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Centromere protein A (CENP-A) is an essential
centromere-specific histone H3 homologue. Using
combined chromatin immunoprecipitation and DNA
array analysis, we have defined a 330 kb CENP-A
binding domain of a 10q25.3 neocentromere found on
the human marker chromosome mardel(10). This
domain is situated adjacent to the 80 kb region identi-
fied previously as the neocentromere site through
lower-resolution immunofluorescence/FISH analysis
of metaphase chromosomes. The 330 kb CENP-A
binding domain shows a depletion of histone H3, pro-
viding evidence for the replacement of histone H3 by
CENP-A within centromere-specific nucleosomes. The
DNA within this domain has a high AT-content com-
parable to that of o-satellite, a high prevalence of
LINEs and tandem repeats, and fewer SINEs and
potential genes than the surrounding region. FISH
analysis indicates that the normal 10g25.3 genomic
region replicates around mid-S phase. Neocentromere
formation is accompanied by a replication time lag
around but not within the CENP-A binding region,
with this lag being significantly more prominent to
one side. The availability of fully sequenced genomic
markers makes human neocentromeres a powerful
model for dissecting the functional domains of com-
plex higher eukaryotic centromeres.

Keywords: CENP-A/centromere/chromatin/
neocentromere/replication timing

Introduction

The centromere is an essential structure that coordinates
the correct segregation of chromosomes during cell
division. Human centromeres generally contain large
arrays of the 171 bp, tandemly repeated o-satellite (or
alphoid) DNA (reviewed in Choo, 1997a). Human
neocentromeres represent a new class of centromere
lacking alphoid DNA, thought to originate through the
epigenetic modification of normal, often euchromatic,
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genomic DNA in response to chromosomal rearrange-
ments that result in the loss of a normal centromere (Choo
1997b; Depinet et al., 1997; Warburton et al., 2000).
Immunolocalization studies of >20 functionally important
centromere proteins have confirmed the structural and
functional similarity of neocentromeres and normal
centromeres (Saffery et al., 2000).

Studies in yeast have shown recently that eukaryotic
centromeres are made up of a number of structurally and
functionally distinct molecular domains (Megee et al.,
1999; Partridge et al., 2000; Pinto and Winston, 2000).
Similar studies in higher eukaryotes have been hampered
by the presence of large tandem arrays of amorphous
repetitive DNA. Neocentromeres, which lack such highly
repetitive sequences, carry unique genomic markers that
should provide an unparalleled model system for the study
of the detailed organization of the complex centromeres of
higher eukaryotes.

The nucleosomal structure of the higher eukaryotic
centromere is poorly understood. CENP-A is a 17 kDa
protein that associates with all active centromeres includ-
ing neocentromeres (Palmer et al., 1987; Warburton et al.,
1997; Saffery et al., 2000). Molecular analyses of
CENP-A homologues in yeast (Csedp in Saccharomyces
cerevisiae and SpCENP-A in Schizosaccharomyces
pombe) have suggested a strong association of these
proteins with the specialized centromere chromatin struc-
ture (Meluh et al., 1998; Glowczewski et al., 2000;
Takahashi et al., 2000). In vitro reconstitution experiments
have demonstrated the capacity of CENP-A to replace
histone H3 for the packaging of o-satellite DNA into the
familiar ‘beads-on-a-string’ primary chromatin structure
(Yoda et al., 2000). Cenpa gene disruption in mice has
demonstrated an essential role of the protein for CENP-C
localization and assembly of kinetochores in early embry-
onic cells (Howman et al., 2000). Thus, CENP-A plays an
important role in mediating the formation of specialized
nucleosomes at the centromere and is, therefore, a prime
candidate for a centromere-specific epigenetic marker
(Choo, 2000).

The timing of CENP-A expression has suggested that
late replication of centromere DNA may underlie the
epigenetic regulation of centromere formation (Shelby
et al., 1997, Csink and Henikoff, 1998). However, most
evidence suggests that higher eukaryotic centromeres
replicate at different times throughout the second half of
S phase (Camargo and Cervenka, 1982; Ten Hagen et al.,
1990; Vig et al., 1990; O’Keefe et al., 1992; Haaf and
Ward, 1994; Haaf, 1997). Further detailed replication
study has been difficult due to the paucity of genomic
markers within these centromeres.

We have described previously the characterization of a
neocentromere at the 10q25.3 region of a marker chromo-
some mardel(10) (Voullaire et al., 1993; du Sart et al.,
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1997; Barry et al., 1999, 2000). Here, we have employed a
novel strategy involving chromatin immunoprecipitation
and genomic array analysis to define the CENP-A binding
DNA domain of this neocentromere. The binding profile of
histone H3, as well as the replication and sequence
properties of the CENP-A and surrounding DNA domains
are presented.

Results

Construction of a BAC contig containing the
10925.3 neocentromere

A sequence contig spanning a region of ~5 Mb and
containing the mardel(10) neocentromere was constructed
(Figure 1A). This contig encompasses the entire chromo-
some band 10q25.3 (originally 10q25.2; Voullaire et al.,
1993) and contains all the bacterial artificial chromosomes
(BACs) and other probes used in this study.

