs were
located close to EE, EL, LE, or LL, respectively. Fifty
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percent of the 189 LE ori are associated with Rif1-90min-
BSs within 1.14 kb from the ori (Fig. 6B). The value was
1.5 kb for Rifl-Mphase-BSs, which is also significantly
shorter than that for other ori (P-value < 1 X 10~* with
a Kruskall-Wallis test) (Supplemental Fig. S10). On the
other hand, the distance between the EL ori and Rif1-BSs
appears to be the farthest. Summit distance profiles of
Mcm4-BSs around Rifl-90min-BS and Rifl-Mphase-BS
summits also indicated most centered clustering at LE
and most dispersed clustering at EL (Supplemental Fig. S11).

In summary, Rifl is generally located close to the late
ori compared with early ori. It is especially closer to LE ori
that are up-regulated in rifIA. Thirty-one (67 %) out of 46
LE associated with 90min-BSs are also Rif1-Mphase-BSs,
indicating that Rifl bound to chromatin may regulate the
firing timing of late ori. The results also suggest a possi-
bility that Rifl could directly regulate the firing of nearby
late ori.

Rif1 associates with arm segments at early G1 phase
in a Tazl-independent manner

We then examined the timing of the arm binding of Rifl
protein in more detail. Cells were released from M phase
in the absence of HU, and binding of Rifl to ARS727 (ori)
and Chr, 353 (non-ori), both of which are Rifl1-BSs, was
examined at various times after release. The timing
of binding was compared with that of Mcm or Cdc45
by using dually tagged strains. Cdc45 was loaded onto
ars2004 at 20 min after release, but significant amounts
of Rifl bound to Chr, 353 and ARS727 even at the time of
M-phase arrest. The binding at ARS727 kept increasing
until 20 min after release (G1/S) (Fig. 6C,D), whereas
that at Chr,_353 was more or less constant during G1 and
increased at S phase (Fig. 6C,D). The timing and kinetics
of Rifl binding to ARS727 are similar to those of Mcm4
binding.

Rifl is known to bind to telomeres through Tazl in
fission yeast (Kanoh and Ishikawa 2001). Therefore, we
examined whether binding of Rifl to various locations on

Mcm4-BSs in hsk1-89 cells (at 30°C) and
those of BrdU-incorporation sites in wild-
type and rif1IA cells are presented. (B) The
numbers of origins up-regulated or down-
regulated in rifIA cells are indicated. The
numbers of up-regulated or down-regulated
origins on each chromosome are also shown.
(C) The identified ori were classified into
four categories according to their overlap
with BrdU domains: EE (“early to early”;
early in wild-type and early in rifIA), LL
(“late to late”), EL (“early to late”) and LE
(“late to early”) The numbers of EE, LL, EL,
and LE are presented.

chromosomes depends on Tazl. At different time points
after synchronous release of Rifl-12myc cells from M
phase, Rifl was immunoprecipitated with anti-Myc an-
tibody, and coimmunoprecipitated DNAs were quantified
by real-time PCR. Binding of Rif] to telomeres significantly
increases as cells progress from M to S phase, and this
binding is not detected in taz1A, as expected (Fig. 6E).
Rifl binds to centromeres during M phase and stays
bound there until S phase completes. Binding of Rifl to
the arm origin (ARS727) increases at the G1/S boundary
and decreases as S phase proceeds (Fig. 6E). Binding of
Rifl to centromere and arm segments was not affected
by tazIlA, indicating that Rifl binds to nontelomere
chromosomes in a Tazl-independent manner (Fig. 6E).
These results suggest that Rifl binds to telomere and
nontelomere segments through distinct mechanisms.

