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The centromere is the genetic locus that organizes the proteina-
ceous kinetochore and is responsible for attachment of the chro-
mosome to the spindle at mitosis and meiosis. In most eukary-
otes, the centromere consists of highly repetitive DNA sequences
that are occupied by nucleosomes containing the CenH3 histone
variant, whereas in budding yeast, a ∼120-bp centromere DNA
element (CDE) that is sufficient for centromere function is occupied
by a single right-handed histone variant CenH3 (Cse4) nucleosome.
However, these in vivo observations are inconsistent with in vitro
evidence for left-handed octameric CenH3 nucleosomes. To help
resolve these inconsistencies, we characterized yeast centromeric
chromatin at single base-pair resolution. Intact particles containing
both Cse4 and H2A are precisely protected from micrococcal nu-
clease over the entire CDE of all 16 yeast centromeres in both
solubilized chromatin and the insoluble kinetochore. Small DNA-
binding proteins protect CDEI and CDEIII and delimit the centro-
meric nucleosome to the ∼80-bp CDEII, only enough for a single
DNA wrap. As expected for a tripartite organization of centro-
meric chromatin, loss of Cbf1 protein, which binds to CDEI, both
reduces the size of the centromere-protected region and shifts its
location toward CDEIII. Surprisingly, Cse4 overproduction caused
genome-wide misincorporation of nonfunctional CenH3-contain-
ing nucleosomes that protect ∼135 base pairs and are preferen-
tially enriched at sites of high nucleosome turnover. Our detection
of two forms of CenH3 nucleosomes in the yeast genome, a singly
wrapped particle at the functional centromere and octamer-sized
particles on chromosome arms, reconcile seemingly conflicting
in vivo and in vitro observations.

Saccharomyces cerevisiae | chromatin immunoprecipitation | chromosome
segregation

The centromere is the genetic locus that specifies the location
of the kinetochore, the complex proteinaceous structure that

attaches to spindle microtubules for regular segregation to the
poles at mitosis and meiosis (1). Every chromosome must have
one and only one centromere, because acentric and dicentric
chromosomes are lost, leading to aneuploidy and cell death. This
stringent requirement for a single centromere has led to the ex-
pectation that centromeres would be defined by DNA sequence,
and indeed this is the case in the budding yeast, Saccharomyces
cerevisiae, where each of the 16 centromeres consists of a ∼120-
bp sequence that is entirely responsible for centromere specifi-
cation (2). However, a common feature of centromeres in multi-
cellular eukaryotes is that they are embedded in highly repetitive
satellite DNA, which has made their molecular study difficult (3).
Furthermore, the existence of neocentromeres that entirely lack
centromeric satellites indicates that specific DNA sequences are
not necessary for centromere function (4).
Despite the fundamental differences between budding yeast

and multicellular eukaryotes with respect to sequence determi-
nants of centromere identity, there are common protein deter-
minants. Most important is the histone variant, CenH3 (CENP-
A in mammals and Cse4 in yeast), which replaces histone H3 in
centromeric nucleosomes and is essential for recruitment of the
other structural components of the kinetochore (5). It has been

previously shown that the Cse4 nucleosome wraps DNA in a
right-handed orientation (6, 7), consistent with in vivo observa-
tions of heterotypic tetrameric nucleosomes in Drosophila (8)
and humans (9). However, several studies have shown that
CenH3 nucleosomes are left-handed octamers in vitro (10–14).
To help reconcile these findings, we have characterized yeast

centromeric particles using a single base-pair resolution mapping
method (15). This mapping revealed that the centromere DNA
element (CDE) is well protected in intact particles that also
contain histone H2A, but is preferentially cleaved internally at
sites of binding for sequence-specific factors, termed CDEI and
CDEIII (16), where we mapped distinct particles that, re-
spectively, correspond to the known binding sites for the Cbf1
protein and the Centromere Binding Factor 3 (CBF3) complex.
Using a yeast strain containing multiple copies of Cse4, we found
that Cse4-containing particles incorporate at canonical nucleo-
some positions throughout the genome, and are enriched at sites
of rapidly turning over nucleosomes. The existence of two Cse4
nucleosomal species, a stable particle with a single DNA wrap at
centromeres and an unstable octamer in chromosome arms,
supports a general model in which unstable CenH3 nucleosomes
are rapidly turned over on chromosome arms to maintain one
and only one centromere per chromosome.

