Eukaryoric CELL, Nov. 2007, p. 2072-2080
1535-9778/07/$08.00+0 doi:10.1128/EC.00246-07

Vol. 6, No. 11

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Multiple Modes of Chromatin Configuration at Natural Meiotic

Recombination Hot Spots in Fission Yeast"
Kouji Hirota,"** Walter W. Steiner,” Takehiko Shibata,” and Kunihiro Ohta'-

Department of Life Sciences, Graduate School of Arts and Sciences, The University of Tokyo, Komaba 3-8-1, Meguro-ku,

Tokyo 153-8902, Japan'; Shibata Distinguished Senior Scientist Laboratory, RIKEN Discovery Research Institute,
Wako-shi, Saitama 351-0198, Japan®; and Department of Biology, P.O. Box 2032,
Niagara University, Lewiston, New York 14109°

Received 6 July 2007/Accepted 25 August 2007

The ade6-M26 meiotic recombination hot spot of fission yeast is defined by a cyclic AMP-responsive element
(CRE)-like heptanucleotide sequence, 5'-ATGACGT-3’, which acts as a binding site for the Atfl/Pcrl het-
erodimeric transcription factor required for hot spot activation. We previously demonstrated that the local
chromatin around the M26 sequence motif alters to exhibit higher sensitivity to micrococcal nuclease before the
initiation of meiotic recombination. In this study, we have examined whether or not such alterations in
chromatin occur at natural meiotic DNA double-strand break (DSB) sites in Schizosaccharomyces pombe. At one
of the most prominent DSB sites, mbsl (meiotic break site 1), the chromatin structure has a constitutively
accessible configuration at or near the DSB sites. The establishment of the open chromatin state and DSB
formation are independent of the CRE-binding transcription factor, Atfl. Analysis of the chromatin configu-
ration at CRE-dependent DSB sites revealed both differences from and similarities to mbsi. For example, the
tdh1* locus, which harbors a CRE consensus sequence near the DSB site, shows a meiotically induced open
chromatin configuration, similar to ade6-M26. In contrast, the cdsI™ locus is similar to mbs1 in that it exhibits
a constitutive open configuration. Importantly, Atfl is required for the open chromatin formation in both tdh1™
and cdsI™. These results suggest that CRE-dependent meiotic chromatin changes are intrinsic processes
related to DSB formation in fission yeast meiosis. In addition, the results suggest that the chromatin config-
uration in natural meiotic recombination hot spots can be classified into at least three distinct categories: (i)
an Atfl1-CRE-independent constitutively open chromatin configuration, (ii) an Atfl-CRE-dependent meioti-
cally induced open chromatin configuration, and (iii) an Atf1-CRE-dependent constitutively open chromatin

configuration.

Eukaryotic chromosomal DNA is compacted with histones
and other proteins to form chromatin, which helps in efficient
storage of genetic information. However, this prevents many
DNA-associated processes, such as transcription, replication,
repair, and recombination, from accessing the DNA template
(38). Homologous recombination contributes to gaining ge-
netic diversity in the next generation as well as proper seg-
regation of homologous chromosomes in meiosis. Meiotic
recombination is a highly regulated process, with some loci
that are elevated (hot spots) or suppressed (cold spots) (15,
18, 22, 34).

In the distantly related budding and fission yeasts Saccharo-
myces cerevisiae and Schizosaccharomyces pombe, meiotic re-
combination hot spots are closely associated with sites of DNA
double-strand breaks (DSBs), which are introduced by Spoll
(or its ortholog in S. pombe, Recl2) and are required for
initiation of recombination (7, 22, 28, 30). Elevated sensitivity
of chromatin to micrococcal nuclease (MNase) is found at
meiosis-specific hot spots in both budding and fission yeasts
(17, 21, 39).

The ade6-M26 hot spot of fission yeast is the only reported
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eukaryotic hot spot whose essential nucleotide sequence, 5'-A
TGACGT-3’, has been precisely defined. The M26 hot spot
confers a meiosis-specific elevation of recombination of up to
20-fold compared with other ade6 alleles (e.g., ade6-M375) (8,
23, 25). The ade6-M26 allele is a single G/T transversion at the
5" end of the ade6 coding region (23, 31). This mutation creates
a nonsense codon and cyclic AMP-responsive element (CRE)-
like heptanucleotide sequence. The heptamer acts as a binding
site for the Atfl/Pcrl (also called Mts1/Mts2 or Gad7/Pcrl)
heterodimeric transcription factor, which is required for hot
spot activation (14, 35). We have demonstrated that local chro-
matin with the M26 sequence motif becomes more sensitive to
MNase in the early stage of meiosis, suggesting active chroma-
tin remodeling around M26 (17). Furthermore, we have shown
that Atf1 facilitates such chromatin remodeling (40).
Although the molecular basis of chromatin remodeling in
ade6-M26 has been analyzed, it remained unclear whether a
similar mechanism occurs at natural hot spots of recombina-
tion. Recently, it was demonstrated that natural meiotic DSB
sites defined by CRE-like sequences are present in the S.
pombe genome and that one of the prominent DSB sites, the
cds1™ locus, is a meiotic recombination hot spot (29).
Moreover, Smith and colleagues analyzed natural DSBs in
the S. pombe genome and identified the prominent meiotic
DSB sites in chromosome I (1, 42). One such prominent DSB
site, the mbs! locus (meiotic break site 1), consists of clusters
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TABLE 1. S. pombe strains used in this study

