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ABSTRACT Centromeres of the fission yeast Schizosaccharomyces pombe lack the highly repetitive sequences that make most other
"regional" centromeres refractory to analysis. To map fission yeast centromeres, we applied H4S47C-anchored cleavage mapping and
native and cross-linked chromatin immunoprecipitation with paired-end sequencing. H3 nucleosomes are nearly absent from the
central domain, which is occupied by centromere-specific H3 (cenH3 or CENP-A) nucleosomes with two H4s per particle that are mostly
unpositioned and are more widely spaced than nucleosomes elsewhere. Inner kinetochore proteins CENP-A, CENP-C, CENP-T, CENP-I,
and Scm3 are highly enriched throughout the central domain except at tRNA genes, with no evidence for preferred kinetochore
assembly sites. These proteins are weakly enriched and less stably incorporated in H3-rich heterochromatin. CENP-A nucleosomes
protect less DNA from nuclease digestion than H3 nucleosomes, while CENP-T protects a range of fragment sizes. Our results suggest
that CENP-T particles occupy linkers between CENP-A nucleosomes and that classical regional centromeres differ from other centro-
meres by the absence of CENP-A nucleosome positioning.
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CENTROMERES are specialized sites on eukaryotic chro-
mosomes that are responsible for chromosome segrega-

tion during mitosis and meiosis. Centromeres act as sites for
the assembly of a complex multi-protein structure called the
kinetochore that attaches to microtubules and orchestrates
chromosomemovements. CentromereDNAsequences arenot
conserved between species and vary in size from �125 bp in
the point centromeres (Pluta et al. 1995) of the budding yeast
Saccharomyces cerevisiae to the entire length of chromosomes
in holocentromeres in some plants and animals (Melters et al.
2012). Intermediate between these extremes are the regional
centromeres (Pluta et al. 1995) of the fission yeast Schizosac-
charomyces pombe, which consist of 4–7 kb of unique or low
copy DNA (cnt1, cnt 2, and cnt3) surrounded by inverted
innermost repeats (imr), which in turn are flanked by tens
of kilobases of outer repeats (otr) consisting of the dg and dh

repeats (Chikashige et al. 1989). The cnt+ imrs form a central
domain in each centromere that assembles kinetochore pro-
teins, while the otrs assemble pericentric heterochromatin
(Polizzi and Clarke 1991; Takahashi et al. 1992; Saitoh
et al. 1997; Takahashi et al. 2000; Cam et al. 2005). Fission
yeast centromeres are viewed as an important model for un-
derstanding the centromeres and pericentric heterochroma-
tin of plants and animals, both ofwhich are typically composed
of megabase-sized arrays of highly tandemly repeated se-
quences, rendering these centromeres refractory to complete
mapping (Plohl et al. 2014). Centromeric tandem repeats are
species specific, and monomers come in many sizes, but are
most commonly �100–200 bp (Melters et al. 2013).

Although centromeric sequences are diverse, the com-
ponents of the kinetochore are largely conserved among
different eukaryotes (Meraldi et al. 2006; Perpelescu and
Fukagawa 2011). The kinetochore is often conceptually di-
vided into the outer kinetochore that binds microtubules
and the inner kinetochore composed of proteins that bind
DNA or centromeric chromatin, also known as the Constitu-
tive Centromere-Associated Network (CCAN) in vertebrates
(Hori et al. 2008). How inner kinetochore proteins interact
with DNA to form centromeric chromatin is not well under-
stood. The best studied DNA-binding kinetochore protein is the
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centromere-specific histoneH3 variant (cenH3), which replaces
canonical H3 in nucleosomes that wrap centromeric DNA,
creating a centromere-specific chromatin structure that is
thought to epigenetically mark the centromere and to serve
as an essential foundation for assembling the kinetochore
(Henikoff and Furuyama 2012; Westhorpe and Straight
2013). In many animal and plant centromeres, tandem
repeats position both H3 nucleosomes (Musich et al. 1977;
Musich et al. 1982; Fischer et al. 1994; Vershinin and Heslop-
Harrison 1998) and cenH3 nucleosomes (Hasson et al. 2013;
Zhang et al. 2013; Henikoff et al. 2015) into periodic arrays.
Arrays of cenH3 nucleosomes are interspersed with arrays of
H3 nucleosomes along the chromosome (Blower et al. 2002;
Chueh et al. 2005;Wolfgruber et al. 2009; Ribeiro et al. 2010;
Wu et al. 2011; Gong et al. 2012; Ishii et al. 2015). Despite
this interspersed pattern, inside cells cenH3 and H3 nucleo-
somes occupy physically distinct regions in space (Blower
et al. 2002; Zhang et al. 2005). In vertebrates, cenH3 is
known as CENP-A and was discovered together with another
conserved inner kinetochore protein, CENP-C (Earnshaw and
Rothfield 1985), which also binds DNA (Sugimoto et al.
1994; Yang et al. 1996; Politi et al. 2002; Trazzi et al.
2002; Hori et al. 2008). More recently, inner kinetochore
proteins CENP-T, CENP-W, CENP-S, and CENP-X were found
to be histone-fold-containing proteins that formaheterotetra-
meric nucleosome-like complex made up of one CENP-TW
dimer and one CENP-SX dimer that together can wrap DNA
and induce positive supercoils in vitro (Nishino et al. 2012;
Takeuchi et al. 2014). CENP-C and CENP-T are thought to
form alternative connections to the outer kinetochore (Hori
et al. 2008; Gascoigne et al. 2011; Nishino et al. 2013). Both
CENP-C and CENP-T form complexes with CENP-A nucleo-
somes that are sensitive to disruption by micrococcal nucle-
ase (MNase) digestion (Ando et al. 2002; Politi et al. 2002;
Foltz et al. 2006; Hori et al. 2008). However, under high
MNase conditions in chicken cell nuclei, neither CENP-T
nor CENP-C co-immunoprecipitated with CENP-A, but both
co-immunoprecipitated with H3, leading to the proposal that
CENP-C and CENP-T associate with H3 nucleosomes (Hori
et al. 2008). Subsequently, human CENP-C was found to pref-
erentially bind CENP-A nucleosomes over H3 nucleosomes,
suggesting that the co-immunoprecipitation of H3 with
CENP-C and CENP-T might have been misleading, due to
the much greater abundance of H3 over CENP-A (Carroll
et al. 2010). CENP-T, however, is still commonly thought to
be associatedwith H3 nucleosomes (Perpelescu and Fukagawa
2011; Westermann and Schleiffer 2013; Fukagawa and
Earnshaw 2014), although this appears to be inconsistent
with the physically separate domains of pericentric H3 and
centromeric CENP-A nucleosomes (Blower et al. 2002), andwith
recent suggestions that CENP-T interacts with the N-terminal
tail of CENP-A (Folco et al. 2015; Logsdon et al. 2015). The
tandem repeats of vertebrate centromeres are an obstacle
to mapping the precise DNA locations of inner kinetochore
proteins on centromeric DNA and resolving this apparent
contradiction.

Many features of tandem repeat centromeres have simi-
larities to the classical regional centromeres offission yeast, in
which cenH3nucleosomes and other kinetochore proteins are
found in the central domain (cnt + imr) of each chromosome
(Takahashi et al. 2000; Pidoux et al. 2003; Hayashi et al.
2004; Liu et al. 2005) between blocks of canonical nucleo-
somes containing H3 methylated on lysine 9 (H3K9me) in
the pericentric otrs that are bound by heterochromatin pro-
teins (Partridge et al. 2000; Cam et al. 2005). H3 nucleo-
somes in the pericentric otrs of fission yeast are well
positioned, particularly in the dh repeats (Moyle-Heyrman
et al. 2013), but the occupancy and positioning of nucleo-
somes in the central domain has been unclear, with different
methods leading to inconsistent conclusions of discrete,
metastable, or "fuzzy" nucleosome positions (Song et al.
2008; Lando et al. 2012; Moyle-Heyrman et al. 2013; Yao
et al. 2013). As in plants and animals, the cenH3-containing
central domains and H3-containing pericentric heterochro-
matin are physically separate in 3-D space (Kniola et al.
2001; Appelgren et al. 2003). Unlike repeat-based centro-
meres, however, the low-copy-number sequences of fission
yeast centromeres can be precisely mapped.