Results
Cse4-Containing Chromatin Particles Map Precisely to Functional
Centromeres. We performed MNase digestion of crude yeast
nuclei from log-phase cells grown in rich medium according to
a standard protocol (17), except that we included a needle ex-
traction step to gently but thoroughly solubilize MNase-digested
chromatin (15). This procedure resulted in essentially complete
recovery of MNase nucleosome ladder DNA (Fig. 1A) and sol-
ubilization of most of Cen3 by quantitative PCR (qPCR) (Fig.
S1). In the experiment shown in Fig. 1, we used MNase digestion
times of 2.5, 5, 10, and 20 min, and followed this by ChIP of
FLAG-Cse4. We applied a modified protocol for Solexa library
preparation that results in recovery and sequencing of particles
down to ∼25 bp (15). After paired-end library preparation and
sequencing on an Illumina HiSeq 2000 instrument, we obtained on
average ∼45 million mapped paired-end reads for solubilized
chromatin (the input for ChIP). These mapped fragments showed
two prominent size features: a broad distribution of fragments
ranging in size from ∼20–80 bp, with a peak at ∼30 bp, and
a narrow distribution corresponding to nucleosome-sized DNA
fragments (Fig. 1B). The nucleosomal peaks showed stepwise
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reductions in average size as expected for an MNase series,
ranging from 163 bp (2.5 min) to 151 bp (20 min). For the ChIP
material, we obtained on average ∼23 million mapped paired-end
reads. These reads showed a broader size distribution, with in-
distinct nucleosome-sized peaks, and a broad peak at ∼50 bp for
10- and 20-min digestions (Fig. 1C). A sharp peak at ∼90-bp seen
in the 10- and 20-min samples for both the soluble chromatin
input and the ChIP is attributable to internal cleavage of canonical
nucleosomes (15). In the analyses described below, we used all
mapped fragments regardless of size.
We first mapped the ratio of Cse4/Input using as metric the

paired-end read count density (15). For all 16 chromosomes, the
maximum Cse4/Input occupancy was over the centromere, con-
sistent with a previous genome-wide mapping study (18). How-
ever, that study used cross-linking and sonication before immu-
noprecipitation (X-ChIP), resulting in a low resolution map, with
enrichment extending >300 bp to either side of the center of
functional centromeres (Fig. S2). In striking contrast, our native
chromatin mapping of Cse4/Input at a centromere (Cen4) shows
it to be confined primarily to the Cen4 CDE (Fig. 2A). We at-
tribute the broad distribution of Cse4 obtained by X-ChIP in part
to the large size of sonicated fragments and in part to the cross-
linking of centromeric nucleosomes to flanking nucleosomes and
other proteins. The nearly precise mapping of Cse4 ChIP ma-
terial to Cen4 that we observed using native chromatin delimits
the span of the Cse4 nucleosome to the functional centromere
sequence. Interestingly, the ChIP/Input signal is nonuniform,
showing about twice the protection from MNase over CDEII
than over CDEI and CDEIII for all samples.