Strain Genotype

ade6-M26 rad50s patl-114 ura4-D18 recl2-Flag:KanMX

ade6-M26 rad50s patl-114 ura4-D18 rad32-Flag:KanMX

ade6-M26 rec12::ura4 rad50s patl-114 ura4-D18 leul-32

ade6-M26 patl-114 rad50s ura4-DI18

ade6-M26 pcrl::his3 patl-114 rad50s his3-D1

ade6-M26 aftl::ura4 patl-114 rad50s ura4-D18 his3-D1

ade6-M375 rad50s patl-114 rec12-Flag:KanMX leul-32

ade6-M375 rad50s patl-114 rad32-Flag:KanMX leul-32

W IhT ade6-M26/ade6-M26 recl2::ura4™ Jrecl2::ura4™ ura4-DI18/ura4-D18 his5-303/+ leul-32/+
W Ih ade6-M26/ade6-M26 his5-303/+ leul-32/+

W IhT ade6-M26/ade6-M26 rec7::ura4 ™ Jrec7::ura4™ ura4-D18/ura4-D18 his5-303/+ leul-32/+
ade6-M26/ade6-M26 meid::ura4™ /meid::ura4™ ura4-DI18/ura4-D18 his5-303/+ leul-32/+
ade6-M26/ade6-M26 rec6::urad™ frec6::urad4™ ura4-DI18/ura4-D18 his5-303/+ leul-32/+
ade6-M26/ade6-M26 rec8::ura4™ frec8::ura4™ ura4-DI18/ura4-D18 his5-303/+ leul-32/+
ade6-M26/ade6-M26 recl0::ura4™ frec10::ura4™ ura4-D18/ura4-DI18 his5-303/+ leul-32/+
ade6-M26/ade6-M26 recl5::ura4” frecl5::ura4”™ ura4-D18/ura4-DI18 his5-303/+ leul-32/+

PKHS50...
PKHS52...

WSPTT9 et h*/h ade6-M26/ade6-M26 atfl::ura4/atf1::ura4 his3-D1/his3-DI leul-32/leul-32

ura4D18/ura4D18

of DSBs and is a meiotic recombination hot spot (2). However,
the correlation of DSB formation and the chromatin structure
has not been fully elucidated. In this study, we analyzed the
chromatin structure of natural meiotic DSB sites, demonstrat-
ing that meiotic DSBs are introduced around the regions
where the chromatin configuration is either constitutively open
or induced to become open during meiosis. These results dem-
onstrate that the CRE-mediated chromatin remodeling cou-
pled to DSB formation is one of the intrinsic and general
properties of natural CRE-related hot spots.

MATERIALS AND METHODS

Fission yeast strains, culture methods and media. The S. pombe strains used
in this study are listed in Table 1. General genetic procedures were carried out
as described previously (9). To induce meiosis using diploid S. pombe strains,
cells were cultured in MM medium (12) to ~1 X 107 cells/ml. Cells were
harvested and washed with distilled H,O twice then transferred to MM medium
lacking nitrogen (NH,CI) to induce meiosis. For synchronous meiosis, a pat-114
mutant strain was cultured in MM medium containing nitrogen at 25°C, trans-
ferred to MM medium lacking nitrogen at a density of 0.6 X 107 cells/ml, and
cultured further for 20 h to arrest the cell cycle at the G, phase. An equal volume
of MM-NH,CI (0.1%) medium was warmed at 37°C and added to the G,
phase-arrested cell culture. The culture temperature was then raised to 34°C to
induce meiosis.

For the construction of strains expressing proteins with epitope tags, we fol-
lowed a standard integration method using the integration vector int4, which was
derived from int2 (10) by replacing the green fluorescent protein open reading
frame (ORF) with Flag. The diploid strains expressing fusion protein (Rec12-
Flag or Rad32-FLAG) can normally form viable spores, indicating that the
fusion proteins are functional.

Northern blot analysis. Total RNA was prepared from S. pombe cells by a
method described elsewhere (5). For the Northern blot analysis, 10 ug of total
RNA was denatured with formamide, separated on 1.5% agarose gels containing
formaldehyde (24), and blotted on a charged nylon membrane (BioDyne B
membrane; Pall, NY). The probe to detect the cds!™ transcript was the same
probe used for Fig. 7. The probe to detect the tdhl™ transcript was prepared
from a PCR-amplified DNA fragment using a random-priming kit (GE Health-
care, Little Chalfont, United Kingdom). The DNA fragment was amplified from
S. pombe genomic DNA by PCR using the primer set ACGGTTTCGGTCGTA
TTGGA and CATGAGACCCTCCTCGATAC.