A 700 kb CREST#6 binding domain on mardel(10)
Chromatin immunoprecipitation and array (CIA) analysis
was performed initially on the somatic cell hybrids 1f and
5f, containing the normal chromosome 10 and mardel(10),
respectively, using an anti-centromere antiserum,
CREST#6 (du Sart et al., 1997). Oligonucleosomes
obtained from micrococcal nuclease digestion of nuclei
were used as the input fraction in chromatin immunopre-
cipitation. Immunoprecipitated chromatin was captured by
protein A—Sepharose (bound fraction). DNA extracted
from both input and bound fractions was randomly
amplified by degenerate oligonucleotide-primed (DOP)
PCR for use as probes on an array of dot-blotted BACs
mapped to the 10q25.3 sequence contig (Figure 1). As a
positive control, the hybridization signals for o-satellite
DNA were compared for the bound and input fractions in
1f and 5f. The results indicated that for both cell lines, the
bound fraction yielded 200-300 times enhancement of the
o-satellite signals over the input fraction (n = 4), verifying
the effectiveness of this procedure in substantially enrich-
ing for centromere-specific chromatin (data not shown).
When the relative hybridization signals for the bound
and input fractions in 1f and 5f across the 10g25.3 array
were determined, a major peak was observed in the bound
fraction of 5f over that of If, spanning BACs ES,
bA338L11, bA87P3, bA153GS5, bA359H22, bASTE14
and bA48L24 (p <0.01; Figure 2A, filled circles; see
also Supplementary data available at The EMBO Journal
Online). The remaining BACs on the array gave only
baseline values. The minimal CREST#6 binding region

spanned ~700 kb, centring around the two overlapping
BACs bA153G5 and bA359H22 (Figures 1B and 2A).
Similar results were not observed when 1f was compared
with another somatic hybrid cell line, GM10926D, con-
taining a normal chromosome 10 (Figure 2A, open
circles).

CENP-A binds to a 330 kb domain
CIA analysis of 1f and 5f was repeated using a polyclonal
anti-mouse CENP-A antibody (Figure 2B). For both cell
lines, hybridization of the immunoprecipitated chromatin
DNA on to the o-satellite spot yielded 250- to 435-fold
enhancement (n = 4) of the signals for the bound fraction
over the input fraction (data not shown), again establishing
the effectiveness of this antibody for the immunoprecipi-
tation of centromeric chromatin. Such a significant
enrichment of o-satellite DNA has also been described
previously using standard chromatin immunoprecipitation
(similar to that used in the first part of our CIA technique)
with an anti-CENP-A antibody (Vafa and Sullivan, 1997).
When the relative hybridization profiles for the bound
and input fractions in 1f and 5f were compared across the
10g25.3 contig (Figure 2B; see also Supplementary data),
three different BACs in the 5f sample (bA87P3, bA153G5
and bA87E14) showed significantly elevated hybridization
signals (p <0.01). The peak for these signals was approxi-
mately four times greater than that obtained with the
CREST#6 antibody, probably reflecting the greater speci-
ficity of the anti-CENP-A antibody. Other BACs within
the contig did not show a significant difference between 1f
and 5f. Note that while the region showing the highest
CENP-A binding (bA153GS5) coincided with that seen for
CREST#6, E8 and bA48L24, which both mapped to the
shoulders of the CREST#6 peak, did not produce
specificities significantly above the baseline. Taking into
account the non-CENP-A binding status of flanking
overlapping BACs (bA338L11 and bA48L24 on the ¢
and p’ sides, respectively), the minimal CENP-A binding
domain was estimated to be ~330 kb (Figure 1B).

Depletion of histone H3 within the CENP-A
binding domain

Since CENP-A is a histone H3-related protein, we have
determined the status of normal histone H3 within the
CENP-A binding domain using an anti-histone H3 anti-
body in the CIA procedure. The results indicated a
significant depletion of histone H3 in the region where
CENP-A was observed to bind maximally, represented by

Fig. 1. Contig map of the 10g25.3 neocentromere and surrounding DNA on the mardel(10) chromosome. (A) Ideogram of the G-banded mardel(10)
chromosome and arrangement of the 5 Mb sequence contig. Positions of the BACs used for CIA analysis are shown, together with the probes used

for replication timing analysis (indicated with an asterisk). The map was constructed using an overlapping BAC contig, a subset of which is used in
this study, with additional mapping data from the Sanger Centre and sequence data derived from the Celera Corporation. The sizes of the bars are
proportional to the size of each BAC or FISH probe. The shaded region represents the CENP-A binding domain. The distal p” BAC bA287C20 was
used as a control in the CIA experiments. (B) Detailed relative positions of the BACs used to delineate the CENP-A and CREST#6 binding regions.
CENP-A binding BACs are shown in black and CREST#6 binding BAC names are in bold and italics. BAC bA109P10 did not show significant
binding to CENP-A and was not used in CREST#6 experiments. Determination of the boundaries of the CENP-A and CREST#6 binding domains
(shown as horizontal bars below) takes into account the overlapping regions (vertical dotted lines) of flanking non-binding BACs. a—g represent probes
within this region used for replication timing experiments, where probes ¢ and f define the inner boundaries of two regions of delayed replication (R1

and R2) immediately flanking the CENP-A binding domain (see Figure 3).
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the two overlapping BACs bA153G5 and bA359H22
(p <0.01; Figure 2B and C; see also Supplementary data).
The magnitude of the decrease in H3 binding relative to
the surrounding genomic regions, however, was not as
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marked as the increase seen for CREST#6 and CENP-A.
This could reflect differences in antibody affinities and/or
the much greater abundance of total genomic histone H3
that would be expected to be immunoprecipitated.
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Fig. 2. Distribution of CREST#6 antigens (A), CENP-A (B) and
histone H3 (C) along the 10q25.3 BAC contig as determined by the
CIA procedure. The y-axis represents the percentage difference
between the normalized bound/input ratio of 5f and If (filled circles)
or the difference between 1f and the somatic cell hybrid GM10926D
(open circles in A). Each data point is the mean of four or five
independent experiments and is shown with standard errors. BAC
locations are represented on the x-axis by their midpoints relative to
the start of the contig. Positions of BACs with signals significantly
deviating from the baseline (p <0.01) are indicated on the graphs with
an asterisk. The position of E8 is also indicated on (B) and (C),
reference BACs are indicated above the graphs, and the positions of
all remaining BACs can be obtained from their relative positions in
Figure 1A.