To ascertain the generality of this result, we aligned ChIP/
Input profiles for all 16 yeast centromeres around the midpoint
of each CDE and averaged the signal over each base pair. This
analysis confirmed that the clear pattern seen for Cen4 for all
four samples in the MNase series is general, with nearly precise
protection of the functional centromere. Our analysis also
confirms a previous report of precise positioning of MNase-
protected particles over all 16 CDEs (Fig. S3) (19). The greatest
ChIP signal was centered over CDEII, with distinct shoulders
on either side corresponding to partial MNase protection of
CDEI and CDEIII (Fig. 2B). CDEI corresponds to the 8-bp
consensus sequence for Cbf1, a conserved general transcription
factor that is found at a large number of sites throughout the
yeast genome, including centromeres (20, 21). CDEIII corre-
sponds to a 26-bp consensus sequence that is the binding site for
CBF3, a multisubunit complex that is specific for budding yeast
centromeres (22). CDEII is conserved for AT-richness and
length (from 78 to 86 bp), but otherwise has no distinguishing
features (23). Because of the documented presence of Cbf1 and
the CBF3 complex at the CDE, we interpret the higher ChIP
signal for Cse4 over CDEII relative to CDEI and CDEIII as
strong evidence for a well-positioned Cse4-containing particle
precisely over CDEII.

Distinct Particles over CDEI and CDEIII Flank the Cse4 Nucleosome. To
obtain independent confirmation our ChIP/Input occupancy
mapping of CDEs, we analyzed the size distribution of MNase-
protected DNA around centromeres by plotting the length of
each mapped fragment on the y axis versus the distance of its
midpoint location from the midpoint of the CDE on the x axis (a
“V-plot”) (15). Strikingly, we observed a clear V-shaped pattern
centered precisely over the midpoint of the aligned CDEs from
all centromeres (Fig. 3A). The sharp edges of the V map mid-
points of fragments that are cleaved precisely at one edge of the
CDE and extend beyond the opposite edge, and the vertex maps
the midpoint of fragments that are cleaved precisely on both
sides of the CDE (diagramed in Fig. 3B). The vertex corresponds
to a fragment size of ∼120 bp, which is the average size of an-
notated CDEs (http://www.yeastgenome.org), indicating that the
CDE is almost perfectly protected from MNase digestion.
Each diagonal of a V-plot represents a single sharply defined

cleavage on one side of a particle and random cleavage on the
other side (15). In the case of CDEs, we observed an additional
pair of V-shaped patterns, one over CDEI and the other over
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Fig. 1. Paired-end sequencing of soluble chromatin and Cse4 ChIP yields
distinct size classes of MNase-protected particles. (A) Agarose gel analysis of
MNase time-point samples showing DNA from whole nuclei extracted from
strain SBY5146 after MNase digestion (Nuclear), DNA from soluble chro-
matin after needle extraction and pooling of extracts (Solubilized), and DNA
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in size of protected DNA fragments can be seen as jogs in the solubilized
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set of lanes. Size distributions of mapped paired-end reads for Solubilized
chromatin (B) and FLAG-Cse4 ChIP (C), showing the size classes chosen for
further analysis.
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CDEIII (Fig. 3A). These patterns were generated by cleavages
between CDEI and CDEII and between CDEII and CDEIII,
respectively. These internal cleavages were too rare to generate
detectable numbers of CDEII-only fragments, which implies that
each element of the CDE is protected by one of three closely
packed particles that block MNase from cleaving between them.
Interestingly, these Vs in the Cse4 ChIPs fade below ∼50 bp,
suggesting that MNase digestion released these two protected
particles from association with Cse4. Consistent with this in-
terpretation, protected fragments of the expected size and in the
expected position can be observed in total chromatin. Extrapo-
lation of diagonals to the vertex of each V results in a minimum
protected size of ∼10 bp directly over CDEI and of ∼20 bp di-
rectly over CDEIII for both the Cse4 ChIP and the total chro-
matin (red dotted diagonal lines in Fig. 3A). The identification of
distinct protected particles over both CDEI and CDEIII in sol-
uble chromatin indicates that the distinct shoulders observed in
the density plots (Fig. 2) represent partial protection by Cbf1 and
the CBF3 complex that is independent of association with Cse4.
Centromeric sequences were recovered in the solubilized