In fission yeast, cenH3 is encoded by the cnp1 gene and is
usually known as Cnp1 or CENP-A (Takahashi et al. 2000),
like its vertebrate homolog. Fission yeast CENP-C and CENP-
T are encoded by cnp3 and cnp20, respectively (Tanaka et al.
2009). CENP-I (Mis6) is another inner kinetochore protein
(Saitoh et al. 1997) that does not bind DNA directly (Hori
et al. 2008), but is part of the Mis6/Sim4/Mal2 complex
(Pidoux et al. 2003; Hayashi et al. 2004; Liu et al. 2005),
corresponding to the vertebrate CENP-HIK complex (Okada
et al. 2006) that physically interacts with CENP-T/W (Basi-
lico et al. 2014). To produce a high-resolution map of the
locations of inner kinetochore proteins in fission yeast cen-
tromeres, we first determined that H3 nucleosomes are vir-
tually absent in the central domains and then performed
H4S47C-anchored chemical cleavage mapping to determine
the centromeric locations of histone H4 in CENP-A nucleo-
somes (Brogaard et al. 2012). We then used chromatin im-
munoprecipitation (ChIP) of MNased chromatin followed by
paired-end sequencing of DNA fragments (ChIP-Seq) to map
the locations of CENP-A, CENP-T, CENP-C, CENP-I, and the
CENP-A-specific chaperone, Scm3 (Pidoux et al. 2009; Wil-
liams et al. 2009). Native and formaldehyde cross-linking
ChIP protocols have different limitations (Zentner andHenikoff
2014). To clarify how these alternative immunoprecipitation
methods affect the recovery of chromatin in mapping experi-
ments, we used both native (N-ChIP) and cross-linking
(X-ChIP) conditions and varied the amounts of MNase and
the salt concentration of the extraction buffer. We find that
CENP-A nucleosomes contain two H4 molecules and show
very little positioning and are more widely and variably
spaced in the central domain than are the canonical H3 nucle-
osomes found elsewhere in the genome. CENP-A, CENP-C,
CENP-T, CENP-I, and Scm3 are all highly enriched through-
out the central domain, except over transfer RNA (tRNA)
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genes, and are less enriched over the H3-rich otrs, where they
appear to be more sensitive to disruption by MNase, suggest-
ing that contiguous arrays of CENP-A nucleosomesmay exhibit
enhanced stability. CENP-A nucleosomes on average protect
slightly less DNA than H3 nucleosomes fromMNase digestion,
while CENP-C appears to protect little if any DNA beyond that
of the CENP-A nucleosome to which it is cross-linked. CENP-T
associates predominantly with CENP-A nucleosomes and pro-
tects a broad range of fragment sizes in the central domain,
suggesting that it may bind DNA primarily in larger protein
complexes. In heterochromatin it appears to interact with H3
nucleosomes in amanner that does not protect additional DNA.
The results suggest a model in which CENP-T complexes fill in
variable spaces between unpositioned CENP-A nucleosomes.

Materials and Methods

Strains, media, and antibodies

S. pombe cultures were grown in yeast extract supplement at
30�. S. pombe strains used in this study are listed in Support-
ing Information, Table S1. Antibodies used for the ChIP
assays are: Anti-Myc antibody (Santa Cruz no. Sc-40), Anti-
FLAGmagnetic beads (Sigma anti-FLAGM2, no. 8823), Anti-
HA magnetic beads (MBL anti-HA-tag mAB, no. M132-9).

Native chromatin immunoprecipitation (N-ChIP)

Native ChIP in S. pombe cells was performed as described
(Krassovsky et al. 2012) with minor modifications. Briefly,
nuclei were prepared following a previously published pro-
tocol (Polizzi and Clarke 1991) and digested with MNase
(Sigma N3755, 4 unit/ml) for 5–20 min. The resulting chro-
matin solution was needle extracted and soluble chromatin
was subjected to N-ChIP. The resulting pellet was further
solubilized with extraction buffer (0.1% Triton X-100, 10 mM
phosphate buffer, 0.75mM EDTA, 150mMNaCl) for 4 hr at 4o.
The solubilized chromatin was subjected to N-ChIP.

Cross-linking chromatin immunoprecipitation (X-ChIP)

Cross-linking ChIP assays were performed as previously de-
scribed (Thakur and Sanyal 2012) with minor modifications.
An exponentially growing culture of S. pombe was fixed with
1% formaldehyde for 15 min and the reaction was quenched
for 5 min at room temperature using glycine to a final con-
centration of 125 mM. Cells were resuspended in 0.2 mM
Tris-HCl, pH 9.4, 10 mM DTT and incubated at 37� for
15 min on a shaker at 180 rpm. Spheroplasting (to 95%)
was performed using Zymolyase-100T (Amsbio, no.
120493-1) in 1.2 M Sorbitol, 20 mM Na-HEPES, pH 7.5 at
37� at low speed (80 rpm). Spheroplasting was terminated by
adding ice-cold 1.2 M Sorbitol, 1 mM MgCl2, 20 mM Na-
PIPES, pH 6.8. Spheroplasts were pelleted at low speed and
subsequently washed with ice-cold 13 PBS, buffer I (0.25%
TritonX-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Na-
HEPES, pH 6.5), buffer II (200 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, 10 mM Na-HEPES). To release chromatin, washed

spheroplasts were resuspended in 140 mM NaCl, 1 mM
EDTA, 50 mM K-HEPES, 0.1% sodium deoxycholate, 1% Tri-
ton X-100, pH 7.5 containing a protease inhibitor cocktail.
Released chromatin was digested with MNase (Sigma
N3755, 7–8 unit/ml) for 5–20 min in the presence of 3 mM
CaCl2 at 37�. Chromatin was sheared using a Diagenode Bio-
ruptor, and the soluble fraction was clarified by centrifuging
at 13000 rpm for 15min at 4�. Soluble chromatin was diluted
5-fold with extraction buffer (167 mM NaCl, 1.1 mM EDTA,
1.1% Triton X-100, 167 mM Tris-HCl, pH 8.0). Antibody-
conjugated magnetic beads were added and the sample
was incubated at 4� for 3 hr. Next, beads were sequentially
washed twice with extraction buffer and once each with ex-
traction buffer plus 500 mM NaCl, LiCl wash buffer (10 mM
Tris-HCl, pH 8, 250 mM LiCl, 1 mM NP40, 0.5% sodium
deoxycholate/1 mM EDTA) and TE buffer. Magnetic beads
were resuspended in equal volumes of elution buffer I
(50 mM Tris-HCl, pH 8, 10 mM EDTA, 1% SDS) and elution
buffer II (10 mM Tris-HCl, pH 8, 1 mM EDTA, 0.67% SDS)
and incubated at 65� overnight to reverse the cross-links.
Samples were treated with RNase A (Roche no. 1119915 at
a final concentration of 40 mg/ml) at 37� for 1 hr and Pro-
teinase K (Roche no. 1000144 at a final concentration of 100
mg/ml) at 55� for 3 hr. The DNAwas extracted with an equal
volume of phenol/chloroform/isoamyl alcohol and precipi-
tated in 100% ethanol overnight at 220�. Precipitated DNA
was resuspended in TE.

Data processing and analysis

We used Novoalign 2.08 (http://www.novocraft.com) to
map both paired-end and single-end reads to release 2.20
of the S. pombe genomic sequence obtained from http://
www.pombase.org. If a read was mapped to multiple loca-
tions, one location was picked at random. For paired-end
samples, we extracted properly paired reads and analyzed
the resulting fragments. For single-end H3 reads down-
loaded from the NCBI Sequence Read Archive (SRA,
DRR003329) we analyzed the full length of mapped reads.
For H4S47C-anchored cleavage data, we counted only the
endpoints (left and right) of the mapped paired-end frag-
ments and analyzed the raw counts without normalization.
Watson–Crick strand cleavage distances were calculated as
previously described (Henikoff et al. 2014), and auto- and
cross-correlations were calculated using an R program
(https://stat.ethz.ch/R-manual/R-devel/library/stats/html/
acf.html). For all noncleavage data, we normalized as fol-
lows: For each basepair (i) in the reference sequence, we
counted the number of fragments aligned over it (ni) and
normalized by dividing by the total number of fragments
(N) and multiplying by the annotated S. pombe genome size
[=(ni/N)3 12,570,000]. This scale factor would result in the
number one at each basepair position if the counts were
evenly distributed across the genome, and so facilitates com-
paring different regions. Correlation matrix values used to
construct Figure 5 are for the normalized counts at each
basepair position within the heterochromatin and central
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domains. Except as noted, tracks in the figures were autoscaled
together by IGV (Thorvaldsdottir et al. 2013) for display.

We used the following coordinates to define chromo-
somal regions based on Pombase release 2.20: central domain
(=cnt + imr: I, 3765506–3776767; II,1619257–1629158;
III,1093156–1105839), pericentric heterochromatin (=otrs:
I, 3753687–3765505 and I, 3776768–3789421; II, 1602264–
1619256 and II, 1629159–1644747; III, 1070904–1093155
and III, 1105840–1137003), and euchromatin (distal to otrs:
I, 1–3753686 and I, 3789422–end; II, 1–1602263 and II,
1644748–end; III, 1–1070903 and III, 1137004–end). A eu-
chromatic region (ChrI, 3719838–3753687) of the same total
length as the three central cores was chosen as a control for
calculating Watson–Crick cleavage distances.