Regulation of replication timing by Rifl
in an unperturbed cell cycle

The experiments described above show that Rifl affects
origin firing profile in the presence of HU. Next, we
addressed whether Rifl affects the origin firing timing in
an unperturbed cell cycle. Cells were arrested in M phase
and released into S phase in the absence of HU. Overall
progression of the cell cycle, as detected by FACS anal-
yses of DNA content, is similar between wild-type and
rif1A cells (Fig. 7A). Replication timing was determined
by measuring the amount of genomic DNA at various
origins and normalizing them with those at non-oril.
ars2004 (efficient early-firing origin) replicated at 30 min,
and replication timing at ARS727 (late/dormant origin)
was later than the non-oril region, which is located 30 kb
away from ars2004, in wild-type cells (Fig. 7B). However,
in rif1A cells, replication timing of ars2004 was delayed
and its efficiency was also reduced. On the other hand,
ARS727 replicated slightly earlier than ars2004, and its
replication efficiency exceeded that of ARS2004 (Fig. 7B).

In order to determine whether replication timing is
deregulated in rif1A, we conducted 2D assays in synchro-
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Figure 6. Rifl-BSs detected by ChIP-chip assays: cell cycle regulation and dependence on Tazl. (A) The numbers of Rif1-BSs on each
chromosome are presented (total numbers: 155 BSs in G1/S and 344 in M phase). (B) Distribution of distances between Rif1-90min-BSs
(Rif1-BSs in G1/S) and the closest ori plotted for each category of ori. (Broken red line) EE; (red line) EL; (broken blue line) LE; (blue line)
LL. The table below shows the distribution (quantiles) of distances between Rif1-90min-BSs and the closest ori, summarized for each
category. The size in each column shows the maximum distance for the fraction indicated to be contained; 50% corresponds to median
value. (C,D) Dually tagged cells (cdc45-3Flag rif1-12myc [C| and mcm4-3Flag rif1-12myc [D]) were arrested in M phase and
synchronously released into G1-S phase in the absence of HU. After harvest, cells were split into two parts, and Cdc45 and Rifl (C)
or Mcm4 and Rifl (D) were immunoprecipitated with anti-Flag antibody or anti-Myc antibody, respectively. Cdc45-, Mcm4-, and Rifl-
binding DNA were amplified with primer sets of non-oril (not bound by Mcm4 or Rifl), ars2004 (early-firing origin), ARS727 (late-firing
origin bound by Rifl), and Chr,_353 (2 non-ori bound by Rifl but not by Mcm4). (E) Rif1-12myc cells in the wild-type or taz1A background
arrested in M phase at 20°C were released into the cell cycle at 30°C in the absence of HU. Binding of Rif1 at TEL (the telomere sequence
close to telomere repeats) (left) and at arm regions (including centromeres and dormant origins) (right) was quantified at each time point
after release. ARS727 is described in the legend for Figure 3. (cenl) Centromere core regions on chromosome L
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Figure 7. Rifl regulates replication timing and loading of Cdc45 during S-phase progression in the absence of HU. Cells arrested in M
phase at 20°C were released into the cell cycle at 30°C in the absence of HU as described in the legend for Figure 3. (A) Cell cycle
progression was monitored by FACS analysis of DNA content. (B) Replication timing at ars2004 (strong early-firing origin), ARS727
(late-firing/dormant origin), oriy_445, (late-firing/dormant origin), and oriy_3,4 (Weak early-firing origin) was determined by quantifica-
tion of genomic DNA at each location and normalization to the DNA level at the non-oril loci. (C) At each time point after release,
replication intermediates were prepared and analyzed in 2D gel electrophoresis, as described before (Hayano et al. 2011). The arrows
indicate the bubble arc. Loading of Mcm4 (D) and Cdc45 (E) was analyzed using the Mcm4-3Flag- and Cdc45-3Flag-tagged strains,

respectively, at the indicated loci.

nously growing wild-type and rif1A cells. A strong bubble
arc was detected at ars2004 at 20 min after release in wild
type, whereas its appearance was delayed by 10-20 min
in riflA. In contrast, a bubble arc was not detected at
ARS727 in wild type, but was detected at 30 min after
release in rif1A (Fig. 7C). These results clearly show that
Rifl regulates replication timing during the normal course
of S-phase progression.

