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Letter

A high-resolution map of nucleosome positioning
on a fission yeast centromere

Jun S. Song,’** Xingkun Liu,** X. Shirley Liu,' and Xiangwei He>*>

"Department of Biostatistics and Computational Biology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA,
and Department of Biostatistics, Harvard School of Public Health, Boston, Massachusetts 02115, USA; 2The Simons Center
for Systems Biology, Institute for Advanced Study, Princeton, New Jersey 08540, USA; *Department of Molecular and Human

Genetics, Baylor College of Medicine, Houston, Texas 77030, USA

A key element for defining the centromere identity is the incorporation of a specific histone H3, CENPA, known as
Cnplp in Schizosaccharomyces pombe. Previous studies have suggested that functional S. pombe centromeres lack regularly
positioned nucleosomes and may involve chromatin remodeling as a key step of kinetochore assembly. We used
tiling microarrays to show that nucleosomes are, in fact, positioned in regular intervals in the core of centromere 2,
providing the first high-resolution map of regional centromere chromatin. Nucleosome locations are not disrupted
by mutations in kinetochore protein genes cnpl, misl8, misi2, nuf2, mal2; overexpression of cnpl; or the deletion of ams2,
which encodes a GATA-like factor participating in CENPA incorporation. Bioinformatics analysis of the centromere
sequence indicates certain enriched motifs in linker regions between nucleosomes and reveals a sequence bias in
nucleosome positioning. In addition, sequence analysis of nucleosome-free regions identifies novel binding sites of
Ams2p. We conclude that centromeric nucleosome positions are stable and may be derived from the underlying
DNA sequence.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to Gene Expression Omnibus under accession no. GSEI0742.]

The eukaryotic centromere is a special genomic locus on which
the kinetochore assembles and attaches to spindle microtubules
for chromosome segregation during mitosis and meiosis. Two
main questions are what defines centromeres and how the infor-
mation is transmitted during cell division. The underlying cen-
tromeric DNA sequences display too much variation throughout
evolution to serve as a conserved mechanism for defining cen-
tromeres, although some patterns of repeated sequences seem to
participate in defining the identity of centromere in many or-
ganisms (Clarke et al. 1986; Mellone and Allshire 2003; Pidoux
and Allshire 2004, 2005). The remarkably well-conserved entities
across species are, instead, histone proteins—in particular, a cen-
tromere-specific H3 variant called CENPA (Cnplp in the fission
yeast Schizosaccharomyces pombe) (Earnshaw and Rothfield 1985;
Palmer et al. 1991; Sullivan et al. 1994; Henikoff et al. 2001),
which functions as an “adaptor” between kinetochore protein
complexes and evolutionarily divergent centromeric DNA (Mel-
lone and Allshire 2003). Since histones constitute nucleosomes—
the fundamental structural units of chromatin—the high degree
of conservation of canonical histones and centromere-specific
CENPA indicates that the centromere identity may very well be
established and maintained through conserved epigenetic
mechanisms involving chromatin marks such as CENPA incor-
poration and nucleosome positioning.

In fact, CENPA is already known to be absolutely essential
for functional centromeres (Palmer et al. 1991; Sullivan et al.
1994; Takahashi et al. 2000; Henikoff et al. 2001). Furthermore,
nucleosomes containing CENPA were found to be associated
with a set of kinetochore proteins in human cells, providing di-
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rect evidence that centromeric nucleosomes serve as the founda-
tion for kinetochore assembly (Foltz et al. 2006). These results
suggest that centromere-specific incorporation of CENPA may
lead to the establishment of centromere identity and epigenetic
regulation of kinetochore assembly.

Despite the recognized importance of CENPA, much re-
mains unknown about the organization of centromeric chroma-
tin. The first step toward unveiling the architecture of centro-
meric chromatin is to determine the positions of nucleosomes
and whether potential changes of nucleosomes may influence
kinetochore assembly. S. pombe is an excellent model organism
for this purpose. Its three centromeres are relatively complex
compared to Saccharomyces cerevisiae and representative of re-
gional centromeres commonly seen in higher eukaryotes. Unlike
higher eukaryotes with highly repetitive centromeric DNA, fis-
sion yeast also has the advantage of possessing almost 7 kb of
unique DNA sequence in the central core of centromere 2 (cnt2),
permitting the mapping of centromeric nucleosomes using tiling
arrays (see Fig. 1A). In contrast, budding yeast centromeres are
very short (125 base pairs [bp]), comparable to the size of DNA
wrapping around one histone octamer (146 bp). Previous studies
of centromeric chromatin structure in fission yeast, using micro-
coccal nuclease (MNase) digestion and Southern analysis, have
revealed that the central centromeres, which include cnt and part
of innermost repeats (imr), have a chromatin organization dis-
tinct from other parts of chromosomes (Polizzi and Clarke 1991;
Takahashi et al. 1992; Marschall and Clarke 1995). Specifically,
partial MNase digestion of cnt and imr produces a smeary elec-
trophoresis pattern, whereas MNase digestion of outer repeats
(otr) as well as the bulk of chromatin produces a ladder pattern
(see Fig. 1B).