chromatin fraction used for ChIP at approximately two-thirds
the level of that from total nuclei (Fig. 4 A and B), as if kinet-
ochore attachment rendered a subset of these sequences rela-
tively insoluble. To investigate this possibility, we sequenced
libraries made from pellet-extracted DNA (15), which we found
to be enriched ∼100-fold for the CDE in the 20-min digestion
sample relative to the total nuclear DNA (Fig. 4 A and B). To
determine the minimally protected region of the insoluble kinet-
ochore, we displayed the data from the pellet fraction as V-plots
(Fig. 4C and Fig. S4A). The patterns were nearly identical to those
for Cse4 ChIP (Fig. S4 B and C), which demonstrates that the
tripartite structure of centromeric chromatin can be observed
without ChIP, based exclusively on reduced kinetochore solubility.

Loss of Cbf1 Reduces the Size and Shifts the Location of the
Centromere-Protected Region. It remained formally possible that
a single Cse4-containing particle spans the entire CDE, but the
Cbf1 protein and the CBF3 complex bind DNA that is exposed
on the nucleosomal surface. Surface binding is unlikely consid-
ering that both Cbf1 and CBF3 sharply bend DNA (24, 25), and
also that Cbf1 binding excludes canonical nucleosomes (15, 21).
To directly test the possibility that the Cse4 nucleosome occupies
the entire CDE, we asked whether loss of one of the flanking
particles causes the expected loss of protection of the centro-
meric element that the particle occupies. The CBF3 complex is
essential for viability and for Cse4 nucleosome localization;
however, Cbf1-null mutations are viable. Previously, Kent et al.
(21) had performed paired-end DNA sequencing on MNase-
protected fragments in both wild-type and cbf1Δ strains. We
remapped their raw data to the yeast genome such that all
mappable fragment sizes were included, and constructed average
centromere density plots. For analysis, we separated the paired-
end reads into four size classes: ≤80 bp, 81–110 bp, 111–140 bp,
and >140 bp. We observed that loss of Cbf1 caused a striking
reduction of 22 bp in the median size distribution of fragments
that map to the CDE, with increases in ≤80-bp, 81- to 110-bp,
and 111- to 140-bp size classes relative to the >140-bp size class
(Fig. 5 A and B), with no noticeable change in overall occupancy
(Fig. 5C). We also observed a conspicuous shift of the median
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fragment center, 10-bp closer to the CDEIII side of CDEII, with
encroachment of ≤80-bp particles into CDEI. It is possible that
the continued occupancy of CDEI is caused by the presence of
other DNA-binding proteins in yeast that bind to the same
CACGTG consensus sequence as Cbf1 (26). The reduction and
shift in protection seen in most cells are as expected if Cbf1
protects CDEI in wild-type, but that loss of Cbf1 allows MNase
better accessibility despite occupation of CDEI by other small
particles. Alternatively, loss of Cbf1, which helps to exclude H3
nucleosomes in its vicinity (15, 21), might have reduced pro-
tection of the CDE, allowing transient occupancy by an H3 nu-
cleosome in a small subset of cells.

Small Particles and Well-Positioned Nucleosomes Flank the CDE. V-
plots revealed moderate enrichment of subnucleosome-sized
particles in total chromatin immediately flanking CDEs (Fig.
3A). In the Cse4 ChIP material, we also observed strong en-
richment of ≤80-bp fragments centered ∼50 bp on either side of
the CDEs, which were rapidly depleted with increasing MNase
digestion (Fig. S5). Most subnucleosomal particles mapped
elsewhere in the yeast genome are relatively stable to MNase
digestion (15), which suggests that whatever is protecting CDE-
flanking DNA on both sides might span the CDE. The sub-
nucleosomal particles on either side of the CDE are themselves
flanked by well-positioned H3 nucleosomes (Fig. 3A and Fig.
S5B). The fact that all centromeres have these positioned
nucleosomes at approximately the same distance from the CDE
on both sides confirms and extends previous studies showing that
centromeres are flanked by phased nucleosomes (17, 27).