Replication timing changes around the
neocentromere

An initial low-resolution analysis using BrdU (5-bromo-
2’-deoxyuridine) incorporation before Colcemid arrest
indicated that the mardel(10) neocentromere replicated
just after the middle of S phase (J.M.Craig, E.Earle and
K.H.A.Choo, in preparation). To obtain a higher-reso-
lution analysis, a fluorescence in situ hybridization (FISH)
assay was employed (Kitsberg et al., 1993; Bickmore and
Carothers, 1995; Boggs and Chinault, 1997). In this assay,
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Fig. 3. Replication timing at the 10q25.3 neocentromere. (A) Results
from the FISH replication assay. The average percentages of double
signals for each probe (inversely proportional to replication time),
along with error bars (*1 SD), are plotted for the 1f (open circles) and
5f (filled squares) somatic cell hybrids carrying a normal chromosome
10 and the mardel(10) chromosome, respectively. The CENP-A binding
domain is indicated by the shaded box. Data points with statistically
significant differences between 1f and 5f are highlighted with either *
(p <0.05) or ** (p <0.01). The horizontal dotted line defines mid

S phase and arbitrarily separates early (above the line) from late (below
the line) S phase. (B) Relationship of the replication pattern with the
minimal CENP-A and CREST#6 binding domains at the mardel(10)
neocentromere. R1 and R2 represent the two domains of delayed
replication that have accompanied neocentromere formation. R1, a
relatively small region of 80-200 kb, residing q” of the CENP-A
binding region, replicates ~10% later (p <0.05), while R2, which spans
a significantly larger domain of ~1 Mb, to the p’ side of the CENP-A
binding region, replicates ~20% later (p <0.01) on the neocentromeric
chromosome.

a length of DNA is judged to have replicated when it can
be detected as a double spot using FISH. It relies on the
fact that the probes used are of appropriate size to produce
only a single spot before replication and two after.
Replication time is inferred from the relative number of
S-phase nuclei in an asynchronous cell population with
single or double FISH signals, with the time expressed as a
percentage of S phase elapsed by the time the probe region
completes replication. This elapsed time is inversely
proportional to the percentage of double FISH signals
(Bickmore and Carothers, 1995). Since the ascertainment
of individual alleles within diploid nuclei is known to be
troublesome, due to replication asynchrony and technical
artefacts (Haaf and Ward, 1994; Bickmore and Carothers,
1995; Smith and Higgs, 1999), we chose to measure
replication timing in 1f and 5f cells. This was a valid
approach given that other studies have shown that
replication times are maintained when human chromo-
somes and genes are transferred to heterologous vertebrate
systems (Smith and Higgs, 1999 and references therein).
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Table I. Summary of the sequence analysis of the 10q25.3 BAC contig

Sequence motifs

CENP-A binding region Non-binding region p value Genome average (>64%) AT-rich average

Base composition AT, % 65.4
Repeats tandem repeats®, % 5.5
satellites®, % 0
LINEs, % 437
L1, % 40.6
SINEs, % 6.3
Alus, % 5.1
LTRs, % 9.8
DNA elements, % 2.9
Protein binding motifs HMG14¢ 25.6
topo II*¢ 9.3
CENP-Beh 0
Genes predicted gene density®'  0.30
CpG island density® 0

58.3 <0.001 58.0% n/a
2.3 <0.05 n/a n/a
0 1 n/a n/a
14.7 <0.05 18.52 26.28
11.0 <0.05 15.0* 23.28
12.9 <0.001 14.12 6.32
10.0 <0.001 11.8* 4.82
6.1 >0.05 7.82 7.28
2.9 >0.05 n/a n/a
16.2 <0.001 17.7f n/a
6.2 >0.05 n/a n/a
1 n/a n/a n/a
1.1 n/a 2.6 1.00
0.53 n/a 1.4 0.37)

To facilitate statistical analysis of differences between the two regions, the 330 kb CENP-A binding region was split into four equal segments of
82.5 kb, which were analysed separately. Similarly, the non-binding regions were split into 32 segments of 100 kb and one of 70 kb. Results are
averages for each region unless otherwise stated and p values from r-tests comparing both regions are also given. Where known, values for average
genomic sequences and genomic AT-rich sequences are quoted in the final two columns.

aFrom Smit (1999).

PTandem repeats were classed as being two or more copies of any repeat of unit length =2 bp.
cSatellite repeats (with % homology to consensus): o-satellite (80%); B-satellite (100%); y-satellite (100%); 48 bp repeat (100%); classical satellites Ia

and Ib (100%); classical satellite IIT (100%, two or more copies in tandem).

dPer kb.