Vague mono- and di-nucleosome bands can be observed un-
derneath the smeared pattern associated with the centromere
cores, leading to the speculation that either these regions were
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Figure 1. Structure of S. pombe centromeres. (A) Schematic diagram of the centromeres. Each of the
three centromeres contains central core cnt and flanking imr and otr repeat regions. imr and otr have
repeat sequences so that a probe designed for these regions will hybridize to DNA fragments from
multiple loci. Cross-hybridization thus renders nucleosome mapping unfeasible for imr and otr. Simi-
larly, cnt1 and cnt3 on chromosomes 1 and 3 share >70% identical sequences, and thus, only the
partial non-overlapping portions can be tiled unambiguously. On the other hand, cnt2 contains unique
sequences and can be tiled densely for nucleosome mapping. (B) Gel electrophoresis and Southern.
Chromatin or naked genomic DNA was treated with MNase digestion (see Methods for the details of
digestion conditions), and the resulting DNA fragments were run on gel. Southern hybridization was
performed using a cnt DNA fragment (pKT110) or an otr DNA fragment (pYC148) (Takahashi et al.
1992). Bands containing mono-nucleosomes or DNA of similar size from naked DNA digestion (white
boxes) were extracted and hybridized onto the microarray. The otr region shows ladders for both the
wild type and the mis72 mutant. In cnt, the mis72 mutant still exhibits distinct ladders, while the wild

tween adjacent probes. A number of pro-
tein-coding genes, mainly histone-
related loci, were also tiled. The fission
yeast chromatin was digested with
MNase, and DNA fragments were sepa-
rated on agarose gel. Only the mono-
nucleosome band was extracted, labeled,
and hybridized. MNase-digested naked
genomic DNA of similar size was used as
the control (see Fig. 1B). To validate our
experimental and computational proce-
dures, we compared the nucleosome po-
sitions determined by our method with
the known locations of eight positioned
nucleosomes in the ade6 gene (Bernardi
et al. 1991). As shown in Figure 24, all
eight nucleosomes were detected, con-
firming the accuracy and sensitivity of
our approach. Furthermore, we also ob-
served the characteristic nucleosome-
free regions noted in Ozsolak et al.
(2007) and Yuan et al. (2005) upstream
of translation start sites.

Nucleosomes are well positioned in cnt2
By imposing the minimum peak-to-
trough ratio of 1.4 (Ozsolak et al. 2007),
we identified 27 positioned nucleo-
somes within the 6.8-kb cnt2 region

type shows a smear with only faint mono- and di-nucleosome bands.

mostly devoid of nucleosomes (Polizzi and Clarke 1991; Takaha-
shi et al. 1992; Marschall and Clarke 1995) or regular periodic
arrays of nucleosomes were present but masked by kinetochore
protein complexes (Marschall and Clarke 1995). Importantly, the
smeared pattern of cnt and imr is converted to the ladder pattern
by mutations in Cnplp and additional proteins that are func-
tionally related to the kinetochore (Goshima et al. 1999; Taka-
hashi et al. 2000, 2005; Hayashi et al. 2004). These results indi-
cate that in S. pombe a hitherto uncharacterized unique centro-
meric chromatin is intimately related to the functional
kinetochore. To understand this relationship, it is necessary to
obtain a detailed picture of the chromatin by mapping nucleo-
somes and investigate the dynamic role of chromatin in estab-
lishing the centromere identity.

In this vein, we have applied the recently developed high-
resolution tiling microarray technology (Yuan et al. 2005; Lee et
al. 2007; Ozsolak et al. 2007) to determine nucleosome positions
within cnt2 in S. pombe. Our study shows that, despite the com-
mon belief, there are reproducible, periodic arrays of positioned
nucleosomes in the core centromeres of wild-type cells and that
those nucleosome locations are preserved in a number of mutant
strains.