Orip_zpe is an early-firing origin, but its replication
efficiency increases in rifIA (Fig. 3C). DNA replication
at oriy_zo6 occurred at the timing that is the same as that

of ars2004 in the wild type, although the efficiency was
lower. In rif1A, the timing of replication at oriy s, wWas
delayed, while the efficiency was higher than in wild type
(Fig. 7B). This clearly indicates that the firing timings of
both early- and late-firing origins are greatly affected by
rif1A and are compressed into a smaller segment of S
phase. Replication efficiency is also affected by rif1A, but
could be affected by other factors as well, including
chromatin context.

Next, we examined which stage of DNA replication is
affected in rif1A cells. We first examined the timing of
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pre-RC assembly, since Wu and Nurse (2009) reported
that timing and efficiency of pre-RC assembly may de-
termine the timing of firing of origins in the following
S phase. We examined the timing of Mcm4 binding to
various origins (Fig. 7D). The results indicate that the
timing and levels of Mcm4 binding are almost identical
between wild-type and rifIA cells, indicating that Rifl
does not affect the process of pre-RC assembly. ChIP-chip
assays of Mcm4 binding also indicated that locations of
Mcm4-BSs are basically identical between the wild type
and rif1A (Supplemental Fig. S12). On the other hand,
Cdc45 bindings to the same origins were affected by rif1A
(Fig. 7E). They basically correlated with timing and levels
of BrdU incorporation. ChIP-chip assays of Cdc45 bind-
ing in wild type and rif1A also showed that the origins
that are activated in rifIA do have Cdc45 protein bound
(Supplemental Fig. S13). Thus, Rifl protein may influence
the steps after pre-RC assembly, most likely the steps
regulating the loading of Cdc45.

Discussion

Deletion of rifl restores the growth of hsk1A

Although Hskl1 is essential for initiation of DNA repli-
cation and viability at 30°C in fission yeast, we recently
discovered that deletion of mrc1 can bypass the require-
ment of hskI™ for cell growth (Matsumoto et al. 2011).
Further studies showed that precocious initiation of DNA
replication takes place in mrclA cells (Hayano et al.
2011). These results prompted us to search for other
mutations that may bypass the requirement of hski*
for viability, since we predicted that it may lead to the
identification of novel factors that regulate the replication
program. Such screening resulted in isolation of several
novel genes, the loss of which may alleviate the require-
ment of hskI* for growth. One of these genes was rifl,
known to interact with telomeres and regulate telomere
maintenance. The growth defect and aberrant morphol-
ogy of hsk1-89 mutations were largely corrected by rif1IA
(data not shown). The S phase proceeds and completes in
hsk1-89 rif1A cells at a nonpermissive temperature.

Rif1 regulates origin firing both positively
and negatively

It was reported previously that cdsIA partially recovers
growth of the hsk1-1319 mutant, another allele of hsk1
(Snaith et al. 2000). We also reported that cdsIA and
mrc1-3A, a checkpoint-defective mutant of mrcl, can
partially rescue the growth of hsk1-89 at a nonpermissive
temperature and weakly restore the growth of hsk1A cells
(Matsumoto et al. 2005, 2011). It has been well estab-
lished that late-firing or dormant origins are activated in
checkpoint mutants in budding yeast (Santocanale and
Diffley 1998; Shirahige et al. 1998). In fission yeast, it has
been reported that mutations in rad3 or cdsIA activate
some of the dormant origins (Heichinger et al. 2006;
Hayashi et al. 2007). Thus, abrogation of replication check-
point functions can reduce the requirement of hskl for
DNA replication, presumably by activating the firing at

146 GENES & DEVELOPMENT

inefficient origins. However, rif1A is completely resistant
to various genotoxic agents, including HU and MMS, and
can activate Cdsl kinase in response to HU (Fig. 2A; Sup-
plemental Fig. S3), and thus it is unlikely that rif1A bypasses
the Hsk1 function in a checkpoint-dependent manner.

