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Centromere protein A (CENP-A) is an essential histone H3-related protein that constitutes the specialized
chromatin of an active centromere. It has been suggested that this protein plays a key role in the epigenetic
marking and transformation of noncentromeric genomic DNA into functional neocentromeres. Neocentromeres
have been identified on more than two-thirds of the human chromosomes, presumably involving different
noncentromeric DNA sequences, but it is unclear whether some generalized sequence properties account for
these neocentromeric sites. Using a novel method combining chromatin immunoprecipitation and genomic array
hybridization, we have identified a 460-kb CENP-A-binding DNA domain of a neocentromere derived from the
20p12 region of an invdup (20p) human marker chromosome. Detailed sequence analysis indicates that this
domain contains no centromeric �-satellite, classical satellites, or other known pericentric repetitive sequence
motifs. Putative gene loci are detected, suggesting that their presence does not preclude neocentromere
formation. The sequence is not significantly different from surrounding non-CENP-A-binding DNA in terms of
the prevalence of various interspersed repeats and binding sites for DNA-interacting proteins (Topoisomerase II
and High-Mobility-Group protein I). Notable variations include a higher AT content similar to that seen in
human �-satellite DNA and a reduced prevalence of long terminal repeats (LTRs), short interspersed repeats
(SINEs), and Alus. The significance of these features in neocentromerization is discussed.

Neocentromeres are fully functional centromeres that
originate on some human marker chromosomes from
interstitial chromosomal DNA segments (Choo 1997a).
Neocentromeres, like the normal centromeres, main-
tain correct mitotic segregation properties of the
marker chromosomes. Today, >40 neocentromeres
have been described on more than two-thirds of the
human chromosomes (Warburton et al. 2000). Char-
acteristically, neocentromeres are devoid of the highly
repetitive sequences found in normal centromeres. In
at least two different marker chromosomes examined,
the presence of >20 functionally important centromere
proteins that are known to be associated with normal
active centromeres suggests basic structural and func-
tional similarities between neocentromeres and nor-
mal centromeres (Saffery et al. 2000).

Centromere protein A (CENP-A) is among the ear-
liest recognized centromere components from studies
using the sera of patients with the autoimmune disease
CREST (Calcinosis, Raynaud’s phenomenon, Esopha-
geal dysmotility, Sclerodactyly, Telangiectasia; Earn-

shaw and Rothfield 1985). The protein is a 17-kD his-
tone H3 homolog (Sullivan et al. 1994) and is associ-
ated with active centromeres and neocentromeres
(Warburton et al. 1997; Voullaire et al. 1999). Chroma-
tin immunoprecipitation in HeLa cells (Vafa and Sul-
livan 1997) and Indian muntjac cells (Vafa et al. 1999)
reveals CENP-A binding to centromere-associated
DNA. CENP-A is essential for chromosome segregation,
as demonstrated in antibody injection experiments
(Figueroa et al. 1998; Valdivia et al. 1998) and gene
disruption experiments in mouse and in Caenorhabditis
elegans (Buchwitz et al. 2000; Howman et al. 2000). The
capacity of CENP-A to organize centromeric DNA has
also been demonstrated in vitro, where CENP-A re-
places histone H3 for the packaging of a circular plas-
mid-template DNA containing �-satellite into the fa-
miliar “beads-on-a-string” primary chromatin struc-
ture (Yoda et al. 2000). Atomic force microscopy of the
reconstituted nucleosomes has shown that CENP-A
would form nucleosomes that appear to deposit in a
regular fashion on the �-satellite DNA template.

To date, only one human neocentromere at chro-
mosomal band 10q25.2 on the marker chromosome
mardel(10) has been characterized beyond the molecu-
lar cytogenetic level. Initial immunofluorescence/FISH
mapping on mechanically stretched metaphase chro-
mosomes identified a genomic YAC clone of ∼640 kb
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spanning the entire neocentromere domain (du Sart et
al. 1997). An 80-kb BAC subclone, E8, was obtained
from the CREST centromere protein-binding domain
(Cancilla et al. 1998). Further restriction and high-
density PCR analyses and, subsequently, direct DNA
sequencing of this 80-kb region revealed no difference
between the DNA sequence of the neocentromerized
genomic segment and the progenitor pre-active ge-
nomic segment from the patient’s father (Barry et al.
2000). These studies provide evidence for the sequence
independence of neocentromere formation.