Results

Agreement with known nucleosome locations in adeé

We tiled the central core centromere (cnt) regions, including the
entire cnt2 and the parts of cnt1 and cnt3 that are of unique DNA
sequence, at high density with a 2-nucleotide (nt) spacing be-

(Fig. 2B). The hybridization intensities of
six replicates (three biological X two
technical) were highly reproducible with
a probe-level correlation coefficient of 0.95. Some of the nucleo-
some positions within cntl or cnt3 could not be assigned un-
equivocally because of high sequence similarity between the two
(~72% identity for cntl and 61% for cnt3); nonetheless, posi-
tioned nucleosomes were also reproducibly detected in unique
regions within cntl and cnt3 (data not shown). The nucleosome
positions at inner or outer repeat regions of the centromeres
could not be determined due to the repetitive nature of the un-
derlying DNA sequence (see Fig. 1A). The distribution of posi-
tioned nucleosomes in cnt2 (coding and promoter regions) is
summarized in Table 1. The level of nucleosome occupancy in
cnt2, which was comparable to that throughout the genome, is
11% less and 3% more than that in the coding and promoter
regions, respectively. In summary, in wild-type cells, centromeric
chromatin is occupied by orderly positioned nucleosomes.

Altering Cnplp loading does not affect the centromere
nucleosome positioning

To study the possible effect of Cnplp-containing nucleosomes
on centromere chromatin, we first tested whether the increasing
Cnplp incorporation into centromeres alters the nucleosome po-
sitioning. A specific cnp1-GFP overexpression construct is known
to increase the total Cnplp concentration in the whole cell ex-
tract as well as the loading of Cnp1p into centromeres by fivefold
to sixfold (Chen et al. 2003a; Joglekar et al. 2008). We com-
pared the locations of nucleosomes among wild-type cells, cells
that expressed cnp1-GFP at the endogenous level, and cells that
overexpressed cnp1-GFP. As shown in Figure 3A, the nucleosome
data from these cells exhibited a very high level of corre-
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rable structural motifs of the kineto-
chore—mis12-537 and nuf2-1 in the
NMS supercomplex and mal2-1 in the
Sim4 supercomplex (Liu et al. 2005). It is
known that the mis12-537 mutation se-
verely disrupts the kinetochore architec-
ture by mislocalizing the whole NMS
complex (Goshima et al. 1999), whereas
the mutant nuf2-1 disrupts microtubule
binding activity of kinechores without
detectable defects in the kinetochore
structural integrity (Nabetani et al. 2001;
Appelgren et al. 2003; X. Liu and X. He,
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; al. 1996; Jin et al. 2002). As shown in
1 Figure 3C, we found no noticeable
change in nucleosome positions in any
of the tested mutants, compared to
those in wild-type cells.

DNA sequence may direct
nucleosome positioning
in the centromere core

4 DNA sequence can provide a landscape
of electrostatic potential energy and
guide nucleosome positioning (Levitsky
2004; Segal et al. 2006). It was previously
found that a stretch of T was enriched in
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Figure 2. Chromatin structure of (A) ade6 and (B) cnt2. The mono-nucleosome band in Figure 1B
was extracted, labeled with Cy5 dye, and hybridized onto the microarray, with MNase-digested naked
DNA of similar size labeled with Cy3 as control. (A, black line) The mean of nucleosome data from four
biological replicate experiments. (Red dotted lines) The MNase cleavage sites of eight previously
known positioned nucleosomes (Bernardi et al. 1991). Positioned nucleosomes detected by our
method are shown as histone octamers and agree very well with Bernardi et al. (1991). (B) The median
nucleosome signal of three biological replicates, each with (bold black) two technical replicates;
(colored lines) individual replicates. The technical replicates come from tiling both strands of cnt2. Posi-
tioned nucleosomes based on the median signal are shown as histone octomers. (Red arrows, including the
one below pointing upward) The GATA motifs in troughs that are potential Ams2-binding sites.

lation above 0.9. We then tested mutations that cause Cnplp
mislocalization or reduction of Cnplp loading, including tem-
perature-sensitive mutations in Cnplp (Takahashi et al. 2000)
and Mis18p (Hayashi et al. 2004) and deletion of ams2 (Chen et
al. 2003a). The Mis18 mutation also causes hyperacetylation of
histones at the central centromeres (Hayashi et al. 2004). As
shown in Figure 3B, the nucleosome data from wild-type and all
kinetochore mutants showed a very high correlation. There was
also no noticeable change in the locations of positioned nucleo-
somes and in the accessibility of the GATA motifs potentially
recognized by Ams2p (see below), although Aams2 displayed
more noise than other mutants (Supplemental Fig. S2A).