Heatmaps of base-by-base Pearson correlation coefficients
over all 33,849 central domain and 144,316 pericentric het-
erochromatin base positions were constructed by successive
application of Gene Cluster 3.0 (Euclidean distance of corre-
lation coefficients with centroid linkage) and Java TreeView
(v. 1.1.6r2, contrast = 1.2) (Eisen et al. 1998). Sliding win-
dows of 1, 11, 101, and 1001 bp were used for triangular
smoothing. Correlation analysis with GC content was done
similarly, using sliding windows of 11 bp.

Data availability

Strains are listed in Table S1 and are available upon request.
The sequence-based data sets generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) under accession no.
GSE64294.

Results

H3 nucleosomes are depleted from the central domain

In previous studies, low levels of H3K4me were observed in
the central domains of fission yeast centromeres (Cam et al.
2005), and H3was found to be reduced in the central domain
relative to other select loci (Pidoux et al. 2009; Williams et al.
2009), although these studies did not quantify the amount
relative to total H3 or to CENP-A nucleosomes. To determine
the relative contributions of CENP-A and H3 nucleosomes to
chromatin in the central domain, we compared the occu-
pancy of H3 nucleosomes between the euchromatic arms,
the pericentric heterochromatin, and the central domains
using published anti-H3 X-ChIP-Seq data sets (Kato et al.
2013). Plotting the log ratio of H3/input, we observedmostly
a flat profile in euchromatin and heterochromatin, confirm-
ing that canonical H3 nucleosomes comprise almost all of the
input in these regions, but we found that H3 is strongly
depleted in the central domain (Figure 1A and Figure S1).
Occupancy of H3 nucleosomes present in the pericentric
heterochromatin was 150 6 21% of H3 occupancy in the
euchromatic arms, similar to the 155 6 17% occupancy
of bulk chromatin (input) in heterochromatin relative to
euchromatin (Figure 1B). The occupancy of bulk chromatin
in the central domains was 44 6 7%, but the H3 occupancy

was only 4.8 6 1% relative to euchromatin, indicating the
central domains are nearly devoid of H3 and suggesting that
these regions are largely occupied by CENP-A nucleosomes.
To confirm this, we performed X-ChIP-Seq on a CENP-A-HA
strain with wild-type growth (Takahashi et al. 2000) and
found that in contrast to H3, CENP-A-HA was strongly
enriched in the central domains (Figure 1A). Therefore the
vast majority of nucleosomes in the central domain are
CENP-A nucleosomes.

CENP-A nucleosomes are not positioned within the
central domain

To investigate nucleosome positioning and occupancy within
the central domain at single-basepair resolution, we per-
formed H4S47C-anchored cleavage mapping. Chemical
cleavage mapping of nucleosomes corresponds well with
MNase mapping throughout yeast genomes, but gives more
precise positioning and higher resolution and avoids the
sequence preferences of MNase mapping (Brogaard et al.
2012; Moyle-Heyrman et al. 2013). Cleavages targeted by
H4S47C precisely map histone H4 in both cenH3-containing
and canonical H3-containing nucleosomes (Henikoff et al.
2014). As centromeric nucleosomes might be spaced farther
apart than other nucleosomes to accommodate the binding of
other kinetochore proteins, we performed cleavage mapping
without including gel-based size selection for mononucleo-
somes in the library preparation step. This led to an estimate
of the average cleavage density over the three central
domains that was 86 6 4% of that on the euchromatic arms
(Figure 1, B and C, and Figure S1). This modest reduction in
cleavage density could represent slightly reduced cleavage
efficiency in the central domains, but more likely indicates
that nucleosome occupancy is somewhat lower in these
regions, consistent with the reduced occupancy of bulk chro-
matin (input) in the central domain that we observed in the
H3 data, and with previous reports that the central domain is
not saturated for CENP-A (Castillo et al. 2007; Gaither et al.
2014). A similar cleavage density estimate for pericentric
heterochromatin is 1776 10% of that on euchromatic arms,
presumably reflecting high occupancy of nucleosomes in the
pericentromere. Regular spikes in the cleavage pattern in
euchromatin and heterochromatin reflect consistent nucleo-
some spacing and positioning (Figure 1C and Figure S1).
However, cleavages in the central domains lack any regular-
ity and to a first approximation are similar at most positions,
indicating that there is little or no consistent positioning of
nucleosomes in these regions.

The length distribution of H4-to-H4 internucleosomal
fragments generated by H4S47C cleavage (Figure 1D)
peaks at �136 bp in euchromatin and in heterochromatin,
with an average length of 139 bp, which is shorter than the
147 bp length of a canonical nucleosome. This is because
there is very little linker between adjacent nucleosomes
(Moyle-Heyrman et al. 2013), and the short intranucleoso-
mal fragments between two H4S47C molecules in the same
canonical nucleosome are not recovered (Brogaard et al.
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2012; Henikoff et al. 2014). The small secondary peak in
euchromatic fragment lengths indicates that dinucleosome-
length fragments are relatively rare and the vast majority of
nucleosomes are cleaved. In the central domains, the length
distribution of fragments has a similar peak but is very
strongly skewed toward longer lengths, indicating that the
nucleosomes in this region are farther apart overall than
nucleosomes elsewhere and are variably spaced. Because
there is very little H3 in the central domains, we conclude
that these variably spaced nucleosomes are predominantly
CENP-A nucleosomes.

The number of CENP-A nucleosomes in fission yeast cen-
tromeres has been variously estimated as �13/centromere
(Yao et al. 2013), �113/centromere (680 total CENP-A mol-
ecules in an anaphase cluster) (Coffman et al. 2011), and
as 21, 19, and 24 nucleosomes for cen1, cen2, and cen3, re-
spectively (Lando et al. 2012). We determined the mean
center-to-center fragment length between nucleosomes in
the central domain to be 192 bp. From this number we esti-
mated the number of nucleosomes in the central domains of
cen1, cen2, and cen3, to be 57, 50, and 64, respectively.

Fission yeast CENP-A nucleosomes contain two
H4 molecules

The structure of cenH3 nucleosomes has been controversial,
with evidence for several mutually exclusive models in dif-
ferent organisms (Henikoff and Furuyama 2012; Fukagawa
and Earnshaw 2014). In budding yeast, H4S47C-anchored

cleavage mapping demonstrated precise positioning of
cenH3 (Cse4) nucleosomes over the �80-bp CDEII sequence
in two rotational and two reflectional positions for all 16
centromeres, consistent with heterotypic tetramers (hemi-
somes) (Henikoff et al. 2014), as previously inferred from
high-resolution ChIP (Krassovsky et al. 2012). Such an infer-
ence based on cleavage mapping data requires strongly
phased nucleosomes, which are lacking for fission yeast
CENP-A over the central domain. Nevertheless, distances be-
tween fragment ends can be used to infer particle composi-
tion and conformation, and this analysis had previously
shown that cleavage distances characteristic of octasomes,
hexasomes or (H3/H4)2 tetrasomes found in the vast major-
ity of H3 nucleosomes genome-wide were missing from Cse4
nucleosomes at CDEII in budding yeast (Henikoff et al. 2014;
Ramachandran et al. 2015). Specifically, the left H4 molecule
cleaves mostly at 0 or 21 on the Watson (W) strand and 26
on the Crick (C) strand, and the right H4 cleaves at 0 or+1 on
W and +6 on C, such that expected distances between left
and right cleavage sites are 21, +5, and +12 (Figure 2A,
top). If there is only one H4 per nucleosome, then left–right
cleavage distances across the dyad would be missing, and so
only+5would be seen. All three left–right cleavage distances
are observed genome-wide in both fission yeast (Figure 2A,
middle) and budding yeast (Figure 2A, bottom, data from
Henikoff et al. 2014); however, only budding yeast CDEII
shows loss of 21 and +12 cleavage distance peaks as
expected for hemisomes with only a single H4. The presence

Figure 1 CENP-A nucleosomes are not positioned in the central domain. (A) A 100-kb region around cen2 is shown. The gray track plots the log-ratio
of H3/input from published anti-H3 X-ChIP-Seq data sets (Kato et al. 2013). The blue track shows the log-ratio of CENP-A/input from an X-ChIP-Seq data
set for CENP-A-HA. (B) Chromatin occupancy of H3 and Input, or cleavage density are shown in the central domain (red), euchromatin (green), and
heterochromatin (blue) as percentages of the average value in euchromatin. (C) The magenta tracks show the frequency of the left (l) and right (r)
endpoints of H4S47C-anchored cleavage fragments around cen2, respectively. Expansions of cleavage fragment endpoints in selected 5-kb regions
from euchromatin, heterochromatin, and the central domain are shown below. Similar profiles were obtained for cen1 and cen3 (Figure S1). For visual
clarity, normalized count occupancies were scaled to the maximum occupancy in each track using the IGV Genome Browser, and the same scaling
method was used for the bottom three tracks in the expansions. (D) Distribution of nucleosome-to-nucleosome H4S47C-anchored cleavage fragment
lengths in euchromatin, heterochromatin, and the central domain.
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of conspicuous21, +5, and +12 left-right cleavage distance
peaks for fission yeast centromeric nucleosomeswith a profile
that is similar to that seen genome-wide indicates that at least
the bulk of CENP-A nucleosomes have two H4molecules, one
on each side of the dyad axis. This conclusion is confirmed
by the observation that fission yeast centromeric W–W9 and
C–C9 distances peak at +1 and+6 and+7 (Figure 2, B and C,
middle), where only +1 would be expected for a single H4
per nucleosome, as observed for budding yeast, where there
is a dip at +6 and +7 (Figure 2, B and C, bottom). The nearly
complete absence of H3 in fission yeast central domains
implies that these cleavage peaks characteristic of H3 nucle-
osomes genome-wide derive from CENP-A nucleosomes and
that in contrast to budding yeast, most or all CENP-A nucle-
osomes in fission yeast are not hemisomes, but may be tetra-
somes, hexasomes, or octasomes.