Chromatin analysis. Isolation of crude chromatin from cells and digestion
with MNase were performed as described by Mizuno et al. (17) with slight
modifications as described bellow. The samples of chromatin were prepared
from a fixed amount of cells (0.5 g [wet weight]). These cells were suspended in
preincubation buffer (0.7 M B-mercaptoethanol, 3 mM EDTA, 20 mM Tris-HCI
[pH 8.0]), incubated at 30°C for 10 min, and washed once with 5 ml of ice-cold

wash buffer (1.0 M sorbitol, 10 mM EDTA). Cells were centrifuged and resus-
pended in 2.5 ml of incubation buffer (0.75 M sorbitol, 37.5 mM Tris-HCI [pH
7.5], 1.25% glucose, 6.25 mM EDTA), and 2.5 ml of freshly prepared incubation
buffer containing 2.5 mg/ml (or, for the atfIA strain, 1.25 mg/ml) of Zymolyase
100T (Seikagaku Cooperation, Japan) was added and mixed well. The cells were
incubated with gentle agitation at 30°C for 5 min and washed once with 5 ml of
ice-cold wash buffer. The resultant spheroplasts were suspended well by pipetting
in 7 ml of lysis buffer (18% Ficoll 400, 10 mM KH,PO,, 10 mM K,HPO,, 1 mM
MgCl,, 0.25 mM EGTA, 0.25 mM EDTA, 1 mM Pefabloc SC [Roche, Mann-
heim, Germany]). After centrifugation at 14,000 rpm for 30 min at 4°C, the crude
nuclear pellet was resuspended in 4 ml of buffer A (10 mM Tris-HCI [pH 8.0],
150 mM NaCl, 5 mM KCl, 1 mM EDTA, 1 mM Pefabloc SC [Roche, Mannheim,
Germany]). After addition of CaCl, (5 mM final concentration), 1-milliliter
aliquots of crude nuclear suspension were digested with different amounts of
MNase (0, 10, 20, and 50 U/ml) at 37°C for 5 min. The reaction was terminated
by adding 25 mM EDTA, and DNA was purified by incubation with 1% sodium
dodecyl sulfate (SDS) and 20 pg of proteinase K (Merck, Darmstadt, Germany)
at 55°C followed by phenol-chloroform extraction. The DNA samples were
analyzed by Southern blotting as described below. To analyze chromatin around
the tdh™, cdsl™, and mbsl loci, the MNase-treated DNA was digested with
ApaLI/Afll], Clal, and Spel, respectively, and separated using agarose gel elec-
trophoresis (40-cm-long gel) containing Tris-acetate-EDTA buffer. The sepa-
rated DNA fragments were alkali transferred to charged nylon membranes
(Biodyne B membrane; Pall, NY). The probe used for the indirect end labeling
was prepared from PCR-amplified DNA fragments, and the DNA fragments
were further labeled with 3?P using a random-priming kit (GE Healthcare, Little
Chalfont, United Kingdom). The DNA fragments were amplified from the S.
pombe genome by PCR using the following primer sets: for tdh1*, CTAGCTA
ATCATCCCGATG and GAGATTACACAAGACTAG; for cdsI*, GATGAT
AAAGTTGATATATGGAG and GATTCCCTCTTCTGAAATTTCG; and for
mbsl, GAATACGCGACTTAACCGC and GACGATGTGGGAGGTGTG.
ChIP. Chromatin immunoprecipitation (ChIP) was performed according to
the method of Yamada et al. (40) with slight modifications as described below.
Fifty milliliters of culture was incubated with 1.4 ml of 37% formaldehyde
solution for 20 min at room temperature, and then 2.5 ml of 2.5 M glycine was
added and incubated for 5 min. After centrifugation, collected cells were washed
twice with cold Tris-buffered saline (150 mM NaCl, 20 mM Tris HCI [pH 7.5]).
The cells were mixed with 400 I of lysis 140 buffer (0.1% Na-deoxycholate, 1
mM EDTA, 50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1% Triton X-100)
supplemented with protease inhibitor cocktail (Complete Mini; Roche, Mann-
heim, Germany), and 0.6 ml of zirconia beads was added. After disruption of the
cells using a multibead shocker (Yasuikikai, Osaka, Japan), the suspension was
sonicated five times for 30 s each and centrifuged at 4°C, and the supernatant was
collected as a whole-cell extract. The proper amount of antibody (anti-Flag M2;
Sigma, St. Louis, MO), in accordance with the specifications provided by the
manufacturer, and 40 pl of DYNA-protein G beads (DYNAL, Oslo, Norway)
were mixed at 4°C overnight to conjugate antibody and beads, which were then
washed twice with phosphate-buffered saline (138 mM NaCl, 2.7 mM KCl, 10
mM Na,HPO,, 1.8 mM KH,PO,) containing 0.1% bovine serum albumin. Fi-
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nally, 300 pl of whole-cell extract was mixed with the pretreated beads and
allowed to immunoprecipitate at 4°C overnight. The precipitates were washed
twice with lysis 140 buffer, once with lysis 500 buffer (0.1% Na-deoxycholate, 1
mM EDTA, 50 mM HEPES-KOH [pH 7.5], 500 mM NaCl, 1% Triton X-100)
and further washed once with wash buffer (0.5% Na-deoxycholate, 1 mM EDTA,
250 mM LiCl, 0.5% NP-40, 10 mM Tris-HCI [pH 8.0]), followed by one wash with
TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA). The well-washed precipi-
tates were mixed with 150 pl of elution buffer (10 mM EDTA, 1% SDS, 50 mM
Tris-HCI [pH 8.0]), and allowed to elute the immunoprecipitated protein-DNA
complexes at 65°C for 15 min (IP sample). The IP sample or 3 pl of whole-cell
extract was mixed with 250 pl or 397 pl of 1% SDS-containing TE buffer, 60 pg
of proteinase K (Merck, Darmstadt, Germany) was added, and the mixture was
incubated at 37°C for 8 h. The sample was then further incubated at 65°C
overnight. The DNA present in the whole-cell extract and immunoprecipitates
was purified and the DNA sample amplified by PCR using the following primer
sets: for ade6-M26, CTCCGCACTAACTCACTAC and CGCTCATATTCGAT
GAAGTATG; for tdhl™, CGAAGCAACGACCATCTCGG and ATGCTAGG
CACCGCCTGCCT; and for mbsl, TACGCCTCAGCGCGGAGACT and GT
CAATCGCATCTACGCCTG.