Mutations in outer kinetochore proteins do not disrupt
the nucleosome positioning in the centromere core

To assess directly the relationship between the outer kinetochore
and the underlying centromere nucleosome positioning, we ex-

10000 linker DNA (Ozsolak et al. 2007). Simi-
larly, using the de novo motif discovery
program MEME (Bailey and Elkan 1994;
Bailey et al. 2006), we found that a
poly(T) motif (Fig. 5A, see below) was
significantly enriched in our troughs
(E=8.0 X 10™°), agreeing with the pre-
vious finding. The enrichment of this
poly(T) motif in troughs is consistent
with the fact that it lacks the periodic
non-T(A/T)G triplets that are known to
favor nucleosomes (Stein and Bina
1999). The sequence-based predictions of nucleosome position-
ing described by Levitsky (2004) and Segal et al. (2006) utilize
periodic dinucleotide probability distributions to calculate the
DNA bending potential. We used the program from Segal et al.

Table 1. Distribution of nucleosomes
Average width  Mean number of Total
of nucleosomal nucleosomes/ number of

Region DNA (bp) kilobase nucleosomes
cnt2 166 + 23 4.0 27
Coding regions 164 + 18 4.5 413
Promoters 168 + 20 3.9 204

For comparison, the average number of positioned nucleosomes is 3.3/kb
in the S. cerevisiae genome (Lee et al. 2007) and ~2/kb in human pro-
moters (Ozsolak et al. 2007).
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guide nucleosome positioning in cen-
tromeres. To test this hypothesis, win-
dow averaged GC content was com-
} puted at each position in tiled regions
' and compared with nucleosome hy-
bridization signals (see Fig. 4). The
correlation between GC and nucleo-
some intensities was 0.66 for cnt2, well
L | above the mean value of 0.15 for the
i tiled genes; it was also above 0.5 for
cntl and cnt3. This high correlation of
nucleosome signal with GC content

was not an artifact of the probe behav-
ior, as the GC content of cnt regions was
actually lower than that of other parts of

the genome, and the corresponding cor-
relation was much lower outside the
centromeres. This finding is also consis-
tent with the recent work showing that
the nucleosome formation potential
may depend on the GC content, with
GC-rich and AT-rich sequences favor-
able and unfavorable for nucleosome
formation, respectively (Peckham et al.
2007).

Locations of Ams2p-binding sites
and enriched motifs

Since functional regulatory elements
tend to lie in nucleosome-free linker re-
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gions (Yuan et al. 2005; Ozsolak et al.
2007), we examined whether Ams2p rec-
ognition sites are also free of nucleo-
somes. We scanned the cnt2 region with
a GATA sequence motif matrix and
found 18 occurrences of the motif. Of
those 18, 13 sites were found in troughs
(P-value = 0.02, binomial test with suc-
cess probability normalized by the
trough length), as indicated by the red
arrows in Figure 2B.

To discover common motifs acces-
sible to proteins, we used MEME to scan
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pJI5566 Coordinate

Figure 3. Chromatin structure is preserved in mutants. (A) Wild-type versus Cnp1p overexpression.
(B) Wild type versus mutants affecting Cnp1p localization. (C) Wild type versus outer kinetochore
mutants. The array design in B covered a region longer than that in A and C.

(2006) to compute the probability of nucleosome occupancy in
cnt2. Figure 4A shows that ~75% of nucleosomes detected by our
method also have a high sequence probability of nucleosome
occupancy. Another algorithm described in Yuan and Liu (2008)
also yielded comparable results (data not shown). In addition, we
computed the GC content of each peak and trough. Table 2 sum-
marizes the average GC content in various regions. The GC con-
tents of peaks and troughs in the 65 promoters investigated in
this study were similar, while they differed significantly in cnt2