Budding yeast centromeres show a conspicuous peak at
10 bp inW–W9 and C–C9 cleavage distance plots, indicative of
strong rotational phasing of centromeric nucleosomes
(Henikoff et al. 2014). In contrast, fission yeast centromeres
lack this feature, indicating little if any rotational phasing of
CENP-A nucleosomes.

CENP-A is strongly enriched throughout the central
domain except at tRNA genes

To determine precisely where CENP-A is located within the
fission yeast genome, we performed high resolution CENP-A
mapping in strains containing either HA- or FLAG-tagged
CENP-A expressed under the cnp1 promoter (Takahashi
et al. 2000; Shiroiwa et al. 2011) using two different mapping
techniques: X-ChIP-Seq and N-ChIP-Seq. N-ChIP typically
provides higher dynamic range, better resolution, and avoids
cross-linking artifacts, while high-resolution X-ChIP using
bothMNase and sonication can better solubilize large protein
complexes like the kinetochore (Zentner and Henikoff 2014).
N-ChIP-Seq revealed that CENP-A-FLAG is highly enriched
relative to input, on average �200-fold, throughout the cen-
tral domains and much more weakly over pericentromeric
heterochromatin, except at the sites of tRNA genes (Figure
3A). tRNA genes mark the boundaries of the enriched central
domain (Partridge et al. 2000; Cam et al. 2005; Scott et al.
2006, 2007), and that of the heterochromatic otr regions,
except on the right of cen1. Whereas CENP-A was depleted
over the tRNA genes, these genes were enriched in the small
subnucleosomal-sized fragments (,110 bp) of the input,
where peaks of fragments coincide with each tRNA gene,
slightly offset to the upstream side of the gene (Figure 3B).
These fragments might be protected from MNase by RNA
Polymerase III and its transcription factors.

Although there were apparent peaks of CENP-A-FLAG
fragmentswithin the central domain, themost striking feature
of the profile is that, except over the tRNA genes, even the
valleys between peaks were highly occupied by CENP-A-
FLAG, indicating that CENP-A is found on all sequences in
the central domain, with possibly minor preferences for some
sites over others, forming a ‘fringe’ in the occupancy profile.

When fragments were arbitrarily separated into size classes
of ,110 bp and .110 bp (Figure 3B), we found little differ-
ence in the CENP-A-FLAG profiles, indicating that the failure
to resolve fixed nucleosome positions is not a result of poor
mapping resolution because of long fragment lengths.

No evidence for preferred positions of kinetochore
assembly within the central domain

Wenext tested if other inner kinetochore proteinsmight form
kinetochore structures at preferred sites in the central
domains. Using MNase digestion followed by passages
through a needle (Jin and Felsenfeld 2007), we were able
to solubilize CENP-T-FLAG, CENP-I-HA, CENP-I-GFP, Scm3-
FLAG, andmyc-CENP-C, and carry out ChIP under native and
cross-linking conditions. ChIP-seq mapping revealed that
these proteins bind to sequences throughout the central do-
main, indicating that kinetochore assembly is not restricted
to specific sites within the central domain (Figure 4). We
observed consistency between profiles for these proteins un-
der native or under cross-linking conditions, which might
suggest that peaks in the profiles represent preferred kineto-
chore positions. However, there was very little correspon-
dence between the N-ChIP and X-ChIP patterns (Figure 4),
indicating that these peaks primarily reflect technical varia-
tions between different ChIP protocols rather than differ-
ences between proteins, strains, or tags. For Cenp-A-FLAG,
CENP-A-HA, and CENP-T-FLAG, we found that changing the
degree of MNase digestion made little difference in the pro-
file, and we also saw little difference between the profiles of
successive chromatin extractions using buffer containing first
no salt and next 150 mM salt (Figure 4).

Correlation analysis fails to detect consistent
preferences in CENP-A nucleosome positions within the
central domain

If technical differences between otherwise robust methodol-
ogies obscure weak underlying positioning signals, then we
would expect to see concordance between ChIP data sets by
correlation analysis, which provides sensitive detection of
weak patterns shared between entire data sets. To systemat-
ically test this possibility, we calculated pairwise Pearson
correlation coefficients for all 33,849-bp positions within
the central domains and all 144,316 positions within hetero-
chromatin for the 38 ChIP and input chromatin samples
characterized in this study. To detect shared correspondences
between data sets we applied hierarchical clustering to the
correlation matrix representing all 38 data sets. As expected
for positioning of inner kinetochore proteins andnucleosomes
within heterochromatin, all CENP-A, CENP-T, CENP-I, and
CENP-CChIP correlation coefficients clustered together to the
exclusion of all input correlation coefficients, which also
clustered together (Figure 5A and Figure S2). Within the
central domain, all input correlation coefficients but one clus-
tered together and most ChIP correlation coefficients clus-
tered together, including CENP-A, CENP-T, CENP-I, Scm3,
and CENP-C (Figure 5B and Figure S2). However, five
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CENP-A data sets, including those from both X-ChIP and
N-ChIP samples, clustered together with input data sets to
the exclusion of the other CENP-A data sets. This clustering
procedure is robust, as correlation heat maps based on 11-bp,
101-bp, and 1001-bp sliding windows were virtually identi-
cal to the 1-bp correlation heatmap (Figure S2).We conclude
that the peak-and-valley fluctuations that we observed in
CENP-A ChIP occupancy (Figure 4) reflect differences in
technical details, rather than biologically significant differ-
ences in CENP-A occupancy or positioning.

To further investigate the nature of these technical differ-
ences, we used 11-bp sliding windows to determine the
correlation of each data set with GC content (Figure S3).
We found a clear distinction between the X-ChIP data sets
in Figure 4, which are all correlated (r = +0.15 to +0.25),
and the N-ChIP data sets, which are essentially uncorrelated
(r= +0.01 to20.08). This weak GC-preference in X-ChIP but
not N-ChIP might be sufficient to account for the differences
between the “fringes” seen in the figure. GC preference in
X-ChIP may arise because formaldehyde-induced crosslinks

Figure 2 CENP-A nucleosomes contain two H4 molecules. (A–C) Top: a model of where H4S47C-anchored cleavage is predicted to occur on the
Watson (W) and Crick (C) strands around the dyad of an H3 nucleosome and the predicted distances between cleavage fragment ends. Middle:
distribution of distances between cleavage fragment ends for euchromatin (blue line) and for the central domain of fission yeast (red line). Bottom:
comparable distributions for budding yeast (Henikoff et al. 2014). Distributions were normalized by the total number of combinations within the 40-bp
distance range. (A) W–C distances. (B) W–W9 distances. (C) C–C9 distances.
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between lysine and deoxyguanosine are more frequent than
other deoxynucleoside-to-amino acid crosslinks (Lu et al.
2010), which could result in preferential ChIP of GC rich
sequences in cross-linked samples. Because central domains
are more AT-rich than the genome as a whole (28% GC vs.
36% GC); (Wood et al. 2002), the data suggest than N-ChIP
may sample the central domains more equitably than X-ChIP.

Centromere proteins in the pericentric heterochromatin
are less stably incorporated than in the central domain

CENP-A-FLAG was also enriched throughout the pericentric
heterochromatin compared with the flanking euchromatic
arms (Figure 3), although enrichment in heterochromatin
was only 2.5% of the enrichment in the central domains.