€100% homology to consensus.

fFrom Barry et al. (1999).

gPer 100 kb.

"Number of matches.

iFigures were calculated for whole binding and non-binding regions only.

Predicted gene density for the whole genome and for AT-rich G bands (Craig, 1995).

n/a, not applicable/attempted.

Seventeen probes distributed across the 10g25.3 contig
(Figures 1A and 3A) were hybridized to S-phase nuclei
from 1f and 5f cells. Hybridization efficiency for these
experiments was >95%. Two hundred nuclei were scored
for each of four separate experiments. The proportion of
nuclei with FISH signal doublets for the normal chromo-
some 10 in 1f cells fell between 37 and 63%, indicating
that the whole contig region on a normal chromosome
10 replicated around the middle of S phase (Figure 3A,
open circles; see also Supplementary data). Use of an
additional chromosome 10-containing somatic cell hybrid,
GM10926D, produced statistically identical results to that
of 1f, indicating a reproducible replication pattern in two
independently derived cell lines.

When the replication time was determined for the same
region on the mardel(10) chromosome in 5f cells, two
regions showing significantly delayed replication times
were observed (Figure 3A, black squares). The first region,
defined by Y3C3 and Y3C33 and spanning a maximum of
200 kb, was located q” of the CENP-A binding domain and
overlapped with the CREST#6 binding domain
(Figures 1B, 3A and B). This region replicated ~10%
later in mardel(10), bringing its replication time to ~50%
through S phase. Note that at p = 0.40 and 0.026 for
Y3C33 and Y3C3, respectively, this difference was only
just significant. In contrast, the second region immediately
p’ of the CENP-A binding domain, and spanning ~1 Mb
(Figure 3A and B), showed a more pronounced and highly
significant delay in replication timing on the mardel(10)
chromosome compared with the same region on normal

chromosome 10 (by 18-22%; 0.000075 < p < 0.0095).
Thus, the replication time of this p’ region has changed to
around two-thirds of the way through S phase (27-37%D,
Figure 3A). Interestingly, sandwiched between these
two regions of delayed replication, four probes,
bA87P3-PCRF, bA153G5-RF, bA153G5-PCRF and
bA48L24-PCRF, showed no significant change in repli-
cation time. Two of these probes (bA153G5-RF,
bA153G5-PCRF) were localized within the CENP-A
binding domain (Figures 1B and 3A).

Sequence analysis around the neocentromere

To investigate possible DNA sequence features that may
be associated with neocentromere formation, the sequence
of the 330 kb minimal CENP-A binding domain was
compared with that of the surrounding 3.17 Mb, the
human genome in general, and for AT-rich genomic
regions (Table I). The CENP-A binding region demon-
strated a significantly higher average AT content (65.4%)
than the surrounding DNA (58.3%) or the rest of the
genome (58%). This places the CENP-A binding region
amongst the most AT-rich euchromatic regions in the
genome (Bernardi, 1995; Smit, 1999). Within this region,
there were two AT-rich islands of a size comparable to that
of the AT28 region found in E8 (Barry et al., 1999)
containing >500 bp of >80% AT. Within each of these
regions were ~65% perfect AT-rich tandem repeats of
unit length 27 and 30 bp, repeated 10 and seven times,
respectively. Indeed, the overall content of tandem
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repeats (two or more copies of unit length of >2 bp)
was significantly higher within the CENP-A binding
region.

No tandem repeats normally found in and around human
centromeres (Choo, 1997a; Barry et al., 1999) were
detected in the contig. Of the interspersed repeats
analysed, the CENP-A binding region contained a signifi-
cantly higher level of long interspersed nuclear elements
(LINEs) and a significantly lower level of short inter-
spersed nuclear elements (SINEs) than the surrounding
DNA. SINEs and LINES are the most common types of
retrotransposon in the human genome. An average of
43.7% LINEs was seen in the CENP-A binding region,
compared with 14.8% for the rest of the contig, 18.5% for
the rest of the genome and 26.2% for AT-rich (>64% AT)
genomic sequences. The density of the L1 family of
elements, which represents the majority of LINEs (Smit,
1999), within the CENP-A binding region (40.6%) was
also much greater than in the non-binding DNA (11%), the
genome as a whole (15%) and AT-rich regions (23.2%).
There are, however, a small number of genomic regions
with similar LINE densities to those of the CENP-A
binding region, including AT-rich regions on the
X chromosome (Smit, 1999).

The CENP-A binding region also contained a lower
percentage of SINEs, of which Alus are the largest
subgroup. This region contained an average of 6.3%
SINEs and 5.1% Alus, lower than that of the surrounding
DNA (12.9% SINEs and 10% Alus) and the genome
average (14.1% SINEs and 11.8% Alus). However, the
SINE and Alu densities were similar to that expected for
such an AT-rich region (6.3 and 4.8%, respectively; Smit,
1999).

Levels of long terminal repeats (LTRs) and DNA
retrotransposon elements were slightly but not signifi-
cantly higher than those found elsewhere within the
10g25.3 contig. When the binding sites for three
centromere-associated proteins, HMG1, DNA
topoisomerase II (topo II) and CENP-B, were analysed,
only that for HMG1 was significantly more abundant
within the CENP-A binding region. However, as the
recognition sequence for HMG1 is AT rich, this may
simply reflect the AT richness of the region. Only one
CENP-B binding motif was found in the contig, outside
the CENP-A binding domain. Finally, the CENP-A
binding domain showed a much lower density of predicted
genes and CpG islands (associated with 50-60% of all
genes) than the non-binding BACs. Only one putative gene
was predicted within the CENP-A binding domain, which
had no CpG islands. However, the predicted gene density
is similar to that found within AT-rich DNA (Bernardi,
1995; Craig, 1995). Thus, the CENP-A binding region of
the mardel(10) neocentromere appears to have a higher AT
content, significantly more L1s and fewer Alu repeats, and
is genetically less active, than the surrounding DNA and
the genome as a whole.