H2A Is as Abundant at Centromeres as It Is Genome-Wide. Previous
studies have reported depletion of H2A and H2B nucleosomes
at yeast centromeres, suggesting that the only histones in the
Cse4 nucleosome are Cse4 and H4 (28, 29). To determine the
composition of Cse4 nucleosomes in our chromatin prepara-
tions, we performed ChIP of FLAG-tagged H2A followed by
paired-end DNA sequencing. If Cse4 nucleosomes were deficient
in H2A, then we would expect that normalized counts for the
H2A ChIP would be fewer than for the corresponding input
DNA over centromeres. Rather, we found that at all 16 cen-
tromeres, the H2A ChIP signal was equal to that for input DNA
(Fig. 6). The precise positioning of centromeric nucleosomes is
evident from these profiles, insofar as flanking regions showed
wide variations in H2A occupancy, with almost no variation
within the CDE region or between centromeres.
To confirm that our measurements were sufficiently sensitive

to detect differences in H2A occupancy, we examined the single
nucleosome occupying the Gal4 UAS in cells grown in glucose,
which had been shown to be depleted of H2A because of the
high relative abundance of the H2A.Z variant (30). Our H2A

ChIP data showed clear depletion of H2A from this nucleosome
relative to neighboring nucleosomes, confirming the sensitivity
of our profiling assay (Fig. S6A). H2A is similarly depleted from
nucleosomes immediately flanking centromeres (Fig. S6B),
suggesting that these nucleosomes are also enriched for H2A.Z.
For further confirmation of the abundance of H2A at cen-
tromeres, we similarly analyzed published X-ChIP-chip H2A
data from the six centromeres represented on the microarray
used in that study, and obtained a very similar profile to that for
our native ChIP-seq data from all 16 centromeres (Fig. S6B).

Misincorporated Cse4 Particles Are Enriched at Sites of Rapid
Turnover. To directly compare the incorporation of Cse4 to that
of a canonical histone, we performed ChIP using a strain expres-
sing both FLAG-tagged H2A and five to six copies of Myc-tag-
ged Cse4 (Fig. S7). Although FLAG-H2A yielded a nucleosomal
size distribution expected for the degree of MNase digestion used
(∼155 bp), DNA from Cse4-Myc nucleosomes immunoprecipi-
tated from the same solubilized chromatin displayed a broader
size distribution, with a peak at ∼135 bp that is not evident in
control ChIPs from a single-copy Cse4 strain (Fig. 7A). These
∼135-bp protected Cse4 particles are phased at canonical nucle-
osomal positions in highly expressed genes (Fig. 7B), indicating
that they correspond to mislocalized Cse4 nucleosomes. Notably,
their size distribution matches that of partially unwrapped left-
handed CenH3 octamers produced in vitro from purified com-
ponents (Fig. S8A) (10, 13). Therefore, it is likely that excessive
amounts of Cse4 led to the formation of conventional left-handed
octameric particles in vivo that were deposited as nucleosomes
genome-wide, in contrast to the much smaller Cse4 particle con-
fined to the ∼80-bp CDEII.
We asked where the larger Cse4 particles in the overproduc-