Nevertheless, rif1A restored efficient growth of hskI1A
cells. ChIP—chip analyses showed deregulation of firing at
many dormant origins, including those at the clusters of
pre-RC in the subtelomeric regions (Figs. 3, 5). One-fourth
of the deregulated origins in rif1A did not overlap with
those activated in either of the checkpoint mutants (Sup-
plemental Fig. S14), consistent with the speculation that
Rifl can regulate origin firing in a manner distinct from that
by mrcIA or a checkpoint mutant. In fact, mrcIA and rif1A
exhibited an additive effect on the restoration of the growth
of hsk1A, indicating that the two mutations are in different
epistasis groups in terms of the hsk1 bypass (Fig. 1D).

The replication of the centromeric region, which ef-
ficiently occurs in the presence of HU, is reduced in rif1A
cells. Particularly, replication of the centromere core re-
gion completely depends on Rifl (Fig. 4A; Supplemental
Fig. S6). We also noticed that some very active early-firing
origins are repressed in rif1A cells. Especially, most of the
origins on chromosome III that are efficient and early firing
are suppressed in rif1A (Fig. 4B; Supplemental Table S2).
These observations led us to conclude that Rifl can both
positively and negatively regulate the firing events on the
whole genome.

Rif1 binds to telomere, centromere, and arm regions

Rifl binds extensively to subtelomeric segments, and this
binding peaks at the G1/S boundary (data not shown).
Replication in the subtelomeric region is extensively
deregulated in the absence of Rifl protein (Fig. 3B), in-
dicating that Rifl negatively regulates origin firing in this
segment. Similar repression of replication was reported
to be mediated by the Ku complex, which binds to the
telomeres (Cosgrove et al. 2002; Lian et al. 2011). Thus, the
protein machinery assembled at telomeres may function
to suppress replication initiation in early S phase. Rifl also
binds to the centromere core region, and this binding is
observed at a relatively constant level throughout the cell
cycle (Figs. 4A, 6E). It is noteworthy that replication of the
very segment bound by Rifl is silenced in rif1A, suggesting
that bound Rifl may play an essential role in early rep-
lication of the centromere core segment. It was previously
reported, however, that no bubble arc is observed in the
centromere core segments, leading to the conclusion that
replication initiation does not take place in this segment
despite the presence of pre-RC (Kim et al. 2003). The firing
of the pericentromeric region is also reduced in rif14,
suggesting that the efficient replication of the entire
centromere region may depend on Rifl.

In addition to subtelomeric and centromeric segments,
344 Rifl-binding loci were identified on the entire chro-
mosomes during M phase. In the arm segment, Rifl binding
at some loci increases at early G1 at about the same timing
as Mcm loading, peaking at the G1/S boundary, and de-
creases as S phase progresses. The relationship between
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Rifl binding and origin regulation in the arm segments is
complex. Rifl binds to ARS727, a dormant origin deregu-
lated specifically in rif1A, but not to all of the Rifl-sup-
pressed origins (Figs. 3B, 6B). Rifl binds also to non-pre-RC
sites as well as to early-firing origins (Fig. 6; Supplemental
Fig. S15). In contrast to binding to telomeres, binding of Rifl
to centromere and arm segments is independent of Tazl
(Fig. 6E). Consistent with this, tazIA did not bypass hskI1A
(Fig. 2B). Thus, Rifl binds to telomere and arm regions with
distinct mechanisms, and loss of Rifl binding to the arm
segment may be crucial to the rescue of hskI1A as well as for
deregulation of the genome-wide origin firing program.
Indeed, the rifl mutant lacking the C-terminal 140 amino
acids does not bind to the telomere but does bind to arm
regions, and this mutant is not able to rescue hskiA or
change the origin firing pattern (Y Kanoh, M Hayano,
S Matsumoto, and H Masai, unpubl.).