It is likely that the processes of centromerization
and neocentromerization are epigenetically controlled
(Choo 2000). A model has been proposed in which

different primary sequences of DNA may possess dif-
ferent potential for centromerization (Choo 2000;
Maggert and Karpen 2000). In the normal situation on
a human chromosome, the site of the highest cen-
tromerization potential along the whole chromosome
will be the �-satellite-containing DNA. It is only in
cases of chromosomal rearrangements that result in
the loss of most or all of the �-satellite sequences that
the potential of various non-�-satellite genomic DNA
to form neocentromeres becomes challenged. The pos-
sible existence of hotspots with increased neocen-
tromerization propensity has been investigated by
comparing the cytogenetic location of ∼40 reported
neocentromeres (Warburton et al. 2000). It is of par-

ticular interest that eight neocentromeres
were formed on 13q, eight on 15q, and five
on 3q. Of the cases associated with 13q,
five have demonstrated neocentromeriza-
tion at the 13q32 region. Further investiga-
tions of whether these chromosomal re-
gions contain unusual characteristics pre-
disposing them to neocentromerization
will require the identification and detailed
sequence analysis of the underlying DNA.

Here, we describe a new procedure
combining chromatin immunoprecipita-
tion and genome array screening that al-
lows the rapid identification of the DNA
that is directly associated with neocentro-
mere-specific chromatin. Application of
this procedure on a previously described
neocentromere formed as a result of in-
verted duplication of the short arm of hu-
man chromosome 20 reveals a CENP-A-
binding domain of 460 kb. The detailed se-
quence analysis of this domain is also
described.

RESULTS

Preliminary Localization
of Neocentromere to a 3–4-Mb Domain
by Immunofluorescence/FISH Mapping
We have described previously the cytoge-
netic characterization of a neocentromere
at 20p12 (Voullaire et al. 1999). Here, the
precise location of this neocentromere in
the genome was studied by immunofluo-
rescence/FISH analysis on a transformed
lymphoblastoid cell line established from
the patient. A genomic array spanning ∼18
Mb around the 20p12 neocentromere re-
gion was constructed using mapped bacte-
rial artificial chromosomes (BAC) or P1-
based artificial chromosomes (PAC) (Fig. 1).
When each of the BAC/PAC sequences was

Figure 1 20p12 BAC/PAC array. (A) Ideogram of the invdup(20p) marker chro-
mosome showing the inverted duplication breakpoint in band 20p11.2 (arrow)
and the activation of a neocentromere at 20p12. p� and q� indicate the short and
long arms of the marker chromosome relative to the neocentromere, respectively.
(B) BAC/PAC array constructed from public databases around the neocentromere.
Distances (in Mb units) within the array are plotted relative to PAC dJ811H13 on
the p� arm of the marker chromosome. The size of each horizontal bar is propor-
tional to the corresponding insert size of the BAC or PAC. Addresses of the BAC/
PACs are listed on the right. The prefix “dJ” denotes a PAC while “bA” indicates a
BAC. PACs dJ1009E24 and dJ905G11 map outside the array and are indicated by
broken lines. BAC/PACs that were not used in the CIA analysis (see Methods) are
shown in italics and recessed. Shaded box represents the CENP-A binding region
(see Results).
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used in FISH, two sets of signals were obtained on the
marker chromosomes because of the inverted duplica-
tion (Fig. 2, green signals). The position of the neocen-

tromere was marked by immunofluorescence using the
CREST#6 antiserum (Fig. 2, red signals). As the location
of the BAC/PAC probes approached the neocentromere
core antigen binding site, the corresponding FISH sig-
nals moved from the initial p� side (Fig. 2A,B) to over-
lapping signals (Fig. 2C) before emerging on the q� side
(Fig. 2D,E) of the CREST#6 signals. By a preliminary
scoring of a limited number of metaphases, the neo-
centromere could be localized within a 3–4 Mb region
within the array. Use of this technique to further nar-
row the neocentromere position was unreliable be-
cause of the highly condensed state of the chromo-
some. This low-resolution problem probably explained
the apparent overlapping of both PACs dJ727I10 and
dJ742J24 with the CREST#6 signals (Fig. 2C,D), despite
the two PACs being known to be ∼1 Mb apart (Fig. 1B).
Attempts to increase the resolution by mechanical
stretching of the marker chromosome, for example,
through reduction of the cell concentration and/or in-
creasing the speed of cytospinning (du Sart et al. 1992),
were unsuccessful, possibly because of the small size of
this chromosome. Furthermore, the intense signals
that spread over a broad area (see Fig. 2) caused by the
relatively large BAC/PAC probes also posed serious
limitations to the mapping resolution. A method that
overcame these limitations was therefore desirable and
was developed.