Both CENP-A-FLAG and CENP-A-HA have been previously
reported to be confined to the central domain using X-ChIP
followed by endpoint-PCR assays (Takahashi et al. 2000;
Shiroiwa et al. 2011). Our ability to detect CENP-A-FLAG in
the pericentric heterochromatin is likely to be due to the in-
creased sensitivity of ChIP-Seq over endpoint-PCR assays.We
compared this result with profiles of ChIP-Seq using CENP-A-
HA expressed from the cnp1 promoter and using five other
tagged inner kinetochore proteins expressed in strains with
wild-type cnp1 genes: CENP-T-FLAG, CENP-I-HA, CENP-I-
GFP, myc-CENP-C, and Scm3-FLAG, using both native and
cross-linking conditions. The results were plotted on a log
scale to better visualize enrichment in the pericentric hetero-
chromatin (Figure 6). Using X-ChIP, all kinetochore proteins

Figure 3 CENP-A densely occupies central domains, except at tRNA genes. (A) N-ChIP profiles of CENP-A-FLAG are shown for all three centromeric and
pericentric regions. Annotations for tRNA genes, noncoding RNAs (ncRNAs), and repeats are indicated on the x-axis, and the y-axis shows fold-
enrichment relative to input. (B) CENP-A-FLAG N-ChIP fragments and input fragments were divided into ,110-bp and .110-bp size classes. Note
that large and small CENP-A ChIP fragments, but not input fragments, show similar profiles. tRNA genes are indicated below the tracks, with those
above the red line transcribed left to right and those below transcribed from right to left. Insets show expansions of regions in cen1 and cen2 indicated
by brackets.
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were highly enriched throughout the central domain, and
less enriched over the pericentric heterochromatin, at a level
of 2.7–6.3% of their enrichment in the central domain. Pre-
viously, overexpression of CENP-A has been reported to lead
to enrichment of CENP-A over the pericentric heterochro-
matin (Castillo et al. 2013), but our results indicate that
enrichment of CENP-A and other kinetochore proteins in
the pericentric heterochromatin occurs even with wild-
type cnp1 expression.

Although myc-CENP-C was coextensive with the other
inner kinetochore proteins using X-ChIP, we were unable to
detect enrichment of myc-CENP-C using N-ChIP, suggesting
that it is easily removed from centromeric chromatin by
MNase if not cross-linked. This is reminiscent of the sensitivity
of CENP-B/CENP-C complexes to MNase in HeLa cells (Ando
et al. 2002) and is consistent with CENP-C ChIP results in
nematodes (Steiner and Henikoff 2014). The other inner
kinetochore proteins were immunoprecipitated from both
the central domains and the pericentric heterochromatin by
N-ChIP, although to varying degrees (Figure 6). CENP-T-
FLAG and CENP-I-HA were highly enriched over the central
domains coextensively with CENP-A-FLAG, but their enrich-
ment over the pericentric heterochromatin is quite limited.
This suggests that CENP-T and CENP-I are more easily lost
from heterochromatin than CENP-A, and like CENP-C, they
can be released from DNA by MNase digestion in the absence
of cross-linking.

To quantitate this preferential loss of kinetochore proteins
from heterochromatin in the absence of cross-linking, we
calculated the ratio of the enrichment of each inner kineto-
chore protein over the central domain to that over the het-
erochromatin (Cen/Het) for X-ChIP and N-ChIP data. Using
X-ChIP, the fold-enrichment of the central domains over
heterochromatin ranged from 17X for CENP-A to 37X for
CENP-T and 16X for CENP-I (Figure 7A). However, using
N-ChIP these ratios grew to 40X for CENP-A, 112X for CENP-T,
and 315X for CENP-I, reflecting the limited recovery of

fragments from heterochromatin in the absence of crosslink-
ing. The largest increase in fold-enrichment in N-ChIP (least
recovery from heterochromatin) is for CENP-I, which is not
known to bind DNA directly, while CENP-A and CENP-T,
which can wrap DNA, show more modest increases. X-ChIP
therefore appears to be better at preserving kinetochore pro-
teins on heterochromatin, especially those not bound directly
to DNA.

We looked quantitatively at how the mean occupancy
(normalized counts) of CENP-A-FLAG was affected by in-
creasingMNase digestion.UsingN-ChIP, CENP-A-FLAGmean
occupancy in heterochromatin decreased slightly with in-
creasing MNase digestion (Figure 7B), reflecting the progres-
sive loss of unstably incorporated proteins in the absence of
cross-linking. In contrast, in the central domain, CENP-A-
FLAG mean occupancy increased slightly with increasing
MNase digestion, probably because of normalization to de-
creasing total DNAwith longer digestion times. Using X-ChIP,
mean occupancy of CENP-A-HA showed little change with
increasing MNase digestion, both in heterochromatin and
the central domain.

For N-ChIP of CENP-A-FLAG and CENP-T-FLAG, we
extracted chromatin first in buffer without salt and succes-
sively in buffer containing 150 mM salt. For the central
domain, slightly more fragments were recovered in the 150
mMbuffer than in the no-salt buffer, butmore fragments from
heterochromatin were extracted in the no-salt buffer than in
the 150 mM buffer (Figure 7, A and B), consistent with other
indications that CENP-A-FLAG and CENP-T-FLAG are less
stable when incorporated in heterochromatin.

Protection of centromeric chromatin from MNase
digestion by inner kinetochore proteins

As particle dimensions can be inferred from the length of DNA
fragments protected fromMNase, we plotted the distribution
of fragment sizes in ChIP experiments. Figure 8A shows the
fragment length distributions from the heterochromatic otrs

Figure 4 Kinetochore proteins are strongly enriched throughout the central domain. CENP-A (left) and other kinetochore proteins (right) are distributed
throughout the central domain. Sites that appear to be preferred differ between N-ChIP (top) and X-ChIP (bottom). (Left) Effects of increasing MNase on
the CENP-A profiles for N-ChIP (CENP-A-FLAG) and X-ChIP (CENP-A-HA) in the central domain of cen2. (Middle) Profiles from inputs to CENP-A ChIP of
cen2. (Right) Comparison of N-ChIP and X-ChIP profiles of cen2 for different inner kinetochore proteins. CENP-T0 and CENP-T150 are successive
extractions of CENP-T-FLAG fragments with increasing salt.
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and central domains of the inputs to CENP-A X-ChIP and
N-ChIP experiments. The fragment length distribution in the
heterochromatin, which is dominated by H3 nucleosomes,
had a peak at �150–160 bp, a secondary peak at �300 bp,
and a small tertiary peak at �450 bp, reflecting the sizes of
DNA protected by mono-, di- and trinucleosomes, corre-
sponding to the bottom three bands of a nucleosome ladder.
In the central domain, in contrast, fragment lengths formed
a broad, skewed peak with no secondary or tertiary peak
visible. This corresponds to the chromatin "smear" that has
been observed in the central domain (Polizzi and Clarke
1991; Takahashi et al. 1992). The lack of a secondary peak
is consistent with the variable internucleosome distances
seen in H4S47C-anchored cleavage. The central domain frag-
ments comprise ,0.3% of the genome, accounting for the
relatively noisy appearance of their distribution in bulk chro-
matin libraries.

The distributions of protected ChIP fragments containing
CENP-A-HA or CENP-A-FLAG from the central domain were
smoother, and the peaks were shifted leftward relative to
bulk chromatin (Figure 8B), indicating that the most abun-
dant CENP-A-protected fragment lengths on average were

somewhat smaller than in bulk chromatin, similar to what
has been observed for other cenH3 nucleosomes (Dalal et al.
2007; Krassovsky et al. 2012; Hasson et al. 2013; Zhang et al.
2013; Steiner and Henikoff 2014; Henikoff et al. 2015). The
N-ChIP fragments form a double peak, with the smaller peak
at �125 bp. Multiple peaks of cenH3-protected fragments
have been observed in human and rice ChIP (Hasson et al.
2013; Zhang et al. 2013) and reflect preferred MNase cleav-
age sites either within cenH3 nucleosomes or within cenH3
nucleosome-associated complexes. These peaks are fused
in the distribution of X-ChIP fragments. The rightward skew
in both distributions suggests that other kinetochore proteins
prevent MNase from efficiently trimming the longer linkers
between CENP-A nucleosomes to produce a minimal size of
CENP-A nucleosomes. In the pericentric heterochromatin,
the peak of the distribution of CENP-A-protected fragments
was similar in size to that from the central domain. However,
the rightward skew of the distribution of fragments was less
pronounced in heterochromatin, especially in N-ChIP, and it
was replaced by a secondary nucleosomepeak located�150bp
to the right of the primary peak, but still shifted leftward
(,300 bp) from the secondary peak in bulk chromatin. Since

Figure 5 Heterogeneous correlations between CENP-A ChIP data sets in central domains. Pearson correlation coefficients for all 38 data sets within the
combined (A) pericentric heterochromatin and (B) central domains were subjected to hierarchical clustering. Correlation coefficients between normal-
ized counts from cen1, cen2, and cen3 are represented as a heat map. Colors of the bars at the bottom and left side of each heat map indicate the
protein targeted by ChIP for: input (black); CENP-A (red); CENP-C (green); CENP-I (purple); CENP-T (brown); and Scm3 (blue). X-ChIP samples are
indicated (X). No unique clustering of CENP-A separate from input or other CENPs is seen for central domains, suggesting that the preferences seen in
the CENP-A profiles are more likely attributable to technical differences between data sets than to biological differences.
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this secondary peak is not observed in the central domain, we
suggest that it represents dinucleosomes with one CENP-A
and oneH3 nucleosome and that CENP-A is interspersedwith
regularly spaced H3 in heterochromatin.