The PCR products were then separated by electrophoresis, and the images
were stored digitally. The amount of DNA was quantified using a Fast real-time
PCR system 7300 (Applied Biosystems, Foster City, CA) and SYBER premix EX
Taq (Takara, Japan). The IP efficiency (percent) was calculated as IP value/1%
input value.

Detection of DSBs. DNA samples were prepared in agarose plugs from cells of
a synchronous culture, as described by Ogino et al. (20). The plugs were thor-
oughly equilibrated with appropriate restriction enzyme buffer and then heated
to 65°C to melt the agarose. To detect DSBs in the tdhl™ locus, samples were
held at 37°C, digested with BamHI and AflII, and separated by electrophoresis
in a 1% agarose gel (40 cm long). The probe used for indirect end labeling was
amplified from the S. pombe genome by PCR using the primer set AGCGGAG
CCACGTTAC and CAATCGAGTTGGTTCATGG. When DSBs and chroma-
tin structure were analyzed in the same gel, the restriction enzymes and probes
were the same as those used in the chromatin assay described above.

RESULTS

CRE-independent natural DSBs form around a constitu-
tively open chromatin region in mbsl. To examine the rela-
tionship between meiotic DSB formation and chromatin struc-
ture at natural meiotic recombination hot spots, we first
analyzed the chromatin structure at the natural meiotic recom-
bination hot spot, mbsI. In this analysis, we employed an in-
direct end-labeling analysis using partial digestion of chroma-
tin with MNase. Because MNase preferentially digests DNA
that is not wrapped on nucleosomes such as linker DNA,
chromatin remodeling is detected as changes in the MNase
cleavage pattern.

Because DSBs in wild-type cells are repaired promptly, they
are hard to detect (1). Therefore, we used a patl-114 rad50s
mutant strain, which allowed us to detect DSBs efficiently. In
the rad50s mutant strains, DSBs are not repaired, and hence
they accumulate (42). The patl-114 allele encodes a tempera-
ture-sensitive form of Patl kinase, which normally serves to
inhibit meiosis. Thus, when patl-114 strains are raised to the
nonpermissive temperature, cells in culture undergo a synchro-
nous meiosis (11, 16). A patl-114-induced meiosis is generally
similar to diploid wild-type meiosis in terms of meiotic recom-
bination frequency when it is induced from G, phase (36). The
patl-114 haploid cells can also undergo meiosis without affect-
ing the timing and efficiency of meiotic DSB formation (1, 2, 6,
20, 26, 28, 29, 41, 42), although the resulting spores have low
viability due to chromosome missegregation (19). Thus, syn-
chronous meiosis using pat1-114 is a widely used technique for
analyzing DSBs in S. pombe (1, 2, 6, 20, 26, 28, 29, 41, 42).

To investigate the chromatin structure around DSB sites
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FIG. 1. The chromatin structure around the DSB sites at the mbs/
locus shows a relatively open state in mitosis and meiosis. (A) Diploid
strain D20 (wild type [WT]) was cultured in MM-NH,Cl medium
(mitosis lanes). Cells were then transferred to MM medium lacking
nitrogen and cultured further for 4 h (meiosis lanes). Chromatin iso-
lated from the cells was digested with MNase and analyzed as de-
scribed previously (17). To analyze the meiotic DSBs, haploid pat1-114
rad50s strains PKH138 (wild type) and PKH163 (atf1A) were cultured,
and DNA was prepared as described in Materials and Methods. DNA
samples from MNase-digested chromatins and synchronous meioses
were digested with Spel and analyzed in the same gel. Lane N, MNase-
digested naked S. pombe genome DNA. Meiotic DSBs are indicated by
dotted lines. Thick lines indicate MNase-sensitive regions. (B) MNase-
digested chromatin DNA from diploid strains D20 (wild type) and
WSP779 (atf1A) were analyzed in same gel to compare the chromatin
structure.