Potential conserved sequences for chromatin binding
of Rif1

A late consensus sequence (LCS) derived from ARS727
was reported to have a potential to regulate replication
timing; the presence of this sequence rendered the nearby
origins late-replicating on a plasmid (Yompakdee and
Huberman 2004). Since Rifl binds to ARS727, it is an
interesting possibility that Rifl may directly recognize
the LCS.

We searched for a potential consensus motif enriched
in Rif1-BSs, using the MEME software. We could not find
any motif present in all of the sites in common, but
we did find a motif specifically enriched in around half
of LE Rifl-90min-BSs and in a few LL sites. It is
CNWWGTGGGGG (with W being A or TJ, which is
similar to the LCS motif (RKKGGGGGAW, with R being
G or A, and K being G or T) (Supplemental Table S3).
Using an E-value threshold at 1 X 10™* and a FDR
threshold (Q-value) of 1%, we found with FIMO soft-
ware that 20 of the 46 LE Rif1-90min-BSs contain at least
one occurrence of the consensus, and 11 out of the 32 LL-
BSs do as well. A similar number of BSs with this motif
were found within Rif1-Mphase-BSs (22 out of 66 LE and
eight out of 144 LL). These results may suggest a possi-
bility that the recognition of a LCS-like motif might be
involved in regulation of origin firing by Rifl. Even if
Rifl may recognize a LCS-like motif, that would not
be the only mechanism by which Rifl is recruited to
chromatin, since only a portion of BSs contain such motifs.
The purified Rif1 protein does bind to DNA, but we did not
detect any difference in its affinity between ARS727 and
other sequences to which Rifl does not bind in ChIP
assays (S Kudo, M Hayano, and H Masai, unpubl.). Thus,
Rifl may bind to arm regions through other proteins.
Identification of such factors will clarify the mechanism
by which Rifl binds to chromatin and regulates replica-
tion timing.

Forty-one percent (63 out of 155; 90min-BSs) or 23 % (80
out of 344; Mphase-BSs) of the Rif1-BSs overlapped with
the pre-RC sites (Fig. 6B; Supplemental Fig. S15). These
potential origins, constituting 7.6% (80 out of 1083) of the
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total pre-RC sites, included both early-firing origins (25
and 23) and dormant/late-firing origins (38 and 57). These
overlaps were statistically significant. Analyses of dis-
tances between each BS and the nearest ori indicated that
the late origins, especially the LE category of ori, tend to
be associated with Rifl-BSs within a short distance.
These results support a possibility that Rifl may regulate
the late origin firing through association with the vicinity
of the target ori. The remaining nonorigin Rif1-BSs appear
to overlap with RNA polymerase-BSs (Y Kanoh and
H Masai, unpubl.), suggesting a possibility that Rifl may
be loaded onto the arm segments in two distinct mech-
anisms: one through replication-related mechanisms, and
the other through transcriptional machinery. Indeed, the
transcriptional levels of many genes changed in rif1IA
cells (M Hayano, Y Kanoh, S Matsumoto, and H Masai,
upubl.; data not shown).

Potential mechanisms of Rifl-mediated regulation
of the replication program in fission yeast

Rifl affects the genome-wide replication profile. The
most striking effect of rif1A is the timing of origin firing.
In each case tested, late-firing origins are fired at an earlier
timing, and firing of early-firing origins is delayed. In
contrast, the efficiency of DNA replication (of early-firing
origins) can decrease or increase, depending on the ori in
question. Thus, we conclude that Rifl is a critical regu-
lator of replication timing. In the absence of Rifl, repli-
cation timing regulation is virtually lost, and all of the
origins are fired more less in the mid-S-phase stage or
randomly during S phase.