e all troughs from our tiled regions (Bailey

and Elkan 1994; Bailey et al. 2006). In-
terestingly, we found that the so-called
histone motif (Fig. 5B), which is a con-
served sequence of roughly 20 nucleo-
tides identified in all histone gene pro-
moters (Choe et al. 1985), was signifi-
cantly enriched (E = 1.2 X 10™%), not only in the promoters of
histone genes but also in the promoter of slp1 and SPAC22E12.19
(a putative histone deacetylase complex subunit). This motif is
slightly less stringent than the previously characterized version
(Choe et al. 1985). Using the resulting motif weight matrix, all
1-kb promoters of coding genes were scanned, and the histone
motif was also discovered in SPAC631.02 (bromodomain pro-
tein) and spil (Ran GTPase). No other significant motifs were
found.
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Figure 4. Nucleosome data correlate well with sequence-based predictions in (A) cnt2 and (B) cnt1
but not in (C) ade6. (Black line) The median nucleosome data for wild type; (blue line) the log
nucleosome occupancy probability, computed as in Segal et al. (2006). (B, green line) The nucleosome
data in the region repeated in cnt3; (red dotted line) the running window (size 120 bp) log GC
content. In cnt1 and cnt2, the correlation between the nucleosome data and GC content is high, and
the computational prediction of nucleosome locations works well. In ade6, however, the correlation is
only 0.1, and the computational algorithm also fails to predict nucleosome-free regions.

Cnpl loading and outer kinetochore
mutations do not affect the
centromere nucleosome positioning

The unique chromatin structure of cen-
tral centromeres as previously character-
ized by the smeared MNase digestion
pattern has led investigators to hypoth-
esize that the centromere-specific load-
ing of Cnplp may require disruption of
the centromeric chromatin and that the
smear is a manifestation of this disrup-
tion. In particular, it has been proposed
that Ams2p may displace nucleosomes
and guide the incorporation of Cnplp
(Chen et al. 2003a). If this model were
true, the overloading of Cnplp or ams2
deletion should affect the nucleosome
positioning in the centromeres. How-
ever, our results in Figure 3, A and B,
indicate that Cnplp loading involves
only the remodeling of individual
nucleosomes and does not affect the po-
sitions of neighboring nucleosomes in
the centromeres.

Mutations in multiple kinetochore
proteins are also known to eliminate or
reduce the smeared pattern of MNase di-
gestion. These mutations are thus
thought to introduce new nucleosome
arrays and change the unique centro-
meric chromatin structure (Fleig et al.
1996; Goshima et al. 1999; Takahashi et
al. 2000; Jin et al. 2002; Chen et al.
2003a; Hayashi et al. 2004), which was
originally identified with nucleosome
eviction (Polizzi and Clarke 1991; Taka-
hashi et al. 1992; Marschall and Clarke
19935). As shown in Figure 3C, however,
the mutants displayed no noticeable dis-
ruption in chromatin structure com-
pared to the wild-type cells. We thus
conclude that mutations in outer kineto-
chore proteins do not cause changes in
nucleosome distribution and that cen-
tromere function and kinetochore as-
sembly do not entail major chromatin
remodeling by nucleosome relocation.

The smeary pattern observed from
the Southern analysis of centromeric
DNA after partial MNase digestion was
probably caused by protection provided
by the intact kinetochore. That is, the
kinetochore may cover the centromeric
DNA and allow only random cleavages
while severely hindering cleavages at
nucleosome boundaries, resulting in a
continuous distribution of different sizes
of DNA fragments. By specifically ana-
lyzing, using the tiling array, the DNA
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Table 2. The GC content of various subregions

Region GC content (%)
Genome 36
CDS of tiled genes 40
Promoters of tiled genes 34
Troughs in tiled promoters 34
Peaks in tiled promoters 35
cnt2 29
Troughs in cnt2 27
Peaks in cnt2 31

The linker and nucleosome occupied regions in typical promoters have
similar GC content, but they have significantly different GC content in
cnt2 (p=4.8 X 1073).

fragments extracted from a population of mono-nucleosomes af-
ter chromatins were treated with MNase, we were able to locate
positioned nucleosomes and show that these nucleosomes are
stable even when kinetochore components were mutated. The
protection by the kinetochore must not be complete, as mono-
nucleosomes derived from partial digestion hybridization
yielded the same chromatin structure as the usual near-complete
digestion (see Supplemental Fig. S2B). This finding may also ex-
plain the previous observation that in wild-type cells, mono- and
di-nucleosome patterns were observed over a smear background
in the centromere core regions by Southern analysis after chro-
matins were treated with MNase (Marschall and Clarke 1995;
Goshima et al. 1999). As similar smeared patterns were observed
in fission yeast centromeres during meiosis (Smirnova and Mc-
Farlane 2002), in Candida albicans centromeres (Baum et al.
2006), and in human telomeres (Tommerup et al. 1994), our
model may be easily extended and shed light on the chromatin
structure of those regions.