precisely, we analyzed DNA from chromatin that had been
partially digested with MNase and mapped the MNase-sensi-
tive sites. We then compared the MNase-sensitive sites with
the DSB sites observed in the patl-114 rad50s strain in the
same gel. At the mbsI locus, at least three DSBs and some
MNase-sensitive sites around the DSB sites were detected
(Fig. 1A). The positions of the MNase-sensitive sites were
unchanged in meiosis, although slight alterations in MNase
sensitivity were detected at a few sites. These results suggest
that DSBs are preferentially introduced around open chroma-
tin regions at mbs1. The DSBs at the mbs1 locus were detected
even in the atfI A strain, but the formation of DSBs was slightly
delayed and the intensity was partially reduced (wild type [6 h],
1.45% DSBs/total lane; atfIA [6 h], 0.82% DSBs/total lane
[~44% reduction]). This probably reflects a partial defect in
meiotic progression in atfIA strains (13, 27, 33, 37). These
results suggest that the mbsI DSB sites are not dependent
upon Atfl (Fig. 1A).

To examine the atfIA effects on the chromatin structure
around mbs1, we next examined the pattern of MNase-sensi-
tive sites around mbs! in the atfIA strain. As shown in Fig. 1B,
the banding patterns of MNase-sensitive sites in the atfIA
strain were similar to those in the wild type, except for slight
alterations of band positions located apart from the mbsI DSB
site. This indicates that Atf1 is dispensable for the formation of
an accessible chromatin configuration around DSB sites at the
mbs1 locus (Fig. 1B). This notion is consistent with Atfl-inde-
pendent DSB formation at mbsI.

Meiotic chromatin remodeling and Rec12-dependent DSBs
are induced in the tdh1™ locus. To test the generality of the
meiotic chromatin remodeling observed at ade6-M26, we ex-
amined whether chromatin remodeling occurs around a natu-
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TABLE 2. Meiotic chromatin remodeling in the natural S. pombe
genome

Chromatin-remodeling

region: Constitutive open
Sites Enzyme used for configuration
DNA digestion ~ <0.5kbp ~ >0.5kbp  <0.5 kbp from
from CRE from CRE  CRE sequence
sequence  sequence
tdh1(—334) ApaLI/AflIT +
cgs2(—72) Clal/PstI +
pyp2(—1147)  EcoRV/Pstl +

cds1(+530) Clal
cgsl(—734) Sphl
ptcl(—190) Sphl
fop1(—2737)  EcoT221

“The position of the CRE sequence from the first ATG is indicated in pa-
rentheses.

+ o+ ++

ral CRE-related sequence in meiosis. We observed the chro-
matin structure at several loci containing CRE sequences
(Table 2). Among them, drastic chromatin remodeling was
observed at both the tdh1™ and cgs2™ loci in meiosis (3) (Fig.
2 and data not shown). As shown in Fig. 2, chromatin remod-
eling at tdh1™ was not observed in the a#fI A mutant, indicating
that the chromatin remodeling in tdhl™* requires Atfl, as in
ade6-M26. Low levels of DNA breakages detected in meiotic
samples without MNase treatment are probably due to degra-
dation by endogenous nuclease activity in meiosis, since these
breaks were independent of Rec12 around both ade6-M26 and
tdh1™ (Fig. 3). It should be noted that meiotic chromatin
remodeling was still observed in DSB-defective mutants such
as the recI12A mutant, indicating that meiotic chromatin re-
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MN e el ool ___n (MNase)
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= 000 Ee ses
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... .0 probe

FIG. 2. Meiotic chromatin remodeling in the #dhl™ locus depends
on Atfl. MNase-digested chromatin DNAs from diploid strains D20
(wild type [WT]) and WSP779 (atfIA) were analyzed as in Fig. 1. The
atfIA samples were slightly overdigested, since the aff/A mutant is
more sensitive to Zymolyase treatment that allows increased perme-
ation of MNase. The vertical and the horizontal arrows indicate the
tdh1™ ORF and the position of the CRE sequences, respectively. Lane
M, marker N\, EcoT14I digested (Takara); lane N, MNase-digested
naked S. pombe genome DNA.
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FIG. 3. The chromatin structure around ade6-M26 and tdhl™ in
mitosis and meiosis in DSB-defective mutants. Meiotic DSB forma-
tion is critically impaired in rec6A, rec7A, rec8A, rec10A, recI2A,
recl14A, rec15A, and mei4A mutants (1, 4, 6, 41). We examined the
chromatin structure around ade6-M26 (A) and tdh1™ (B) in these
mutants. The M26 diploid strains D20 (wild type [WT]), D55
(rec7A), D68 (rec8A), D69 (recl10A), D12 (rec12A), D70 (rec15A),
and D66 (mei4A) were cultured as in Fig. 1. Isolation of the chro-
matin fraction and treatment with MNase were done as described in
Materials and Methods. Southern blot analysis was performed ac-
cording to the method of Mizuno et al. (17). Lane N, partial diges-
tion of naked DNA with MNase.
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FIG. 4. The transcription of tdhl™* and cdsI* is not dependent on
Atfl and is not induced during meiosis. The diploid strains D20 (wild
type [WT]) and WSP779 (atfIA) were cultured as in Fig. 1. The cells
were harvested at the indicated time points after the medium shift.
Preparation of total RNA and Northern blot analysis were performed
as described in Materials and Methods. TRNA was detected by
ethidium bromide staining as a loading control.

modeling precedes, and hence may be prerequisite for, meiotic
DSB formation.