It was reported that early recruitment of pre-RC factors
may contribute to early and efficient firing during the
following S phase (Wu and Nurse 2009). Therefore, Rifl
may regulate pre-RC assembly. We examined this possibil-
ity by measuring the timing and extent of Mcm4 binding to
different origins by quantitative PCR as well as by ChIP-
chip assays (Fig. 7D; Supplemental Fig. S13). We did not
observe any significant difference in the timing and effi-
ciency of binding of Mcm4 to origins. In contrast, binding
of Cdc45 advanced/increased or delayed/reduced in rif1A
cells in accordance with the mutation’s effect on the timing
of BrdU incorporation (Fig. 7E). Thus, Rifl does not affect
the pre-RC assembly, but affects the loading of Cdc45.

A simple explanation for the bypass of hsk1A by rif1A is
that Rifl is an inhibitor of DNA replication, and Hskl
counteracts the inhibition. Rifl itself does not appear to be
a target of Hskl. Hsk1/Cdc7 is required for efficient load-
ing of Cdc45 at ori (Masai et al. 2006; Sheu and Stillman
2006; Yabuuchi et al. 2006; Heller et al. 2011), and Rifl
inhibits loading of Cdc45 at dormant origins. Thus, it is
plausible that the absence of Rifl stimulates loading of
Cdc45 at normally silent ori, and under this condition,
Cdc45 is loaded onto chromatin, albeit with a reduced
efficiency, in an amount sufficient for initiation of DNA
replication without Hsk1 kinase. Although Hsk1 kinase
facilitates loading of Cdc45 at ori, it is apparently not
essential for Cdc45 loading under some conditions
(Matsumoto et al. 2011).
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Histone modification has been reported to influence
the origin firing timing in budding yeast. The lack of rpd3,
encoding histone H4K12 deacetylase, led to early firing of
late origins (Knott et al. 2009), and tethering of Gen5, the
histone H3, and the H2B acetyltransferase in the vicinity
of a late-firing origin ARS1412 caused H3K18 acetylation
and early firing of this origin (Vogelauer et al. 2002). Thus,
Rifl could regulate origin firing timing by affecting the
histone modification status near its BSs.

In both mammals and yeasts, it has been known that
the establishment of a late-firing program requires events
that occur between mitosis and the subsequent G1 phase.
In budding yeast, sequences flanking late-firing origins
facilitate their targeting to the nuclear periphery in Gl1,
where a modified chromatin structure can be established
and the late-replicating program is determined (Raghuraman
et al. 1997; Heun et al. 2001). In mammalian cells, it was
proposed that a major nuclear reorganization that hap-
pens during early G1 may serve as a timing decision point
(TDP) that will determine the timing of DNA replication
(Dimitrova and Gilbert 1999). Therefore, it is tempting to
speculate that Rifl may be involved in this step, where
chromatin organization is reset at early G1 phase. Binding of
Rifl to the arm segments at late M/early G1 phase (Fig. 6E)
is consistent with this prediction.

Although Rifl tends to be located near ori, in most
cases, they do not completely overlap. We failed to detect
physical interactions between Rifl and replisome com-
ponents such as Mcm and Cde45. Thus, Rifl may regulate
both replication and transcription through affecting the
global nuclear architecture of chromatin. The absence of
Rifl would result in the loss of intricate nuclear architec-
ture, which may be required for coordinated activation
of early and late origin firing. This would lead to a loss of
distinction between early- and late-firing origins and
compression of replication timing into smaller segments
of S phase in rifIA cells. Detailed analyses of chromatin
organization in nuclei in rifIA and wild-type cells would be
required to test these hypotheses.

Rifl is a conserved factor, and its mammalian homolog
has been shown to play minimum roles in telomere
maintenance, but to play roles in response to DNA
damage (Silverman et al. 2004). It would be very impor-
tant to analyze the potential functions of Rifl in the
regulation of the DNA replication program in higher
eukaryotes and to determine whether regulation of the
genome-wide replication program by Rifl is evolution-
arily conserved.