Possible structural differences between Cnpl-nucleosomes
and the canonical nucleosomes may potentially complicate the
interpretation of our results. For example, it has been observed
that MNase digestion of reconstituted CENPA-containing
nucleosomes yields 120-150-bp bands instead of the expected
~146-bp length, indicating that CENPA nucleosomes are either
more sensitive to MNase digestion or structurally distinct from
canonical nucleosomes (Yoda et al. 2000). It was also shown that
in the absence of CENPA nucleosome-associated complexes,
CENPA nucleosomes are more sensitive to exonuclease III and
disassemble more easily compared to canonical nucleosomes
(Conde e Silva et al. 2007). Although these studies were done in
vitro using reconstituted nucleosomes, they raise the question
whether our method of mono-nucleosome extraction may have
excluded the majority of CENPA nucleosomal DNA, thus leading
to an alternative interpretation that none of the 27 identified
peaks represent the CENPA nucleosomes. Our results, however,
indicate that the alternative model is unlikely:

1. Our partial MNase digestion experiment (Supplemental Fig.
$2B), which preferentially cleaves the linker DNA and likely
preserves the CENPA nucleosomal DNA, shows that the dis-
tribution of positioned nucleosomes is virtually identical to
that in the rest of the experiments.

2. In our protocol for gel extracting mono-nucleosomal DNA, we
took a band corresponding to the DNA length from 110 to 160
bp, allowing for some ambiguity in MNase digestion. Thus,
our sample would have included the CENPA nucleosomal
DNA fragments even if they were overdigested to below 146 bp.

3. In a separate study, we have used quantitative fluorescence
microscopy to show that each kinetochore contains on aver-
age six to seven copies of Cnplp in wild-type cells (Joglekar et
al. 2008), implying that on average three centromeric nucleo-
somes are Cnp1l-nucleosomes. In contrast, when Cnpl is over-
expressed, the number of Cnpl-nucleosomes increases to 16—
18 per kinetochore (Joglekar et al. 2008), which is more than
half of the total nucleosomes that we have identified in cnt2.
If none of the identified 27 peaks were Cnpl-containing
nucleosomes, then the remaining centromeric DNA would
not be long enough to accommodate the 16-18 additional
Cnpl-nucleosomes in Cnpl-overexpressed cells.

We believe that these considerations together provide a strong
support for our interpretation that CENPA nucleosomes were
well represented in our study. The precise positions of Cnpl
nucleosomes are currently under investigation.

Ams2-binding sites

The GATA family of transcription factors associate with chroma-
tin-remodeling complexes and share similar DNA-binding do-
mains that recognize consensus sequences containing the core
motif GATA, hence the name. Ams2p, a GATA-like transcription
factor, has been shown to bind to the centromere core regions
and plays an important role in localizing Cnplp to centromeres
during S phase (Chen et al. 2003a,b; Takahashi et al. 2005;
Takayama and Takahashi 2007). The precise mechanism for how
Ams2p facilitates Cnplp loading is not known. Two proposed
models are: (1) Ams2p may directly participate in a protein com-
plex that remodels nucleosomes, and (2) Ams2p may initiate the
transcription of non-coding centromeric RNA, which then inter-

A
0
B
Figure 5. Enriched motifs in troughs. (A) Poly(T) and (B) histone motifs

were found by scanning all trough regions with MEME.
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acts with Cnplp (Chen et al. 2003a,b; Takahashi et al. 2005;
Takayama and Takahashi 2007). In either case, our work shows
that the activity of Ams2 may influence the composition but not
the locations of centromeric nucleosomes and thus argues
against the nucleosome eviction hypothesis for functional cen-
tromeres (see Supplemental Fig. S2A).

The preferential location of GATA motifs in troughs further
supports the idea that Ams2p binds the centromeric core DNA.
Ams2p also functions as an authentic transcription factor by
binding to the promoters of histone genes and is required for
their S-phase-specific transcription (Takayama and Takahashi
2007). Among the histone genes, only H2A.2, H3.3, and H4.3
had a GATA motif in the promoter (see Supplemental Fig. S1),
indicating that the consensus recognition sequence of Ams2p
may differ slightly from known GATA motifs. In fact, a recent
study shows that the histone motif may also contain a GATA-like
recognition motif for Ams2p (Takayama and Takahashi 2007).