CIA Analysis Defines a 460-kb CENP-A
Binding Region
For the rapid, single-step identification of the critical
neocentromere DNA sequences, we tested a novel
method combining the use of chromatin immunopre-
cipitation and array (CIA) analysis. Because CENP-A
binds specifically to centromere DNA at the nucleo-
somal level (Vafa and Sullivan 1997; Vafa et al. 1999)
and is essential for centromere organization (Howman
et al. 2000), we decided to use this protein as a marker
for functional neocentromere chromatin. DNA ob-
tained from chromatin immunoprecipitation
(Johnson et al. 1998) using an antibody specific to hu-
man CENP-A was amplified by DOP–PCR (Telenius et
al. 1992) and radioactively labeled by random priming.
The immunoprecipitated DNA was used as a probe on
a dot blot containing an array of the 20p12 BAC/PACs
(Fig. 3). The signal obtained from each spot was com-
pared to that on a duplicate blot hybridized to the total
input DNA. As a positive control, cloned �-satellite
DNA (�RI) (Jorgensen et al. 1988) was spotted onto the
membrane and similarly hybridized. Quantitation by
phosphorimaging indicated 200–400 � enhancement
of the �-satellite DNA spot signal, showing the fidelity
of the immunoprecipitation procedure (data not
shown).

Similar hybridization analysis of the BAC/PAC ar-
ray gave a distinct signal peak that represented the

Figure 2 Immunofluorescence/FISH analysis of 20p12 neocen-
tromere. Immunofluorescence was performed using CREST#6
(red) to mark the position of the neocentromere (solid arrow).
FISH was performed using PACs dJ1009E24 (A), dJ811H13 (B),
dJ727I10 (C), dJ742J24 (D), and dJ905G11 (E). Two sets of green
FISH signals are observed on the marker chromosome invdup
(20p) because of the inverted duplication of the probed segment;
the signal set at the distal q� arm is indicated by an open arrow.
The combined image in (i) shows the relative positions of the
signals on the marker chromosome (blue); (ii) shows only the
images for the green and red signals in (i). Colocalization of the
two signals appears as yellow in (ii).
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CENP-A-binding domain of the neocentromere (Fig. 4,
filled circles and solid lines). The neocentromere-
specific chromatin was contained within the four
clones dJ278O22, bA103J8, dJ727I10, and dJ784K2
(P < 0.01 when compared with the baseline values of
surrounding BAC/PAC clones), which together defined
a genomic region of ∼460 kb. No significant peak was
observed when the CIA procedure was repeated on a
different control normal human lymphoblast cell line
(Fig. 4, open squares and dotted lines) or when preim-
mune or unrelated antisera were used (data not shown).

CENP-A-Binding Domain Shows Slightly-Increased
AT Content
The AT nucleotide content of the CENP-A-binding re-
gion was compared with those of the surrounding re-
gion using the completed primary nucleotide se-
quences of the Celera Discovery Database. To facilitate
this analysis, these regions were arbitrarily divided into
37 smaller segments of predominantly 125 kb each (de-
scribed in Table 1 legend). Analysis of the overall se-
quence composition of the entire arrayed region re-
vealed an AT content for each of the segments ranging
from 62.8% to 56.4%, with an average of 60.8%. This
value was slightly higher than the reported average AT

content of the genome of 58.0% (Smit 1999). The av-
erage AT content of the CENP-A binding region was
61.1% and was not significantly different from the
value of 60.7% for the non-CENP-A-binding sequences
of the region. Interestingly, when the AT content for
human �-satellite DNA was calculated from its consen-
sus sequence (Choo et al. 1991; Choo 1997b), a similar
higher-than-genome-average value of 62.6% was ob-
tained (J. Craig, unpubl.). These analyses suggest that
the overall chromosomal region containing the CENP-
A-binding domain and surrounding sequences has a
slightly higher AT content compared to that of the
total genomic DNA.

CENP-A-Binding Domain Shows Lower Prevalence of
LTRs, SINEs, and Alus
Using BLAST analysis, none of the sequences in the
CENP-A binding region showed significant sequence
similarity to the consensus-centromeric �-satellite
DNA or the pericentric �-satellite, �-satellite, and clas-
sical satellites IA and IIB (Choo 1997b; Table 1). Simi-
larly, sequences related to the 28-bp AT-rich tandem
repeat (AT28) previously identified as an ∼600-bp do-
main in the 10q25.2 neocentromere region (Barry et al.
1999; Koch 2000) were also not found, although vari-
ous other smaller (10–50-bp) tandem repeats that
ranged in copy number from 10 to 28 were detected.