A similar analysis was performed on the regions
exhibiting significantly delayed replication after neocen-
tromere formation. No major differences were observed
between these regions and the rest of the contig, only a
lower Alu repeat density and a slightly lower gene density
(see Supplementary data).
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Discussion

CENP-A binds to an ~330 kb domain on the
mardel(10) neocentromere

Previous mapping of the 10g25.3 neocentromere of
mardel(10) was performed on chromosomes using com-
bined immunofluorescence and FISH (du Sart ef al., 1997).
Within the limitations of fluorescence microscopy and the
resolution afforded by condensed, mechanically stretched
chromosomes, we defined a 640 kb YAC clone (YAC-3)
that spanned the CREST#6 binding region. This region
was further localized to an 80 kb BAC (E8) within
YAC-3, but a definitive boundary of this domain could not
be ascertained by the approach used (du Sart et al., 1997,
Cancilla et al., 1998). In the present study, we have re-
investigated the CREST#6 binding profile using the
higher-resolution CIA method. The results confirm that
ES8 resides within the CREST#6 binding domain (~700 kb
in size), but is located at the edge of this domain. CIA
analysis using a CENP-A-specific antibody showed strong
binding to the same CREST#6 binding region, although
the width of the binding peak was noticeably narrower
than that of CREST#6, covering ~330 kb and not includ-
ing E8. The difference between the position of E8 relative
to CREST#6 in the present and earlier studies (du Sart
et al., 1997) is possibly due to non-uniform stretching of
chromosomes employed in the initial study (e.g.
Heiskanen et al., 1996), the differences in the topology
of DNA packaged into metaphase chromosomes, and/or
the more accurate and greater molecular resolution offered
by the present approach.

The reasons for the observed variation between the
widths of the CREST#6 and CENP-A peaks is at present
unclear. It is possible that differences in the affinities of the
CREST#6 and CENP-A antibodies may account for this
variation. However, a more plausible explanation may be
related to the potentially greater antigenic heterogeneity of
the autoimmune patient-derived CREST antiserum. As we
have shown earlier (Voullaire et al., 1993; du Sart et al.,
1997), CREST#6 contains, in addition to the anti-CENP-A
antibody, a second characterized antibody, to CENP-B,
which is absent at the neocentromere (du Sart et al., 1997).
We therefore cannot exclude the possibility that antibodies
against other centromeric antigens may also be present.
Such antigens may bind to the regions within and/or
peripheral to the critical CENP-A-associated domain and
thus give the expanded width of the CREST#6 peak in the
CIA analysis. As will be discussed below in relation to the
replication data, it is possible that the mammalian
centromere may contain multiple structurally distinct
chromatin domains, of which the CENP-A binding domain
is only one. The extent of a functional mammalian
centromere has not been previously defined. Our data
suggest that the extent to which the 10925 neocentromere,
as defined by CENP-A binding, spans ~330 kb of DNA.
However, in view of the above discussion, it is probably
premature at present to assume that the CENP-A binding
domain is the only important component for consideration
when attempting to define the functional extent of a
centromere or a neocentromere. Future studies including
the use of specific antibodies against other proteins, such
as CENP-C or those that are involved in cohesion or
heterochromatin, will be necessary to address the ‘simple’



question of how big a centromere really is. The CIA
method described here should facilitate such studies.

In our earlier study, we compared extensively the
restriction map of the mardel(10) neocentromere region
with its progenitor normal chromosomal region (du Sart
et al., 1997). Within a domain of up to 1 Mb, which
includes the entire CENP-A binding domain defined in the
present study, no significant difference was seen between
the two chromosomes. This suggests that the DNA
underlying the CENP-A binding domain was not signifi-
cantly altered between the mardel(10) and its progenitor
chromosome, at least at the level of restriction mapping.
Thus it is likely that the formation of the ~330 kb CENP-A
binding domain on the mardel(10) is epigenetically
controlled, although final confirmation will await direct
sequence analysis of DNA derived from mardel(10) and its
progenitor chromosome, as was carried out previously
with E8 (Barry et al., 1999, 2000).

Sequence analysis indicates that the CENP-A binding
region coincides with a peak in AT, tandem repeat and
LINE retrotransposon content and a trough in SINE
content. It is possible that this AT-rich region was
competent for neocentromere formation because of its
relative genetic inertness, which would result in a minimal
disruption to cellular physiology. It is also possible that
neocentromeres are assembled preferentially within re-
gions of high AT content or LINE density for structural or
conformational advantages. Interestingly, a similar se-
quence analysis of a second neocentromere at chromo-
some 20p12 identified through the CIA procedure has
revealed that although a similar trough in SINE density
was found, no extremes of LINE elements or gene density
were present within the CENP-A binding region (Lo et al.,
2001). A common feature shared between these two
neocentromeres and with o-satellite DNA appears to be a
high AT content (65% for the 10q25.3 neocentromere,
61.1% for the 20pl2 neocentromere and 62.6% for
a-satellite DNA, compared with a genome average of
58%). As AT-rich DNA has a narrower minor groove than
GC-rich DNA, it is possible that these regions of DNA
may have a greater affinity for factor(s) involved in the
maintenance of centromere structure. The application of
the CIA strategy described for the rapid identification of
the CENP-A binding domains of other neocentromeres
should allow more extensive sequence comparison and the
identification of common features that might permit or
predispose to neocentromere formation.