We previously reported that the Atfl-Pcrl-M26 complex
links stress-activated mitogen-activated protein kinase and
protein kinase A signaling pathways via chromatin remodeling
in the cgs2™ promoter (3). In that case, we suggested that the
chromatin remodeling facilitates transcriptional activation of
cgs2™ (3). On the other hand, the transcription of tdhl™ was
not induced at all in meiosis (Fig. 4). This result led us to
speculate that the chromatin remodeling in tdhi1™ is dedicated
to the regulation of meiotic DSB formation. To test this
notion, we next investigated DSB formation at tdhl™.
Recl12-dependent DSB formation was detected at one of the
CRE sequences (CRE2) in the tdhI™ locus at 4 h after the
meiotic induction (Fig. 5A, upper panel). This meiotic DSB
was not detected in the atfIA or pcrIA mutants (Fig. 5A,
middle panel), while the genome-wide DSB frequency was
not severely affected in those mutants (Fig. 5A, lower
panel). These results indicate that meiotic DSB formation at
the tdh1™ locus is regulated by the Atfl-Pcrl complex, as
observed at ade6-M26.

To compare precisely the positions of the MNase-sensitive
sites and DSBs, we examined them side by side on the same
gel. As shown in Fig. 5B, the observed MNase-sensitive sites
were located slightly downstream of the tdhl1™ DSB site in
mitosis. In meiosis new MNase-sensitive sites appeared around
the DSB site (Fig. 5B), and these new sites are dependent on
Atfl (Fig. 2). This result is similar to the Atfl-dependent
nucleosome repositioning observed at ade6-M26.

The similarity between tdhl™ and ade6-M26 suggests that
the CRE-dependent meiotic remodeling of chromatin may be
a prerequisite to the loading of Rec12 and other DSB-initiating
proteins onto DNA at those sites. To test this idea, we exam-
ined the binding of Rec12 protein and Rad32 (the ortholog of
Mrell in S. pombe) in vivo by ChIP. Both Recl2-Flag and
Rad32-Flag proteins bind meiotically to ade6-M26 but not to
ade6-M375, which has an identical nonsense mutation at the
codon adjacent to that carrying M26 (Fig. 6A and B). We also
analyzed Rec12-Flag and Rad32-Flag binding to the tdhl™" and
mbsI DSB sites, as natural CRE-dependent and -independent
DSB hot spots, respectively. Both Rec12-Flag and Rad32-Flag
proteins bind to tdhl™* and mbsl during meiosis (Fig. 6A
and B).

We further examined the binding of Recl2-Flag to those
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FIG. 5. Formation of meiotic DSBs in the tdh1™ locus depends on
Rec12 and the Atf1-Pcrl complex. (A) Haploid patl-114 rad50s strains
PKH138 (wild type [WT]), PKH118 (rec12A), PKH163 (atfIA), and
PKH160 (pcr1A) were cultured, and DNA was prepared as described
in Materials and Methods. tdh1* ORF and CRE sequences are indi-
cated as in Fig. 2. An arrowhead indicates the DSB site. The genome-
wide DSBs in the same samples were analyzed by pulsed-field gel
electrophoresis. (B) DNA samples from the MNase-digested chrom-
atins and synchronous meioses in Fig. 1 were digested with ApaLl and
AflII and analyzed in the same gel. DSBs are indicated by a dotted line;
tdh1* ORF and CRE sequences are indicated as in Fig. 2.

DSB sites in the atfI A mutant, in which cellular CRE-mediated
chromatin remodeling may be impaired. The binding of
Recl2-Flag to ade6-M26 and tdh1™ was reduced five- to sev-
enfold relative to that in the a#fI " strain (Fig. 6C and D). On
the other hand, the binding of Rec12-Flag to mbs1 was reduced
only ~2.7-fold. Notably, the Recl12-Flag binding to mbsI in-
creased 5.6-fold between 4 and 6 h of meiosis. Thus, the
Rec12-Flag binding at mbs! is partly reduced and delayed in
the atfIA mutant, but the levels are still higher than those in
the Atfl-dependent hot spots, ade6-M26 and tdhl™* (Fig. 6C
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and D). It is likely that the reduced and delayed DSB forma-
tion at mbsI in the atfIA mutant is due to its impaired ability
to proceed through meiosis. From these data, we conclude that
Atf1-CRE-mediated chromatin alteration is a prerequisite for
the binding of DSB-initiating proteins to DNA at ade6-M26
and tdh1™ but not at mbsl.

Chromatin structure around the cdsI™* locus exhibits an
Atfl-dependent constitutively open configuration. In an inde-
pendent study, it was demonstrated that natural meiotic DSB
sites occur at many CRE-like sequences present naturally in
the S. pombe genome (29). One of the prominent DSB sites,
the cdsI™ locus, was demonstrated to be an Atfl-Pcrl-depen-
dent meiotic recombination hot spot (29). We analyzed the
chromatin structure around the cds!* locus and compared it to
the observed DSB site (Fig. 7A). Surprisingly, MNase sensitiv-
ity was high at the CRE sequence, and the MNase cleavage
patterns appeared to be virtually identical in mitosis and mei-
osis. In addition, the meiosis-specific DSBs observed at c¢ds ™
occur adjacent to a site that is constitutively accessible in mi-
tosis and meiosis.