In thedistributionofCENP-T fragment lengths fromN-ChIP,
there was a small peak at �100 bp that may reflect putative
CENP-TWSX particles (Figure 8C). The main peak in the N-
ChIP distribution at �220 bp may reflect a CENP-T particle
complexed with a CENP-A nucleosome. It is highly unlikely
that the peak represents a complex with an H3 nucleosome,
since H3 is nearly absent in the central domain. The peak had
a similar rightward skew as is seen in CENP-A ChIP and in bulk
chromatin from the central domain. In the corresponding dis-
tribution of cross-linkedCENP-T fragments, a broad peak rang-
ing from�100 to�250 bp appeared to be a fusion of the peaks
seen in N-ChIP. The modest rightward shift of the smaller
fragments in X-ChIP relative to N-ChIP indicates that the
DNA is not trimmed as effectively on the smaller particles in
X-ChIP. Themain peak seen inN-ChIP from the central domain
appeared also in the N-ChIP fragment distribution from het-
erochromatin, where 100-fold fewer CENP-T fragments were
recovered. This peak was accompanied by peaks absent from
the central domain and corresponding in size toH3mono-, di-,
and trinucleosomes, suggesting that CENP-T can associate
with canonical H3 nucleosomes in heterochromatin, but in
a way that does not protect additional DNA. Similarly, in
cross-linked heterochromatin, CENP-T fragment lengths
showed primary and weak secondary peaks corresponding
to nucleosomal peaks in bulk chromatin, indicating that
in heterochromatin cross-linking enriches these fragment
sizes over the 220-bp peak. The broad distribution of frag-
ment sizes greater than the �100 bp protection expected
from CENP-TWSX particles in both N-ChIP and X-ChIP data
sets suggests that CENP-T is more likely to protect DNA as
part of a larger complex than as an individual CENP-TWSX
particle.

Cross-linked CENP-C had a peak at�150 bp in the central
domain (Figure 8D). Human CENP-C has been shown to bind
DNA nonspecifically (Sugimoto et al. 1994; Yang et al. 1996),
but it is unlikely that the �150-bp fragments were protected
directly by CENP-C, as no protection was found in N-ChIP.
CENP-C binds to CENP-A preferentially over H3 nucleosomes
or DNA (Carroll et al. 2010), so the �150-bp peak probably
reflects fragments protected by a CENP-A/CENP-C complex,
implying that CENP-C protects little additional DNA beyond
what is protected by CENP-A. In heterochromatin, the pri-
mary peak was shifted slightly rightward and a secondary
peak appeared, suggesting a complex with H3 nucleosomes
or a mix of CENP-A and H3 nucleosomes.

Scm3 and CENP-I are not known to bind DNA directly, so
the fragments they immunoprecipitated in N-ChIP presum-
ably reflect their interactions with DNA-binding proteins
(Figure 8, D and E). Scm3 binds to CENP-A and to a complex
of CENP-A loading factors including Mis16, Mis18, and
Mis19/Eic1/Kis1, which in turn binds members of the
Mis6/Sim4/Mal2 complex (Pidoux et al. 2009; Hayashi
et al. 2014; Hirai et al. 2014; Subramanian et al. 2014) that
corresponds to the vertebrate CENP–HIK complex (Okada
et al. 2006). In human cells, the CENP–HIK complex binds
to CENP-TW, and these two complexes are interdependent
for stable localization at the centromere (Foltz et al. 2006;
Basilico et al. 2014). In fission yeast the Mis6/Sim4/Mal2
complex depends for localization on both CENP-T and
CENP-C (Tanaka et al. 2009) and is required for localization
of Scm3 (Pidoux et al. 2009;Williams et al. 2009), suggesting
that the fragments immunoprecipitated by Scm3 and CENP-I
reflect DNA protected by CENP-T particles and CENP-A/
CENP-C particles. In the central domain, the distributions
seemed to reflect primarily the size distribution of bulk chro-
matin fragments, with very slight peaks corresponding to
CENP-A and CENP-T peaks (Figure 8D and Figure 7E). In
heterochromatin, the fragment distribution peaks for Scm3

Figure 6 Inner kinetochore proteins are stable over central domains but less stable over heterochromatin. Occupancy profiles of a 100-kb region around
each centromere are shown with the y-axis on a log10 scale. Annotations of repeats (black) and tRNA genes (red) are indicated on the x-axis. From top to
bottom: CENP-T-FLAG, CENP-I-HA, Scm3-FLAG, CENP-A-FLAG, CENP-T-FLAG, CENP-I-GFP, CENP-A-HA, Myc-CENP-C.
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also corresponded to bulk chromatin, with peaks marking H3
mono-, di-, and trinucleosomes (Figure 8D). Scm3 has pre-
viously been reported to interact with H3 as well as CENP-A
in vitro (Pidoux et al. 2009), which might explain the distri-
bution of peaks in heterochromatin. The correspondence of
CENP-I peaks in the heterochromatin, where it is 300-fold
less abundant than in the central domain, was less clear and
might reflect CENP-A/H3 heterotypic nucleosomes (Arimura
et al. 2014) or a mix of CENP-A and H3 nucleosomes. For
cross-linked CENP-I, there was a significant enrichment of
fragments with the peak size of CENP-A nucleosome frag-
ments, both in the central domain and in heterochromatin
where there was a ,300-bp secondary peak similar to the
one observed in CENP-A ChIP. This suggests that CENP-I is
found in close proximity to CENP-A nucleosomes, but is not
directly bound to them.

We sought to further investigate whether different kinet-
ochore proteins have particular relationships to each other
along the chromosome. We first performed autocorrelation
analysis using the ends of H4S47C-anchored cleavage frag-
ments to see if there is any periodicity in centromeric nucle-
osome positions despite the overall smooth distribution of
fragment lengths. The left and right ends of control fragments
from euchromatin showed clear periodicity with an autocor-
relation of�0.13 (Figure 9A) at +150 or2150 bp. Cleavage
fragments from the central domain, in contrast, showed
a barely detectable autocorrelation of �0.02 at these posi-
tions. Using the predicted distances between the W and C
ends of fragments (Figure 2) to call nucleosome dyad posi-
tions, we then used cross-correlation to determine the offsets

of the midpoints of ChIP fragments from nucleosome dyads.
For X-ChIP fragments all kinetochore proteins showed similar
cross-correlations with nucleosome dyads and evidence of
weak periodicity in nucleosome positions, with CENP-T
showing lower cross-correlation than CENP-A, CENP-I, and
CENP-C (Figure 9B). In N-ChIP the correlations of fragment
midpoints with the dyad and periodicity essentially vanish
except for CENP-A (Figure 9C). The difference between X-
ChIP and N-ChIP for CENP-I is particularly striking and
appears to confirm that CENP-I becomes cross-linked to
CENP-A nucleosomes in X-ChIP but shows no relation to dyad
positions in N-ChIP. The weak periodicity observed in X-ChIP
cross-correlations may disappear in N-ChIP because of loss of
uncrosslinked kinetochore proteins during chromatin extrac-
tion. These differences between X-ChIP and N-ChIP under-
score the high sensitivity of mapping within the central
domain to technical details of methods.

Discussion

Dense arrays of mostly unpositioned CENP-A
nucleosomes occupy the central domain

Wehave usedH4S47C-anchored cleavagemapping and high-
resolution ChIPmapping to determine the locations of several
inner kinetochore proteins that occupy fission yeast regional
centromeres, and the lengths of fragments they protect from
MNase digestion. Using published H3 ChIP-Seq data sets, we
observed very low levels of canonical H3-containing nucleo-
somes in the central domains (�5% of the occupancy on the

Figure 7 Occupancies of inner kinetochore proteins on heterochromatin and central domains. Distributions of the normalized read counts from ChIP-
Seq of kinetochore proteins over pericentric heterochromatin (Het) and central domains (Cen) are displayed as percentile plots, in which the median is
marked by the solid line, the 25th and 75th percentile by the colored box and the 5th and 95th percentile by the open box. (A) Comparisons between
centromere proteins for X-ChIP and N-ChIP. (B) Comparisons between CENP-A samples as a function of MNase digestion. CENP-A-HA was used for
X-ChIP and CENP-A-FLAG was used for N-ChIP. For N-ChIP, chromatin was extracted in no-salt buffer (0 mM) and then the pellet was extracted with
150 mM NaCl (150 mM).
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euchromatic arms), but our CENP-A ChIP data sets showed
strong enrichment there for CENP-A-containing nucleo-
somes. We conclude that the central domains are almost
exclusively occupied by CENP-A nucleosomes.