Materials and methods

Media and general methods for yeast genetics

The details of the strains used in this study and their genotypes
are described in Supplemental Table S1. YES medium containing
0.5% yeast extract, 2% glucose, and 0.1 mg/mL each adenine,
uracil, and leucine (Sigma) was used for cell culture, and YES
plates were made by adding 2% agar to YES medium. The “SD
without leucine” plate contained 0.67% (w/v) yeast nitrogen
without amino acid, 2% glucose, 100 mg/mL adenine, 100 mg/mL
uracil, and 2% agar. Tetrad analyses were conducted using a
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Singer MSM manual micromanipulator (Singer Instrument Co.
Ltd.). For FACS analyses, cells were fixed with 70% ethanol.
After treatment with RNaseA for 2 h at 37°C, DNA was stained
with 4 mg/mL propidium iodide.

Screening for mutants that are viable in a hsk1A background.

The Saccharomyces cerevisiae LEU2 gene was amplified with
a primer set of LEU2 1F CGGGATCCTTGTCCTGTACTTC
CTTGTT; and Leu2 R, GCTCTAGACCTCCTCCTTGTCAATA
TTA. To randomly disrupt fission yeast genes in a hsk1A back-
ground, a LEU2 DNA fragment was introduced into hsk1A cells
carrying the ura® plasmid harboring the hsk1 gene (MS143). Cells
were grown on SD without leucine plates for several days at 30°C,
and then growing cells were replica-plated onto SD plates contain-
ing 0.1% (w/v) 5-FOA at 30°C to remove the plasmid containing the
hsk1 gene. Survivors were cultured in YES medium and harvested.
Genomic DNA was isolated with the DNeasy Blood and Tissue kit
(Qiagen). Deep sequencing (Illumina) was conducted to identify the
genes that were disrupted by the LEU2 marker insertion.

ChIP assays and real-time PCR

ChIP assays were performed as previously described (Hayano
et al. 2011). The following primers were used for amplification:
ARS727, 5'-AACATATACGGTGAGATGGGAT-3' and 5'-ATT
CGTATTTTCCAATGCTTCCT-3'; oris 4451, 5'-ACGCTTAAC
TTCGCACCCTTT-3' and 5'-GGCACTCAACTACATGTA
ACTT-3’; oriy_zp6, 5'-TCTCTCAGTAACGCATCA-3’ and 5'-C
GAAATTAAGTCTCACCC-3’; cenl, 5-GGTCGGTTTTCTT
TTTGTTG-3' and 5'-GATCCTTTTGTTACCGGC-3’; oriz_zs3,
5'-AAACAAGCGGTACAACAG-3’ and 5'-CAGCTTACCGAA
ACTAACAAC-3’; oriz_1783, 5'-ACCAAAAGAAGGAAGCAAG
A-3" and 5'-ACCTGTGTTGATTTTGGC-3’; ars2004, 5-CTT
TTGGGTAGTTTTCGGATCC-3’" and 5-ATGAGTACTTGT
CACGAATTC-3’; non-oril (30 kb away from ars2004), 5'-TC
GAAGATCCTACCGCTTTC-3" and 5'-GATTCACATAACC
CGCTAGC-3’; Chry_3s53, 5'- AACCCCCTTAAAACTATCTC-3’
and 5-GACGGCAAAGGAAAAGAA-3’; TEL, 5'-CGGCTG
ACGGGTGGGGCCCAATA-3' and 5-GTGTGGAATTGAGT
ATGGTGAA-3'. The TEL primer set was as described (Kanoh
and Ishikawa 2001). Real-time PCR was performed by using SYBR
Premix Ex Taq (Takara) and Light Cycler 480 (Roche Diagnostics).