Histone H3 is depleted at the site of

CENP-A binding

CENP-A is a histone H3-like protein that has been
proposed to play a primary role in the formation of
centromere-specific chromatin (Choo, 2000; Maggert and
Karpen, 2000). Studies in yeast have provided evidence
for the involvement of the CENP-A homologue Cse4p in
the organization of specialized centromeric chromatin
(Meluh et al., 1998; Keith et al., 1999; Glowczewski et al.,
2000). The complementary distribution profile observed
for CENP-A and histone H3 in this study demonstrates that
histone H3 is significantly depleted in the CENP-A
binding domain, thus providing evidence for replacement
of H3 by CENP-A in centromeric nucleosomes. This
conclusion is supported by studies showing that CENP-A
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co-purifies with core histones and with nucleosome core
particles (Palmer et al., 1987), can replace histone H3 in
nucleosome reconstitution in vitro (Yoda et al., 2000) and
self-associates in vivo (Chen et al., 2000). Furthermore,
CENP-A binding, o-satellite-containing chromatin was
shown to exhibit phased nucleosomal arrays (Vafa and
Sullivan, 1997). In addition, preliminary CIA analysis
using antibodies to other core histones has shown no
difference in nucleosomal density around the 10q25
neocentromere (A.W.I.Lo, unpublished data). However,
it remains unclear whether the observed CENP-A binding
domain is completely devoid of histone H3 or whether
only a subset of centromeric nucleosomes contains
CENP-A.

Replication timing of the neocentromere region
We have presented evidence that the CENP-A binding and
surrounding regions replicate within the third quarter
(50-75%) of S phase. This supports the majority of data
obtained from mammalian centromeres containing repeti-
tive DNA, showing replication in mid S phase (O’Keefe
et al., 1992; Haaf, 1997) or throughout late S phase
(Camargo and Cervenka, 1982; Ten Hagen et al., 1990;
Vig et al., 1990). Thus, it appears that centromeres as a
group replicate between the middle and the end of S phase.
It also seems that the replication time of individual
centromeres occurs within a particular time-span rather
than at a fixed time point, as indicated by the reported
levels of replication asynchrony (O’Keefe et al., 1992;
Haaf and Ward, 1994; Litmanovitch et al., 1998;
J.M.Craig, E.Earle and K.H.A.Choo, in preparation). It is
therefore possible that the precise time at which a
centromere replicates within late S phase is unimportant
as long as this occurs within the period of CENP-A
expression (see Introduction) or within a similar window
of opportunity for some other molecular interactions. As
centromeres are not the only bands to replicate in late
S phase, there must be some way in which CENP-A is
preferentially recruited to centromeres after replication.
One possible candidate would be a homologue of the
S.pombe mis6 protein, which has been shown to be
essential for localizing CENP-A to centromeres
(Takahashi et al., 2000).

It is not clear how extensively the observed mammalian
replication profile can be extrapolated to the centromeres
of other eukaryotes. Both field bean and S.cerevisiae
centromeres replicate in the first half of S phase
(McCarroll and Fangman, 1988; Fuchs er al., 1998;
Schubert, 1998). Studies of replication timing in a greater
number of eukaryotes will address this question.
Replication timing has been proposed to be one possible
way to epigenetically mark neocentromeres. (Steiner and
Clarke, 1994; Karpen and Allshire, 1997; Csink and
Henikoff, 1998; Wiens and Sorger, 1998; Choo, 2000).
Our results indicate that although neocentromere forma-
tion is accompanied by a delay in the replication timing of
a substantial area around the 10q25.3 neocentromere
region, the replication time of the CENP-A binding
domain is not significantly altered and, therefore, does
not behave in concert with its surrounding DNA. One
possible explanation for this is that as the region destined
to bind CENP-A on the normal chromosome already
replicates during late S phase, as do the normal
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centromeres, requirement to replicate during late S phase
has perhaps already been satisfied. Alternatively, or in
addition, unlike the surrounding chromatin, formation of
CENP-A-associated chromatin may have little effect on
replication timing (see below).

The presence of two regions of delayed replication
flanking the CENP-A binding region of mardel(10) is
interesting and suggests that a centromere may consist of
at least two types of structurally distinct chromatin. It is
possible that the regions flanking the CENP-A binding
domain may be responsible for other facets of centromere
function, such as sister chromatid cohesion or formation of
a heterochromatic environment (Megee er al., 1999;
Partridge et al., 2000), which may predispose the region
to a delay in replication. It is of interest that two
mammalian  heterochromatin  proteins, HP1 and
SUV39HI1, are found at human neocentromeres
(Aagaard et al., 2000; Saffery et al., 2000). Thus, although
neocentromeres do not exhibit the physical properties
traditionally defined for heterochromatin, such as
C banding, they fall within the molecular definition of
heterochromatin  (Wallrath, 1998; Hennig, 1999).
Heterochromatin therefore could be associated with all
active centromeres and perform important roles such as
maintenance of a more compact higher-order chromatin
structure necessary for withstanding the spindle forces
and/or for sister chromatid cohesion. In future studies, it
will be of interest to address whether parts or all of the
domains of delayed replication defined in this study are
functionally essential.