Two groups have used MNase to map cross-linked nucle-
osomes in thecentraldomainandreportedpositionedCENP-A
nucleosomes, although one group concluded that there was
considerable variation in positioning in wild-type cells (Song
et al. 2008; Lando et al. 2012; Yao et al. 2013). A previous

H4S47C-anchored cleavage mapping study found fuzzy
positions of nucleosomes in the central domain, but with very
low cleavage density, leaving the question of nucleosome
positioning unresolved (Moyle-Heyrman et al. 2013). Our
in vivo H4S47C-anchored cleavage mapping without size se-
lection revealed that cleavage density in the central domain is
nearly as high (86%) as in the chromosome arms, but the
pattern of cleavages indicates that the central domain nucle-
osomes are not positioned, in sharp contrast to nucleosomes
in much of the rest of the fission yeast genome. We attribute
the low cleavage density in the previous report (Moyle-Heyr-
man et al. 2013) at least in part to the selection of a mono-
nucleosome-sized band of DNA for sequencing. We found
that the distances between H4 cleavages in the central do-
main are skewed toward longer lengths than those from eu-
chromatin or heterochromatin, and so the selection of a gel
band would have eliminated longer fragments and thereby
reduced cleavage density. Because we found that cleavage
density in the central domain is nearly as high as on the
euchromatic arms, it seems implausible that the longer inter-
nucleosomal distances in the central domain are a result of
incomplete cleavage, indicating that central domain nucleo-
somes are more widely and variably spaced than elsewhere.
The near absence of H3 nucleosomes in the central domains
leads us to conclude that the wider and more variable nucle-
osome spacing in these domains is characteristic of CENP-A
nucleosomes in the functional centromere. Cleavage map-
ping also revealed that CENP-A nucleosomes have two H4
molecules and show no evidence of rotational phasing, in
sharp contrast to cenH3 nucleosomes from distantly related
budding yeast.

Using high-resolution N-ChIP and X-ChIP mapping, we
observed strong enrichment of CENP-A and other inner ki-
netochore proteins throughout the central domain except at
the tRNA genes, which have been shown to act as barriers to
the spread of the flanking heterochromatin, dependent on
binding of PolIII and the transcription factor TFIIIC (Scott
et al. 2007). Binding of the PolIII transcription complex or
active transcription of tRNAs might prevent CENP-A localiza-
tion at these sites. Our data argue against significantly pre-
ferred positions within the central domain for kinetochore
assembly and in favor of the view that each CENP-A nucleo-
some is capable of acquiring a full set of kinetochore proteins
with the potential to capture a microtubule. This hypothesis
is supported by the observation that deletion of half or more
of a central domain does not reduce centromere function
(Yao et al. 2013). The speed of capture of microtubules is
predicted to correlate with the size of kinetochores (Wollman
et al. 2005), so the equivalence of sites in regional centro-
meres for kinetochore assemblymay serve to increase the size
of the kinetochore surface and the efficiency of microtubule
capture in mitosis compared with capture only at a set of
preferred assembly sites.

We also observed weak enrichment of CENP-A and other
inner kinetochore proteins in pericentric heterochromatin.
CENP-A incorporated into pericentric heterochromatin is

Figure 8 Length distributions of MNase-protected input and ChIP frag-
ments. Fragment lengths are shown for fragments of N-ChIP and X-ChIP
experiments from the otrs (Het) and central domain (Cen) from (A) the
bulk chromatin (input to CENP-A ChIP), (B) ChIP pulldown for CENP-A-
FLAG (N-ChIP) and CENP-A-HA (X-ChIP), (C) CENP-T-FLAG, (D) Scm3-
FLAG (N-ChIP) and Myc-CENP-C (X-ChIP), (E) CENP-I-HA. The horizontal
axis represents the fragment length and the vertical axis indicates the
relative frequency when smoothed using a 9-bp sliding window. Vertical
bars mark 150- and 300-bp positions.
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more easily disrupted by increasing MNase in N-ChIP than
CENP-A incorporated into the central domain, and compar-
ison of N-ChIP and X-ChIP for other kinetochore proteins also
appears to indicate less stable incorporation into heterochro-
matin. This suggests that the inner kinetochore proteinsmight
be more stable when they are part of a continuous array than
when they are present in heterochromatin, perhaps offering
insight into why animal and plant centromeres are composed
of alternating arrays of CENP-A and H3 nucleosomes. The
basis of this apparent greater stability is not known, butmight
involve interdependent interactions among kinetochore pro-
teins, as seen in the regional centromeres of Candida albicans
(Thakur and Sanyal 2012). Similarly, CENP-A arrays in hu-
man centromeres have been proposed to permit stabilizing
multivalent interactions by CENP-C via its dimerization do-
main (Carroll et al. 2010).

We doubt that the lower-level incorporation of inner ki-
netochore proteins into heterochromatin is functionally
significant, given the two order-of-magnitude greater enrich-
ment over the central domain. Lower level incorporation of
CENP-A and CENP-C into pericentric sequences was also
observed in a fission yeast strain in which central domains
are not surrounded by heterochromatic repeats (Brown et al.
2014), suggesting that inner kinetochore proteins can incor-
porate into any pericentric DNA in a process that gives the
appearance of one-dimensional diffusion from regions of
strong enrichment. This incorporation resembles the low
level incorporation of CENP-A over 2 Mb of DNA flanking

chicken nonrepetitive centromeres (Shang et al. 2013) and
may be related to the arrangement of smaller CENP-A arrays
surrounding a large central CENP-A array in a 330-kb human
neocentromere (Chueh et al. 2005). The smaller size of the
region of low-level incorporation around fission yeast centro-
meres compared with chicken or human may reflect the
smaller size of the source centromere. The pericentric het-
erochromatin in fission yeast has been proposed to "corral"
centromeric chromatin (Sullivan 2002). The higher H3 nu-
cleosome occupancy that we observed for pericentric hetero-
chromatin relative to euchromatin would limit the amount of
free DNA on which CENP-A nucleosomes can assemble and
may serve to help confine the kinetochore to the central
domain.

Association of CENP-T with CENP-A nucleosomes

CENP-C and CENP-T have been thought to associate with H3
nucleosomes (Hori et al. 2008), based on their loss from
CENP-A nucleosomes during MNase digestion to mononu-
cleosomes. In fission yeast, we likewise find that CENP-C
can be removed from CENP-A chromatin by MNase, but the
near absence of H3 nucleosomes in the central domain where
CENP-C and CENP-T are highly enriched is strong evidence
that they associate predominantly with CENP-A nucleo-
somes. Consistent with this, recent evidence suggests that
CENP-T may interact with the CENP-A N-terminal tail (Folco
et al. 2015; Logsdon et al. 2015). We find that CENP-A nucle-
osomes protect slightly less DNA from MNase than do H3

Figure 9 Correlation of offsets between kinetochore proteins. (A) Autocorrelations of left (L) or right (R) ends of H4S47C-anchored cleavage fragments
from euchromatin or from the central domain. (B) Cross-correlations of dyad positions inferred from H4S47C-anchored cleavage fragments with
midpoints of X-ChIP fragments for CENP-A-HA, CENP-T-FLAG, and CENP-I-GFP. (C) Cross-correlations of dyad positions inferred from H4S47C-anchored
cleavage fragments with midpoints of N-ChIP fragments for CENP-A-FLAG, CENP-T-FLAG, and CENP-I-HA.
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nucleosomes and that CENP-C protects little if any additional
DNA beyond what is protected by CENP-A nucleosomes, sug-
gesting that CENP-C immunoprecipitates DNA primarily
through contacting CENP-A nucleosomes. In heterochroma-
tin, both CENP-C and CENP-T immunoprecipitate fragment
sizes corresponding to H3 nucleosomes, consistent with
observations that they can immunoprecipitate H3 in chicken
cells (Hori et al. 2008). However, these interactions with H3
in heterochromatin are minor, and neither protein appears to
protect additional DNA beyond what is protected by H3
nucleosomes.

The structure of CENP-T-containing particles in vivo is not
known. CENP-T can assemble onto centromeres prior to
CENP-W (Krizaic et al. 2015). In both vertebrates and fission
yeast, mutations in CENP-T or CENP-W are lethal, while
those in CENP-S and CENP-X are viable, although with seg-
regation defects (Hori et al. 2008; Amano et al. 2009;
Tanaka et al. 2009; Bhattacharjee et al. 2013). Together
these observations suggest that CENP-TW dimers may be
able to bind to centromeric DNA and/or other kinetochore
proteins to provide an essential function without necessar-
ily forming a CENP-TWSX heterotetramer. Both TW dimers
and TWSX tetramers bind to DNA in vitro (Nishino et al.
2012; Takeuchi et al. 2014). The CENP-TWSX particle wraps
60–100 bp of linker DNA between nucleosomes in vitro
(Nishino et al. 2012; Takeuchi et al. 2014), but in fission
yeast, the most common linker length between H3 nucleo-
somes is 3 bp (Moyle-Heyrman et al. 2013), leaving no room
for such a particle. The broader spacing of CENP-A nucleo-
somes in the central domain presumably allows room for in-

corporation of CENP-T-containing particles into central
domain DNA.