tion strain were assembled by mapping them genome-wide. We
found that Cse4-Myc and FLAG-H2A ChIP peaks precisely
coincided, which implies that overproduced Cse4-Myc nucleo-
somes are incorporated in place of H3 nucleosomes genome-wide
(Fig. 7C). However, the profiles were quantitatively different.
For example, by taking the ratio of Cse4-Myc to FLAG-H2A
over the SNT1-FEN1 region, which has been previously charac-
terized with respect to its rate of turnover (31), we found that
peaks of Cse4 incorporation corresponded closely to sites of
rapidly turning-over (“hot”) nucleosomes (Fig. 7C) and around
5′ ORFs genome-wide (Fig. S8B). We also compared Cse4 and
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Fig. 6. The Cse4 nucleosome contains H2A. ChIP-seq profile of the differ-
ence in normalized counts between H2A and Input over all 16 centromeres
after ChIP of H2A-FLAG from strain SBY2688, showing that H2A = Input (i.e.,
H2A − Input = 0). If H2A were absent from centromeres, H2A − Input would
equal −1 (No H2A). Fragments larger than 200 bp were excluded to avoid any
contribution from dinucleosomes. Similar centromeric results were obtained
by plotting published data of crosslinked chromatin followed by ChIP-chip
(Fig. S6C). The expected depletion of H2A at the H2A.Z-enriched Gal4 UAS is
confirmed in Fig. S6A. The variability in flanking nucleosomes is probably
because of the variable abundance of H2A.Z in canonical nucleosomes.
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H2A abundances to nucleosome turnover rates globally, and
found that Cse4 was in general enriched at sites of high turnover,
whereas H2A was depleted from these same sites (Pearson’s
r = 0.52) (Fig. 7D). Similar findings of Cse4 misincorporation at
sites of hot nucleosomes have been reported for strains that
overproduce Cse4 as a result of mutations in components of the
nucleosome assembly apparatus (32). Despite the fact that Cse4-
Myc is the only Cse4 copy present in this overproducing strain,
the misincorporated particles have evidently not formed func-
tional centromeres, as the strain grew normally.

Discussion
We have used native ChIP and paired-end sequencing to map
Cse4 nucleosomes to centromeres at high resolution. We found
that Cse4 nucleosomes are confined to the central ∼80-bp CDEII
region of functional centromeres, tightly flanked by distinct small
particles over CDEI and CDEIII. This finding confirms that DNA
wraps only once around a Cse4-containing core (33), as implied by
our previous study showing that Cse4 nucleosomes induce

positive supercoiling at functional centromeres in vivo (6). Our
findings are consistent with the observation that singly wrapped
CenH3 particles also occupy Drosophila and human centromeres
(8, 9), suggesting that this organization is a universal feature of
centromeric nucleosomes. Singly wrapped tetrameric nucleo-
somes are universal for archaea (34), as if centromeres have
retained the ancestral nucleosomal organization.
Our native ChIP-seq analysis also showed that H2A is present

at all 16 yeast centromeres at the same level as over the rest of the
genome. We confirmed this result by analyzing X-ChIP data from
a published study (35). Because that study was performed on
formaldehyde cross-linked chromatin by the same laboratory that
previously reported deficiency of H2A over centromeres (28), we
might attribute the different outcomes to the use of sonication in
the first study to fragment and solubilize DNA, versus the use of
MNase in the second study (35). It is possible that sonication
caused loss of poorly cross-linked nucleosomes, and differences in
the degree of cross-linking of different histones (8) might have
resulted in discrepant ChIP efficiencies between them. The ex-
cellent concordance between our study using native chromatin
and that of Luk et al. (35) using cross-linked chromatin confirms
that H2A is as abundant over centromeres as it is over the entire
genome, as expected for a centromeric particle containing all four
histones. Our findings are consistent with a report that the Mif2
kinetochore-specific protein coimmunopurifies with Cse4, H4,
H2A, and H2B, but not detectably to H3, when purified without
cross-linking or enzymatic DNA fragmentation (36).
The low recovery of Cse4 nucleosomes isolated using standard