ChIP-chip and data analysis

Chromatin-immunoprecipitated DNA was amplified by the
invitro translated (IVT) amplification method. Briefly, chromatin-
immunoprecipitated DNA was treated with calf intestine
alkaline phosphatase (New England Biolabs) and TdT (Roche
Diagnostics) to add a polyT tail to the DNA ends. DNA synthesis
was conducted on the polyT-tailed chromatin-immunoprecipitated
DNA by using a polyA primer containing the T7 RNA polymerase
promoter DNA sequence. The resulting dsSDNA was used as a
template for T7 RNA polymerase-mediated transcription. Then,
the complementary DNA was synthesized from the resulting
RNA with SuperScript I RT (Invitrogen) to obtain the amplified
chromatin-immunoprecipitated DNA. Chromatin-immunoprecip-
itated DNA was again converted to RNA by T7 RNA polymerase
and then to DNA by RT as described above (second cycle). The
amplified chromatin-immunoprecipitated DNA was labeled and
hybridized with a Gene Chip S. pombe tiling array (Affymetrix) as
described previously (Voineagu et al. 2009).

The BSs of Mcm4 and Rifl were detected using the rMAT R
package (http://www.r-project.org; Droit et al. 2010). With the
MAT normalization and the robust option, 1083 Mcm4-BSs were
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detected in the hsk1-89 strain with a FDR threshold of 0.1%, and
155 and 344 Rifl-BSs (at G1/S phase [90 min| and M phase,
respectively) were detected with a FDR threshold of 5%.

BrdU accumulation domains were defined using the method
previously described (Schwartz et al. 2006; http://www.r-project.
org; an unpublished R package kindly provided by Richard
Bourgon). Briefly, after rMAT normalization, probe signals were
smoothed over 1.4-kb windows. P-values were assigned to each
window by a nonparametric procedure that estimates the null
distribution as the left part of the distribution of smoothed log
ratio (IP over input). Then, windows significantly different from
this “null distribution” (corrected P-value < 0.01) were extracted
and continuous windows were gathered to determine BrdU
accumulation domains. This led to the detection of 316 and 374
BrdU domains in wild-type and rif1A cells, respectively. The
raw and processed microarray data are accessible through Gene
Expression Omnibus (GEO) data sets under accession numbers
GSE34369, GSE31650, and GSE28182.

Definition of origin timing and distance to origin

Mcm4-BSs were considered as proxies for ori. An origin was set
as firing early when it overlapped with a BrdU domain and was
set as late or dormant otherwise. As a result, 445 (out of 1083
origins) were defined as early in wild type, and 500 were defined
as early in the rif14 strain. Origins were further classified into
EE, LL, EL, and LE types.

The fraction of Rif1-BSs overlapping with origins was compared
with the proportion of overlap observed with 10,000 repetitions
of a data set of 155 or 344 random sequences with origins. The
P-value was computed as the number of random fractions of
overlap greater than or equal to the observed proportion.

For each Rifl-BS and each origin, a summit was defined as the
position of the probe with the highest log ratio. The distance from
each Rifl summit to the origin summits was re-evaluated so that
each Rifl-BS was paired with its closest origin. The random
distance distribution was estimated with the distance of 100
data sets of 155 or 344 random points to their closest origin
summit.

Motif detection

The occurrences of the LCS consensus motif RKKGGGGGAW
(where R represents G or A, K represents G or T, and W represents
A or T) (Yompakdee and Huberman 2004) was searched on the
genome using regular expressions.

Then, sequences of Rif1-BSs were searched for enriched motifs
with MEME (from the MEME suite; threshold P-value 1 X 1074
(Bailey et al. 2009), separating BSs according to the class of their
closest origin (EE, EL, LE, and LL). The following motif was found
to be overrepresented in BSs close to LE and LL origins:
CNWWGTGGGGG (with W being A or T, and N being any
base). This potentially new motif was further validated by
searching it with FIMO (from the MEME suite) (Bailey et al.
2009) using an E-value threshold at 1 X 10~* and a FDR threshold
(Q-value) of 1%.
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