Because DSB formation is dependent on the Atf1-Pcrl com-
plexin cdsl™ (29) (Fig. 7A), we also analyzed chromatin struc-
ture in the a#fIA mutant. Interestingly, the MNase cleavage
sites around the DSB sites were abolished in both mitotic and
meiotic chromatin by the a#fIA mutation, indicating that for-
mation of the open chromatin configuration in cds! " depends
on the Atfl protein (Fig. 7B). In addition, we monitored the
transcription of cdsI™ during meiosis in the wild-type and
atfIA strains. The expression of cdsI™ was not induced during
meiosis irrespective of presence or absence of Atfl, indicating
that Atfl bound on that site does not participate in the regu-
lation of cds1™ transcription (Fig. 4). We also analyzed the
chromatin structure at cdsI-2, a point mutation that abolishes
the CRE sequence in the cds! gene (29). The chromatin struc-
ture around the cdsi-2 mutation showed reduced accessibility
compared to c¢dsI ™ in mitosis, and the accessibility was further
reduced in meiosis (Fig. 7). Thus, it is likely that the role of
Atfl at this locus is to maintain a constitutively open chromatin

FIG. 6. Recl2 and Rad32 proteins bind to meiotic DSB sites ade6-
M26, tdh1™ (CRE-mediated hot spots), and mbsI (CRE-independent
hot spot) in meiosis. (A) The binding of Rec12-Flag and Rad32-Flag
proteins to the ade6 locus carrying the M26 or M375 allele was exam-
ined. The haploid pati-114 rad50s strains PKHS0 (rec12-flag ade6-
M26), PKHS52 (rad32-flag ade6-M26), PKH338 (rec12-flag ade6-M375),
and PKH339 (rad32-flag ade6-M375) were cultured to induce meiosis
(0 and 4 h) and fixed with formaldehyde. ChIP analysis was performed
as described in Materials and Methods. The binding of Rec12-Flag and
Rad32-Flag to the ade6, tdh1™, and mbsI loci was detected using PCR.
Whole genomic DNA from the 1% input sample was amplified at the
same time. (B) ChIP efficiency in the M26 and M375 alleles was
quantified by real-time PCR analysis as described in Materials and
Methods. ChIP efficiency was calculated as IP sample/input material
and represented as IP (percent) Error bars represent standard devia-
tions. (C) The binding of Rec12-Flag protein to the ade6, tdhl1™", and
mbsl1 loci was examined in wild-type and atfIA strains. The haploid
ade6-M26 patl-114 rad50s rec12-flag strains PKHS50 (wild type) and
PKH114 (atfIA) were cultured to induce meiosis (0, 4, and 6 h) and
fixed with formaldehyde. The binding of Rec12-Flag to ade6, tdhl™,
and mbsI loci was detected as for panel A. (D) Quantification of ChIP
efficiency from panel C. Error bars represent standard deviations.
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FIG. 7. The chromatin structure at the CRE sequence in the cds!™
locus demonstrates a constitutively open state in an Atfl-dependent
manner. (A) Meiotic DSB and chromatin structures were analyzed in
the same gel. The ORF of c¢dsI™ and its associated CRE sequence are
indicated as in Fig. 2. Lane N, MNase-digested naked S. pombe ge-
nome DNA. Meiotic DSBs are indicated by dotted lines. (B) The
chromatin structures in diploid strains D20 (wild type [WT]), WSP779
(atf1A), and D74 (cdsI-2) were compared as for Fig. 1. The CRE
sequence is indicated by an arrowhead.

configuration during mitosis and meiosis, rather than to induce
an alteration in chromatin configuration as observed in ade6-
M26 (29).

DISCUSSION

This study provides the first evidence that chromatin remod-
eling occurs in meiosis at natural meiotic DSB sites in S.
pombe. In addition, we demonstrated that CRE-dependent
DSB sites also show a CRE-dependent (or Atfl-Pcrl-depen-
dent) open chromatin configuration. The open chromatin con-
figuration at these sites may be constitutive (cdsI™) or meiot-
ically induced (1dhI™).

The regulation pattern of the chromatin configuration in
natural meiotic recombination hot spots can be classified into
at least three types. We analyzed meiotic DSB formation at
three distinct chromosomal loci and found that DSBs at those
loci occur around regions with an open chromatin configura-
tion. The chromatin structure around the DSB sites of mbs! is
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accessible and changes little from mitosis to meiosis (Fig. 1).
Chromatin around the CRE2 site of tdhl™ also shows an open
chromatin configuration in mitosis, but significant Atfl-depen-
dent chromatin remodeling is observed there during meiosis
(Fig. 2). Chromatin at the CRE site of cds! " has a constitutive
open configuration, but unlike mbsI, this open chromatin con-
figuration is dependent on Atfl (Fig. 7). These results indicate
that there are at least three types of regulation of chromatin
configuration around meiotic DSB sites: (i) an Atfl-CRE-in-
dependent constitutively open chromatin configuration
(mbsl), (i) an Atfl1-CRE-mediated meiotic chromatin alter-
ation to a more accessible configuration (tdhl™), and (iii) an
Atf1-CRE-dependent constitutively accessible chromatin con-
figuration (cds!™). At those sites tested in S. cerevisiae, meiotic
DSBs are formed around sites with a constitutively open chro-
matin configuration, such as the well-characterized DSB sites
ARG4 and CYC3 (21). On the other hand, the results in this
study suggest that the situation in S. pombe is more complex;
e.g., meiotic DSB sites show distinct modes of chromatin con-
figuration before meiotic DSB formation.