MNase digestion protocols that is evident from our work and that of
others (19) (Fig. S9) confirms previous findings of centromere hy-
persensitivity toMNase digestion inSchizosaccharomyces pombe (37)
and Drosophila (8). This low recovery also raises questions about
reports of what appear to be conventional CenH3 octameric nucle-
osomes isolated from diverse eukaryotes (38, 39), because these
particles were extracted under conditions that led to depletion of
yeast centromeric chromatin, which we might attribute to cata-
strophic loss by cleavage within the singly wrapped CenH3 particle.
Our finding that nonfunctional octamer-like Cse4-containing par-
ticles are present at noncentromeric sites of high turnover pro-
vides a possible alternative explanation for the immunoprecipita
tion of octameric nucleosomes in some studies (38, 39), but tet-
ramers in others (8, 9). The∼90%AT-richness of CDEIImight be
an adaptation to prevent formation of these aberrant particles at
functional centromeres, which would explain why octameric Cse4
nucleosomes fail to assemble on CDEs in vitro (12, 14, 40).
Misincorporation of Cse4 at sites of hot nucleosomes have

been reported for strains that overproduce Cse4 as a result of
mutations in components of the nucleosome assembly apparatus
(32). Cse4 nucleosomes are also enriched at promoters of highly
transcribed genes in strains that do not overproduce Cse4 (14,
18) (Fig. S8C), suggesting that high turnover is a normal mech-
anism for evicting misincorporated CenH3 from chromosome
arms (11) (Fig. 7E). At centromeres, multiple factors would fa-
vor incorporation of a single stable tetramer, including exclusion
of H3 octamers by Cbf1 (15, 21), the 90% AT-richness of CDEII,
which resists assembly of Cse4 octamers (14, 40), and the re-
cruitment of Cse4 by the adjacent CBF3 complex (41). In mul-
ticellular eukaryotes, heterochromatin condensation would help
to stabilize CenH3 tetramers by preventing nucleosome turnover
(42). Our detection of two distinct forms of Cse4 particles, one at
centromeres and the other on chromosome arms, thus reconciles
seemingly conflicting reports of left-handed CenH3 octamers
produced in vitro (10–14) and of right-handed wrapping (6) and
heterotypic CenH3 tetramers (8, 9) observed in vivo.

A B

C

D E

Fig. 7. Overproduced CenH3 particles occupy canonical nucleosome posi-
tions and protect ∼135 bp. Size distributions (A) of mapped fragments for
FLAG-H2A (magenta) and Cse4-Myc (green) ChIPs, including a FLAG-Cse4 size
distribution from a control (blue). See also Fig. S8A. (B) V-plots show nu-
cleosomal fragments from the 20 most highly expressed genes aligned at
their 5′ ORF ends. Black lines indicate median fragment sizes. (C) Over-
produced Cse4-Myc and H2A over the SNT1-FEN1 region showing enrich-
ment of Cse4/H2A (Top), an aligned hot nucleosome map reproduced from
Dion et al. (31) (Middle), and enrichment of Cse4 and H2A (Bottom). (D)
Scatterplot of ChIP signals versus turnover rates for Cse4/H2A. (E) Model in
which CenH3 hemisomes are stably held in place by Cbf1 and CBF3, whereas
unstable CenH3 octamers are rapidly evicted from chromosome arms and
targeted for degradation.
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Materials and Methods
Strains used in this study are listed in Table S1. Preparation of yeast nuclei,
MNase digestion, and DNA extraction steps were performed as described
(15). ChIP was performed as previously described (17).

Paired-end libraries were prepared using either our modified protocol
(15) or the standard Illumina protocol, followed by at least 20 rounds of
paired-end sequencing in an Illumina HiSeq 2000 by the Fred Hutchinson
Cancer Research Center Genomics Shared Resource. Data were processed
and mapped to Version 61 of the yeast genome using Novoalign (www.
novocraft.com), as previously described (15). SRA SRR058444 and
SRR058445 data were mapped similarly with Bowtie (http://bowtie-bio.
sourceforge.net/) using default parameters. Solexa data analysis was

performed as previously described (15), except that the fraction of mapped
reads spanning each base pair was multiplied by the total number of base
pairs in the reference sample to give a normalized count for that base pair.
To construct V-plots, a table of fragment midpoint and length pairs was
displayed using the scatterplot function of Kaleidograph (version 4.1;
Synergy Software).
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