MNase digestion of chicken CENP–TWSX particles assem-
bled on plasmid DNA produces a protected fragment of �100
bp, together with a smear of larger fragments, rather than
a ladder of discrete particles (Nishino et al. 2012; Takeuchi
et al. 2014). CENP-T-W dimers assembled on short DNA frag-
ments can form DNA complexes in vitro that protect any avail-
able DNA but also lack discrete sizes (Nishino et al. 2012;
Takeuchi et al. 2014). Themode of CENP–TW or CENP–TWSX
DNA binding that causes the apparent continuous protection
of DNA and smearing of fragments on MNase digestion is not
understood, but an attractive hypothesis is that similar CENP-
T-containing particles in fission yeast are the basis of the
broad, skewed distribution of CENP-T-FLAG fragment lengths
and their lack of a discrete ladder of sizes and that they also are
responsible for the classical smeared digestion pattern of cen-
tral domain chromatin and the skewed distribution of ChIP
fragments from CENP-A and other inner kinetochore proteins
that do not appear to be trimmed to minimum sizes. We pro-
pose a model of fission yeast inner kinetochore structure in
which the variable linkers between irregularly placed CENP-
A nucleosomes are occupied by CENP-T-containing particles,
at least some of which are CENP–TWSX particles in close prox-
imity to CENP-A nucleosomes bound by CENP-C (Figure 10).
Together with CENP-C these particles are necessary to main-
tain the inner kinetochore proteins of the Mis6/Sim4/Mal2
complex (Tanaka et al. 2009), which regulates kinetochore
microtubule polymerization andmetaphase plate organization
(Amaro et al. 2010).

Figure 10 Model of centromeric
chromatin. H3- and CENP-A-
containing nucleosomes are shown
at the tRNA boundary of the
central domain for five different
cells. H4S47C-mediated cleavage
nucleosome-to-nucleosome frag-
ments are shown as horizontal
blue lines. Red vertical lines show
how the fragments correspond
to nucleosomes for one nucleo-
some pair in heterochromatin
and one in the central domain.
MNase-generated fragments are
depicted with amber horizontal
lines. Green vertical lines indicate
their correspondence to chroma-
tin proteins for one nucleosome
in heterochromatin and for a
CENP-A nucleosome complexed
with a CENP-TWSX tetramer.
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Nonrepetitive centromeres and repeat-rich centromeres

Although fission yeast centromeres and the repeat-rich cen-
tromeres of plants and animals have both been described as
“regional,” our data reveal profound differences in how they
are organized at the nucleosome level as well as in size and
sequence. Plant and animal centromeric tandem repeat
arrays precisely position cenH3 nucleosomes (Hasson et al.
2013; Zhang et al. 2013; Henikoff et al. 2015). Precise posi-
tioning is found for sequence-dependent single-wrap particles,
such as hemisomes in budding yeast and 100-bp CENP-A
protected particles at homogeneous human a-satellite
dimers (Henikoff et al. 2015), whereas diffuse positioning
is found for sequence-independent octasomes, such as those
likely to be present at pericentric human HORs and neocen-
tromeres (Hasson et al. 2013; Henikoff et al. 2015). Our de-
tection of two H4 molecules per nucleosome in the fission
yeast central domain fits this paradigm. Tandem repeat
arrays have been proposed to evolve through competition
for transmission in asymmetric female meiosis (Malik and
Henikoff 2001) and to stabilize nucleosomes through trans-
lational and rotational phasing (Zhang et al. 2013), which
may give them a competitive transmission advantage in
asymmetric meiosis. In contrast, the classical regional centro-
meres of fission yeast are characterized by a lack of positioning
and rotational phasing of CENP-A nucleosomes on low-copy-
number sequences. Like fission yeast, the yeast C. albicans also
has centromeres on gene-free single-copy sequences and has
a smeared electrophoresis pattern of centromeric chromatin
(Baum et al. 2006), suggesting that the wider and irregular
spacing of CENP-A nucleosomes may be a conserved feature
of fungal regional centromeres. Similarly, cenH3 nucleo-
somes in the 4.1- to 4.6-kb gene-free centromeres of Plasmo-
dium falciparum also appear to lack positioning (Hoeijmakers
et al. 2012), suggesting that this may be a common feature of
regional centromeres in organisms with symmetric meiosis,
where centromere variants do not compete. For these classi-
cal regional centromeres, it may suffice to have a less pre-
cisely organized region if it is of sufficient size to assure timely
microtubule capture.

In sequenceandorganization,fissionyeast centraldomains
appear to have more in common with nonrepetitive centro-
meres and neocentromeres in multicellular organisms than
with repeat-rich centromeres. In rice Cen8, which has both
satellite and unique sequence DNA, internucleosomal distan-
ces on unique sequences are irregular, and positioning of
cenH3 nucleosomes is less well defined than that on centro-
meric tandemly repetitive sequences in the same centromere,
consistent with the notion that centromeric repeats confer
consistent cenH3 nucleosome positioning, while low-copy-
number sequences tend to position nucleosomes with less
regularity (Zhang et al. 2013). Positioned CENP-A nucleo-
somes were reported in human neocentromeres on nonrep-
etitive sequences in cell lines derived from three individuals
(Hasson et al. 2013), indicating that nucleosome positions
can be stably inherited in these centromeres. However, a

statistical model of one of these neocentromeres found that
while occupancy at some sites was 80%, the average occu-
pancy at identified CENP-A sites was only 6%, indicating
both some strongly preferred positions and also consider-
able variation in occupancy at different positions in differ-
ent cells (Bodor et al. 2014).

Interestingly, in the centromere of horse chromosome 11,
which also lacks tandem repeats, large (80–160 kb) contin-
uous domains of CENP-A nucleosomes can occupy different
positions within a 500-kb region (Purgato et al. 2014) in cell
lines derived from different individuals, suggesting that
CENP-A domains can “slide” or migrate along a chromosome.
Although the domains are positionally consistent within a cell
line, the high number of positional epialleles indicates signif-
icant plasticity in positions over time. Despite this, the occur-
rence of a single large CENP-A domain in all epialleles
suggests that continuous arrays of CENP-A nucleosomes
may have a transmission advantage. This resembles fission
yeast centromeres in the metastable positions of CENP-A
nucleosomes, their occurrence in continuous arrays, and ap-
parent one-dimensional diffusion of CENP-A into adjacent
sequences.

Taken together, these observations suggest that vertebrate
centromeres and neocentromeres lacking centromeric tan-
dem repeats may form a continuum with the much smaller
fission yeast central domains. In plants, the total size of cenH3
domains correlates with genome size (Zhang and Dawe
2012), so genome size could be the primary difference be-
tween classical regional centromeres of micro-organisms and
nonrepetitive centromeres in plants and animals. In the latter
organisms, however, competition between centromeres is
expected to lead eventually to the replacement of low-copy
centromere sequences with repeat-rich centromeres of well-
positioned cenH3 nucleosomes.
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Figure S2. Correlation matrix heat maps with smoothing. See the legend to 
Figure 5. Triangular smoothing was applied using sliding windows as indicated.  
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Figure	  S3.	  CorrelaDon	  of	  GC	  content	  with	  signal	  in	  38	  ChIP	  datasets	  

Figure S3. Correlation of GC content with signal in 38 ChIP datasets. 
Arrows correspond to datasets displayed in Figure 4. 
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Table S1   S pombe strains used in the study. 

Strain Genotype Source 

FY20724 h minus cnp1-FLAG::kanR NBRP, Japan 
PMID: 21445296 

PE199 h minus leu1 ade6 cnp20-FLAG::kanR Takeshi Sakuno 
PMID: 19758558 

FY8393 h minus leu1 mis6-HA[LEU2] NBRP, Japan 
PMID: 9230309 

FY21240 h minus scm3-FLAG[hph] NBRP, Japan 
PMID: 19217403 

FY20571 h minus lys::cnp1-HA Lys+ NBRP, Japan 
PMID: 10864871 

FY8426 h minus leu1 ura4 mis6-GFP[LEU2] NBRP, Japan 
PMID: 9230309 

hy067 h minus leu1-32 ura4DS/E ade6-210 
cnt1::ura4+ pREP41-myc-cnp3 

Songtao Jia 
PMID: 19910462 

H4S47C h minus his3-D1 leu1-32 ura4-D18 ade6-
M210, hhf1S47C, hhf2S47C 

Ji-Ping Wang 
PMID: 24277842 
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