General roles of ATF1-CRE dependent chromatin alteration
in meiotic recombination in S. pombe. The S. pombe genome
has number of CRE-related Atfl-dependent meiotic DSB sites
(29). In this study, we report that tdhl™ is also an Atf1-CRE-
dependent DSB site (Fig. 5). We further demonstrate that
Atfl-dependent chromatin remodeling (i.e., changes in
MNase-sensitive sites) occurs during meiosis around the DSB
site in the tdh1™ locus (Fig. 2 and 5). In addition, the a#flA
mutation severely affects meiotic chromatin remodeling in
tdh1*, DSB formation, and the binding of DSB initiating pro-
teins in tdh1™ (Fig. 2, 5, and 6), Thus, the regulation of chro-
matin structure and recombination at tdhl™ is very similar to
the artificial CRE-dependent hot spot ade6-M26 (17).

The DSB site found in the cds! * locus is another CRE-Atf1-
dependent recombination hot spot (29). However, unlike ade6-
M26 and tdhl™, the cdsl™ locus shows an Atfl-dependent
constitutively open configuration at the CRE site in both mi-
tosis and meiosis (Fig. 7). Interestingly, mutation of the CRE
sequence (cdsl-2) results in a significant reduction in MNase
sensitivity at that site in mitosis and an even greater reduction
in meiosis (Fig. 7B). In meiosis, the chromatin configuration
around the CRE consensus sequence in cdsI-2 is very similar
to that of the cdsI ™ atfIA mutant in meiosis. It is unclear why
the cds1-2 mutant shows a partially open configuration in mi-
totic cells, but a residual binding of Atfl to the mutated CRE
sequence may be sufficient to form the partially open chroma-
tin configuration in mitotic cells but not in meiotic cells. Al-
ternatively, another CRE-related site, ~350 bp upstream of
the cdsI-2 CRE, may contribute to the open chromatin con-
figuration in mitosis but not in meiosis.

Formation of accessible chromatin is pivotal for the binding
of DSB-initiating proteins to DSB sites in meiosis. We dem-
onstrated that Recl2 and Rad32 (the orthologs of Spoll and
Mrell in S. pombe, respectively) bind to the ade6-M26 DSB
site in meiosis (Fig. 6). Importantly, such binding of Rec12 and
Rad32 to the ade6 locus is not observed in ade6-M375, a neg-
ative control allele. Moreover, we showed that Atf1 is required
for the binding of Recl2 to ade6-M26 and tdhl™ (Fig. 6C and
D). Since the alteration of chromatin structure is dependent on
the CRE-Atfl complex (15, 37), these results suggest that the



VoL. 6, 2007

M?26 meiotic chromatin alteration may be pivotal for the bind-
ing of DSB-initiating proteins to DSB sites. An alternative but
nonexclusive possibility is that Atfl directly recruits Recl2
together with other DSB-initiating proteins to CRE-related
sites, and then the chromatin alteration occurs as a conse-
quence of the binding of those proteins. However, this notion
seems unlikely, since the binding of DSB-initiating proteins to
DSB sites is severely reduced in another type of chromatin
alteration-defective mutants, AskI-89, a temperature-sensitive
allele of hskl™ encoding the fission yeast CDC7 homolog (K.
Hirota et al., unpublished results) (20, 32). In addition, at the
ade6-M26 and tdhl™ loci, the chromatin remodeling is ob-
served even in mutants lacking rec12™" and other genes (rec7™,
recl0", recl4™, rec15", mei4™, and rec8") involved in DSB
formation (Fig. 3). From these results, we propose that meiotic
chromatin remodeling is prerequisite for, but not a conse-
quence of, the binding of DSB-initiating proteins at those sites.

Biological significance of CRE-related meiotic recombina-
tion and chromatin alteration. We speculate that CRE-depen-
dent meiotic recombination may account for a small portion of
the total recombination events occurring in S. pombe, since the
maximum frequency of whole DSBs is generally unaffected in
atfl A or perl A strains (Fig. 5). Although their contribution may
be limited, it is possible that Atfl-CRE-mediated meiotic re-
combination is conserved in other eukaryotes in which the
Atf1-CRE-type transcriptional regulation units are present.
Thus, it is possible that the Atfl-CRE complex acts as an
additional regulatory level for meiotic recombination, in addi-
tion to its function as a transcription factor. Further investiga-
tion of CRE-related meiotic recombination hot spots may en-
large the definition of “CRE-dependent transcription factors”.
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