An orderly nucleosome positioning pattern
as an emerging common feature of centromere chromatin

A well-established common hallmark among centromeres from
different species is the presence of CENPA-containing nucleo-
somes (Sullivan et al. 2001; Cleveland et al. 2003; Black et al.
2004). Here, we propose that the orderly nucleosome positioning
may be another evolutionarily conserved feature. In the budding
yeast S. cerevisiae, even though one nucleosome is sufficient to
encompass the short centromeric DNA, the centromere-specific
nucleosome is in phase with the flanking nucleosomes covering
nonspecific sequences (Bloom and Carbon 1982; Yuan et al.
2005). Such a nucleosome arrangement is postulated to form the
platform for kinetochore assembly (Espelin et al. 2003; Bloom et
al. 2006; Westermann et al. 2007). In human centromeres, the
nucleosomes between two adjacent CENPB boxes are in phase,
implying that the CENPA/CENPB nucleosomes over the whole
al-type array are orderly positioned, reflecting the repetitive na-
ture of the underlying DNA (Ando et al. 2002). Here we report
that an array of nucleosomes is orderly positioned in the unique
central core sequence of fission yeast centromere. Thus, orderly
positioning of centromeric nucleosomes is not restricted to the
repetitive sequences. Our results are consistent with the earlier
finding that the fission yeast cnt DNA contained typical nucleo-
some arrays when carried on circular plasmids in S. pombe or
artificially introduced into S. cerevisiae, indicating that there is no
inherent sequence bias against nucleosome assembly in the fis-
sion yeast centromeres (Polizzi and Clarke 1991; Takahashi et al.
1992). Considering the rapid evolution of centromeric DNA in
comparison to the bulk genome sequence (Meraldi et al. 2006),
our finding that the underlying centromeric DNA sequence is
likely to influence nucleosome positioning indicates that well-
positioning of centromeric nucleosomes is

evolutionarily selected for and has func-

were grown to 1 X 107/mL in standard YE media at 25°C. The ts
strains were grown to 5 X 10%/mL at 25°C, then shifted to 36°C
for 2-8 h as reported (Fleig et al. 1996; Goshima et al. 1999;
Nabetani et al. 2001; Hayashi et al. 2004).

Micrococcal nuclease digestion and Southern analysis

A modified procedure based on Takahashi et al. (1992) was used.
Exponentially growing yeast cells were harvested by centri-
fugation. The cell pellet was resuspended in two volumes of
sorbitol solution (1 M sorbitol, 50 mM Tris-HCI at pH 7.5) and
10 mM B-mercaptoethanol; 2.5 mg/mL Zymolyase-20T (Seik-
agaku) was added to convert the yeast cells to spheroplasts for 1
h at 30°C. The spheroplasts were recovered by centrifugation,
washed twice with sorbitol solution, and finally resuspended in
Lysis buffer (500 mM spermidine, 1 mM B-mercaptoethanol,
0.075% NP-40, 50 mM NaCl, 10 mM Tris-HCI at pH 8.0, 5 mM
MgCl,, 5 mM CaCl,) containing proteinase inhibitor cocktail
(Roche).

To prepare nucleosomal DNA, the spheroplast suspension
(8 X 108 cells/mL) was pre-warmed for 5 min at 36°C and then
treated with micrococcal nuclease (MNase) (500 units/mL;
Roche) for 15 sec-7 min at 36°C. The reaction was stopped by
adding EDTA to a final concentration of 20 mM and SDS to a
final concentration of 1%. The suspension was centrifuged at
14,000 rpm for 20 min. The supernatant containing the nuclease-
digested nuclei was incubated with 0.1 mg/mL Proteinase K for 2
h at 50°C. DNA was extracted with phenol/chloroform, digested
with RNase, re-extracted with phenol/chloroform, precipitated
with ethanol, and resuspended in TE (10 mM Tris-HCI, 1 mM
EDTA at pH 8.0).

To prepare naked DNA as control, the spheroplasts from
wild-type yeast cells were incubated in Lysis buffer for 12 min at
36°C, then were stopped by adding EDTA to a final concentration
of 20 mM and SDS to a final concentration of 1%. The total lyses
were incubated with 0.1 mg/mL Proteinase K for 2 h at 50°C.
DNA was extracted with phenol/chloroform and digested
with RNase, phenol/chloroform re-extracted, precipitated with
ethanol, and resuspended in Lysis buffer. The naked DNA was
treated with 10~500 units/mL MNase for 7 min at 36°C. The
reaction was stopped by adding EDTA to a final concentration of
20 mM.