Neocentromeres provide a good model system for
centromere investigation

The dissection of the structural and functional domains of
normal higher eukaryotic centromeres has been hampered
by the lack of definable landmarks within their highly
repetitive sequences. With the sequence of the entire
human genome becoming available, we have shown that it
is feasible to construct a detailed molecular map across a
neocentromere, which has allowed dissection of this
neocentromere at a molecular resolution that has not
been previously possible for normal centromeres. In
addition to the studies described here, the strategy
presented should allow the detailed investigation of other
changes in chromatin structure and function, such as the
roles of other centromere binding proteins, scaffold
organization, histone acetylation and other chromatin
modifications such as methylation, phosphorylation and
poly(ADP) ribosylation (reviewed in Choo, 2000).

Materials and methods

Cell lines

Somatic cell hybrids containing the normal chromosome 10 (1f) and the
neocentric mardel(10) were established as described elsewhere (du Sart
et al., 1997). GM10926D (ATCC, Manassas, VA, USA) is a CHO
somatic cell hybrid containing a single human chromosome 10. All cell
lines were maintained in Ham’s KAO medium with 12% dialysed fetal
calf serum (Trace Biosciences, Castle Hill, Australia).

10q25.3 BAC contig

A BAC contig containing 3.5 Mb of contiguous BACs from
10q925.2-q26.1, centred on the neocentromere within 10925.3, was
assembled by standard techniques, using BACs obtained from Genome
Therapeutics Corporation (www.genomecorp.com; marked with prefixes
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‘bK’ in Figure 1) and the human chromosome 10 sequencing group at the
Sanger Centre (www.sanger.ac.uk/HGP/Chr10/; marked with prefixes
‘bA’). The BAC contig was verified and extended using sequence data
generated through the use of Celera Discovery System and Celera’s
associated databases (www.celera.com). This resulted in a 99.4%
complete 5 Mb sequence contig. The positions of all DNA probes used
in this study are illustrated in Figure 1A. For further details, see
Supplementary data.

Antisera/antibodies

Antisera CREST#6, kindly provided by S.Wittingham and T.Kaye (The
Walter and Eliza Hall Institute of Medical Research, Melbourne,
Australia), was from a patient with the autoimmune disease, CREST,
and contained antibodies to centromere components including CENP-A
and CENP-B (du Sart et al., 1997).

For anti-CENP-A-specific antibody production, a 25-amino-acid
immunogen, KPQTPRRRPSSPARGPSRQSSSVGS (residues 6-30 of
the mouse CENP-A protein; Kalitsis er al., 1998), was conjugated to
diphtheria toxin and used to immunize rabbits using standard procedures.
The specificity of this antibody has been established (Saffery et al., 1999,
2000; Howman et al., 2000). Rabbit anti-histone H3 was obtained from
Upstate Biotech, Waltham, MA, USA.

CIA analysis

Chromatin immunoprecipitation was carried out as described by Johnson
et al. (1998) with modifications. Approximately 107 exponentially
growing cells were incubated in TBS [0.01 M Tris—HCl pH 7.5, 3 mM
CaCl,, 2mM MgCl, with 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and proteinase inhibitors (Complete, Roche Molecular
Biochemicals, Indianapolis, IN, USA)] with 0.25% Tween 40 at 4°C,
on a roller for 2h. The nuclei were released using Dounce
homogenization (30—40 strokes on ice with a Type-A pestle, Wheaton,
Millville, NJ, USA). Nuclei were further purified by centrifugation at
1500 g for 20 min at 4°C through a 25%/50% discontinuous sucrose
gradient. Purified nuclei were then digested with micrococcal nuclease
(USB Corp., Cleveland, OH, USA) in digestion buffer (0.32 M sucrose,
50 mM Tris—HCl pH 7.5, 4 mM MgCl,, | mM CaCl,, 0.1 mM PMSF) at
a concentration of 80 U/mg DNA at 37°C for 10 min. After
centrifugation at 15 000 g at 4°C, the first supernatant was kept on ice.
The pellet was further incubated with lysis buffer (1 mM Tris—HCI
pH 7.5, 0.2 mM EDTA, 0.2 mM PMSF and proteinase inhibitors) on ice
for 1 h, centrifuged as before and the two supernatants pooled. The
resulting oligonucleosome suspension was precleared by incubation with
1:1000 dilution of pre-immune serum and 1% protein A—Sepharose (AP
Biotech, Uppsala, Sweden) at 4°C for 4 h, and centrifuged at 250 g for
5 min at 4°C. The supernatant (input fraction) was used immediately for
immunoprecipitation. Equal volumes of the input fraction and incubation
buffer (50 mM NaCl, 20 mM Tris-HCI pH 7.5, 5 mM EDTA, 0.1 mM
PMSF and protease inhibitors) were incubated with antibodies at 1:500
dilution at 4°C overnight. Immune complexes were captured by
incubation with 12.5% v/v protein A—-Sepharose at 4°C for 2 h. At the
end of the incubation, the protein A—Sepharose was washed stepwise in
buffers A (50 mM Tris—HCI pH 7.5, 10 mM EDTA) containing 50, 100
and 150 mM NaCl. Bound immune complexes (bound fraction) were
eluted with 2 vol of incubation buffer containing 1% SDS. DNA was
extracted from both the input and bound fractions by phenol/chloroform
extraction and 100 ng amplified by DOP PCR as described previously
(Telenius et al., 1992).

Genomic arrays were generated by immobilizing 100 ng of BAC DNA
on to Hybond N* nylon membranes (AP Biotech) in a dot blot format
(Minifold SRC-96, Schleicher & Schuell, Dassel, Germany). An identical
amount of cloned o-satellite DNA (oRI; Jorgensen et al., 1987) was
spotted on to membranes as a positive control. Five hundred nanograms
of DOP PCR-amplified input or bound DNA from If and 5f were
radioactively labelled by random priming and used to probe identical
arrays after pre-annealing with 5 g of human Cot-1 DNA. Hybridization
and wash were performed at high stringency (0.1X SSC/0.1% SDS,
65°C). The results were quantified using a Phosphorlmager system
(Molecular Dynamics Storm 860 and ImageQuaNT software, AP
Biotech).

Calculations for CIA experiments

The intensities of equal areas around the hybridization spot (/gac) and
nearby background (/1) on the array were measured and the true
hybridization intensity (/) calculated by subtracting one from the other:
I = Igac — loke- This was repeated for the bound fraction-hybridized spot
(Ibouna) and input fraction-hybridized spot (/iypy). The ratio of enhance-



ment (R) was calculated by dividing one by the other: R = lyouna/linput- In
order to correct for the intra- and interexperimental variations,
normalization was performed against the R values of a control BAC,
bA287C20, which mapped to one end of the 10925 contig, ~2.5 Mb p” of
the CENP-A binding region: nR = R/R,a»87¢20. For each BAC within the
contig, normalized R (nR) values from the normal chromosome 10 (1f cell
line; nR;¢) and the neocentromere (5f cell line; nRsg) were compared
by expressing the difference in R values between the two cell lines
as a percentage of the R value of the normal chromosome:
% difference = [(nRsf — nRy¢) X 100%]/nRs. Experiments were re-
peated at least four times and the average percentage difference for
each serum or antibody was plotted, together with standard error, against
the position along the contig for each BAC. All results, from ratios of
enhancements (R) onwards are provided in Supplementary data.

DNA probes used for replication timing experiments
Preliminary analysis of interphase FISH with DNA probes of various
lengths indicated that probes <85 kb in size produced the expected
number of FISH spots (one or two) in >95% of interphase nuclei. Three
BACs fulfilled this criterion: bA179N3, bA5402 and bA1106. Other
probes included cosmids, BAC fragments and PCR fragments. BAC
fragments were a 24 kb EcoRV fragment of bK153G5 (bK153G5-RF), a
50 kb Smal fragment of bA69K10 (bA69K10-RF) and a 60 kb Norl
fragment of bA498B4 (bA498B4-RF). Additional probes (designated
PCREF) of 8, 22 and 23 kb were generated by PCR amplification of BACs
bA87P3, bA153G5 and bA48L24, respectively, using standard tech-
niques. All probes, or clones used to generate the probes, are marked with
an asterisk in Figure 1A; further details are provided in Supplementary
data.

FISH

BrdU was added to cultures in log phase at a final concentration of 10~* M
and incubated for 1.5 h before harvesting (Bickmore and Carothers, 1995;
Smith and Higgs, 1999). FISH was carried out using standard techniques
(Craig, 1999) and digoxygenin-labelled probes were detected using sheep
anti-dig-FITC (Roche; 1:50) followed by donkey anti-sheep FITC
(Jackson, West Grove, USA; 1:100). BrdU was detected as follows:
after 5 min incubation in 0.5% w/v bovine serum albumin (BSA)/
phosphate-buffered saline (PBS), slides were incubated at room
temperature with rat anti-BrdU (Harlan, Indianapolis, USA; 1:10 in
0.5% w/v BSA/PBS). Slides were washed in 0.5% w/v BSA/PBS/0.5%
Tween 20 and incubated with anti-rat AMCA (Jackson; 1:100). All spot-
counting was performed blind. Two hundred BrdU-positive (S-phase)
nuclei were scored per hybridization experiment for the presence of single
or double signals. Each probe was hybridized in four independent
experiments (see Supplementary data).

Sequence analysis

DNA (3.5 Mb) from positions 0.5 to 4 Mb on Figure 1A was analysed. To
facilitate data handling and the comparison of properties within the
contig, the sequence was split up into smaller pieces: four segments of
82.5 kb for the CENP-A binding region, 32 segments of 100 kb and one
of 70 kb for the non-binding region. These values were then averaged,
and the significance of any differences quantified using Student’s r-test.
DNA sequence was analysed for base composition and interspersed
repeat content using RepeatMasker (ftp.genome.washington.edu/cgi-bin/
RepeatMasker) with default settings. Gene density information was
derived from existing and predicted genes using Genie and Emsembl via
the Human Genome Browser (www.genome.ucsc.edu), and from CpG
islands, using the program CPGPLOT via the EMBOSS server
(bioweb.pasteur.fr/seqanal/interfaces/cpgplot.html) using default set-
tings, apart from a CpG island length of >400 bp and GC content of
>55%. All other sequence analysis was performed via the ANGIS web
server (Www.angis.org.au) using the programs FindPatterns and Tandem,
with search criteria as outlined elsewhere (Barry ef al., 1999).

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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