To purify DNA, electrophoresis was carried out in a 2.5%
agarose gel. The 110~160-bp band containing mono-nucleosome
fragments and the corresponding 120-180-bp smear containing
naked DNA fragments were cut and purified by the QIAEX II Gel
Extraction Kit (QIAGEN).

After electrophoresis as above, except that a 1.6% agarose gel
was used to ensure high efficiency in DNA transferring, Southern
analysis was performed, using DNA fragments corresponding to
cnt and otr as the probes for hybridization as previously de-
scribed (Takahashi et al. 1992).

Yeast strains used

Genotype Source

tional significance. The mechanism by Taple 3.
which orderly positioned nucleosomes may .
influence kinetochore assembly awaits fu- Strain
ture investigation. XHO19
XH397
XH065
Methods XL296
XH404
Yeast cell culture YWY002
The genotypes of the S. pombe strains used ))2:‘2‘;2

in this study are listed in Table 3. Cultures

h~ ade6-m210 leul-32 ura4-D18

h~ leul-32 ura4-D18 Native promoter-cnp1+-6xGFP[lys1+]
h* ura4-D18 nuf2-1::ura4

h~ leul-32 mis12-537

h~ leul-32 ura4-D18 ams2::ura4+

h~ mal2-1 leul-32 ura4-D18

h~ leul mis18-262

h™ cnpl-1

M. Yanagida (FY11157)
Y. Hiraoka

M. Yanagida (FY8496)
M. Yanagida (FY11258)
U. Fleig

K. Takahashi (SP1088)
M. Yanagida (FY11198)
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Microarray hybridization

The purified mono-nucleosomal DNA and the purified naked
control DNA were labeled with Cy5-dUTP (PerkinElmer) and
Cy3-dUTP (PerkinElmer), respectively, and purified using a
BioPrime Array CGH Genomic Labeling Module (Invitrogen 45-
0048) and Purification Module (Invitrogen 45-0049), respec-
tively. One microgram of Cy5-labeled single nucleosome and 1
pg of Cy3-labeled naked control DNA were hybridized on Ag-
ilent’s 4 X 44k tiling array for 40 h at 65°C, and slides were
washed following the standard Agilent Mammalian ChIP-on-
ChlIP protocol (Agilent version 9.0). The slides were scanned us-
ing a GenePix 4000B scanner and processed with GenePix 6.0
software.

High-density tiling of core centromeres and histone genes

As a proof-of-concept experiment, arrays were designed to tile
both strands of cnt2 at 1-bp spacing, both strands of cntl and
cnt3 at 2 bp, and a 1-kb 5’ upstream region+ORF of 49 histone-
related genes at 5 bp and six control genes (ade6, Ura4, Adhl,
nmtl, mei4, rec8) at 2 bp. For each probe, the average number of
occurrence in the S. pombe genome of all 15-mer subsequences
was computed. Among the 44K probes, 2606 of them had an
average 15-mer occurrence of greater than 2.0. From those 2606
probes, 1749 of them had a non-unique 40-mer subsequence and
were classified as repeat probes, of which 1699 were interrogating
the cntl and cnt3 regions. Importantly, all probes in cnt2 were
unique. In the second array design, we increased the spacing to 2
bp in cnt2 and tiled only one strand from cntl and cnt3 regions;
additional genes that are known to be periodic in cell cycle were
added.

Nucleosome data analysis

Positioned mono-nucleosomes were detected as described in
detail in Ozsolak et al. (2007) using wavelet denoising and
the Laplacian of Gaussian edge detection algorithm. Less than
100 outlier probes arising from background subtraction were re-
placed with values linearly interpolated from neighboring
probes.

Motif analysis

To search for Ams2 recognition sites, the cnt2 region was
scanned with a position specific weight matrix for GATA
(M00789) from TRANSFAC, with the threshold value set to 100%
of its relative entropy. Sequences from troughs and peaks were
analyzed using the de novo motif discovery program MEME (Bai-
ley and Elkan 1994; Bailey et al. 2006). The resulting 18-mer
histone motif shown in Figure 5B had a very strong consensus, so
a lenient cutoff of 70% of its relative entropy was used for scan-
ning the genome with its weight matrix; raising or lowering the
cutoff did not affect the scanning result.
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