Examination of the patterns of other repetitive se-
quences including the human transposable elements
and other classes of interspersed repeats indicated that
these were not significantly different from the sur-
rounding genomic sequences as scanned with Re-
peatMasker. The only exceptions were the LTRs,
SINEs, and Alus. The prevalence of LTRs in the CENP-
A-binding domain (mean = 6.94%) was significantly
lower than that of the non-CENP-A-binding sequences
(mean = 9.13%; P < 0.05; Table 1) and slightly lower
than that of the genome average (7.4%). Similarly, the
prevalence of SINEs and Alus (mean = 5.49% and
3.99%, respectively) was lower in the CENP-A-binding
region than in the non-CENP-A-binding region
(mean = 7.23% and 5.67% and P < 0.05, respectively).
The prevalence of SINEs and Alus in the CENP-A-
binding region was also lower than the average content
of these sequence motifs in the genome (14.1% and
11.8%, respectively; Smit 1999).

Genes May Be Present in the CENP-A-Binding Region
When scanned with the CPGPLOT using stringent pa-
rameters (length > 400 bp with a GC content of 55%),
a highly probable CpG island indicative of the pres-
ence of a functional gene was detected within the
CENP-A-binding region. In addition, in accordance
with the information provided by the NCBI database,
at least one other novel uncharacterized gene was pres-
ent in the CENP-A-binding region. Furthermore, Pow-

Figure 3 Schematic representation of the combined chromatin
immunoprecipitation and array (CIA) analysis.
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erBLAST search for an EST in the CENP-A-binding do-
main revealed that each of the four segments in the
CENP-A-binding region contained at least one EST,
suggesting that these sequences might contain ex-
pressed genes. Further analysis using the GRAIL gene
prediction program also suggests the presence of exons
and ESTs in the whole CENP-A-binding region.

Normal Prevalence of Putative DNA-Binding
Protein Motifs
The prevalence of putative sequence motifs for several
known DNA-binding proteins was determined. Two of

these motifs were the degener-
ate CENP-B box (TTCGNN
NNANNCGGG; Kipling et al.
1995) and the pJ� sequence
(GTGAAAAAG; Gaff et al.
1994). No significant sequence
identity was identified for the
CENP-B box motif, while a low
level of the pJ� motif that was
not significantly different from
that seen in the non-CENP-A
binding domain was observed
(Table 1). The distribution of
Topoisomerase II (TopoII) and
high-mobility-group protein I
(HMGI) motifs was also deter-
mined. The 18-bp TopoII-
binding sequence RNYNNC
NNCYNGKTYNY (Spitzner and
Muller 1988) was also searched
for. HMGI is a protein that rec-
ognizes stretches of six A or T
nucleotides (Solomon et al.
1986). The array WWWWWWS
was used to search for this pat-
tern, as it allowed the omission
of overlapping matches where
there were more than six A or T
nucleotides. Both the TopoII
and HMGI motifs were found
to be distributed throughout
the CENP-A binding region at
frequencies that were not sig-
nificantly different from those
of other adjacent sequences
(P > 0.05; Table 1).

DISCUSSION

CIA Analysis Allows
the Rapid Identification
of the Functional DNA
Domain of a Neocentromere
and Other Applications

The immunofluorescence/FISH procedure we used ini-
tially to investigate the genomic region corresponding
to the 20p12 neocentromere has been previously em-
ployed to identify the CREST protein-binding domain
of a human 10q25 neocentromere on the mardel(10)
chromosome (du Sart et al. 1997). A higher resolution
was achieved in that study because we were more suc-
cessful in mechanically stretching the mardel(10)
marker chromosome and because significantly smaller
cosmid probes of ∼35-kb insert sizes were used. In con-
trast, mechanical stretching of the invdup(20p) chro-
mosome was difficult, probably because of its small

Figure 4 Hybridization of 20p12 BAC/PAC array (X-axis) using DNA extracted from CENP-A
immunoprecipitated chromatin (bound) fractions from the patient (filled circles) and a normal
(open square) lymphoblast cell line N2. Y-axis shows the percentage difference of the ratio of
enhancement (R) of bound fractions over preimmunoprecipitation (input) fractions compared
with a normal control cell line N1:

R�patient� − R�control N1�

R�control N1�
or

R�normal N2� − R�control N1�

R�control N1�

The BAC/PAC array covers ∼18 Mb of the 20p12 region of interest. Genome distances (Mb)
for the 8-Mb region shown are measured relative to PAC dJ811H13. PAC dJ1009E24 and
dJ905G11 map outside this region (indicated by the broken bars on the X-axis) and are 6.7 and
11.0 Mb from dJ811H13, respectively. The datapoint [mean � standard error of mean (SEM)
from eight experiments for the patient and four experiments for the normal N2] marks the
midposition of each BAC/PAC. The four BAC/PACs that deviate significantly from the baseline
values for surrounding BAC/PACs (P < 0.01) are listed next to the datapoint and indicated by an
asterisk. The remaining BAC/PACs are listed on the top of the graph.
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size, and the significantly larger BAC/PAC probes (av-
erage 150 kb) gave intense FISH signals that compro-
mised resolution. The CIA method described in this
study overcomes these problems, alleviates the need to
subclone the BAC/PACs to provide smaller probes, and
eliminates the tedious task of scoring large numbers of
metaphases. It offers a general and rapid molecular ap-
proach to identify the functional domain of any neo-
centromere for which a genomic array is available. Our
demonstration that the method is discriminatory in a
cell line containing three copies of the DNA corre-
sponding to the neocentromere region (two from the
20p12 inverted duplication marker chromosome and
one from the normal chromosome 20) indicates that it
can be directly applied to patient cell lines without the
need to isolate the chromosome of interest in somatic
cell hybrids.

In addition to mapping active neocentromere do-
mains, the CIA method should be useful for studying
other chromosomal or genomic properties for which
specific antibodies or differential physico-chemical
characteristics are available or discernible. These char-
acteristics include chemical modifications (e.g., his-
tone acetylation and phosphorylation), differences in
detergent or salt extractability (such as scaffold attach-
ment regions), imprinting status, and higher-order

chromatin conformational changes. The completion
of the sequencing of many different genomes and the
implementation of sophisticated automation and mi-
croarray formats should allow these studies to be per-
formed at the level of the whole genome.

Localization and Sequence Analysis of 460 kb of
CENP-A-Specific Chromatin at the
20p12 Neocentromere
CENP-A is an essential centromere protein that consti-
tutes centromere-specific nucleosomes by replacing
histone H3 in the core particle (Wolffe and Pruss 1996;
Yoda et al. 2000). Using an antibody to CENP-A in CIA
analysis, we have delineated a 460-kb genomic DNA
domain that associates specifically with this protein at
the 20p12 neocentromere. This domain defines a criti-
cal region of centromere-specific chromatin and is the
first direct demonstration at the molecular level of the
extent to which CENP-A binds to a neocentromere or
any higher eukaryotic centromere. Within the 460-kb
region, it is at present unclear whether CENP-A consti-
tutes and replaces histone H3 in all the nucleosomes or
whether it alternates with histone H3 in some un-
known ratios to achieve the most stable centromeric
chromatin structure (Choo 2000). Future studies will

Table 1. Summary of the in silico Analysis of the CENP-A-Binding Region of the 20p12 Neocentromere

Sequence motifs

CENP-A-
binding
region

Nonbinding
region

P
value

Genome
average

AT-rich
average
(>64%)

Base composition AT, % 61.1 60.7 >0.05 58.0a n/a
Repeats Tandem repeatsb, % 2.11 2.20 >0.05 n/a n/a

Satellitesc,f, % 0 0 1 n/a n/a
LINEs, % 15.1 17.3 >0.05 16.6a 23.1a

L1, % 11.6 14.1 >0.05 13.1a 20.0a

SINEs, % 5.49 7.23 <0.05 14.9a 6.5a

Alus, % 3.99 5.67 <0.05 12.5a 6.0a

MIRs, % 1.50 1.47 >0.05 n/a n/a
LTRs, % 6.94 9.13 <0.05 7.4a 7.4a

DNA elements, % 2.54 3.40 >0.05 n/a n/a
Protein binding motifs HMG1d,e 17.6 19.3 >0.05 17.7f n/a

Topo IId,e 0.07 0.06 >0.05 n/a n/a
CENP-Be,g 0 0 1 n/a n/a
pJ�d,e 0.01 0.02 >0.05 n/a n/a

To facilitate statistical analysis of differences between the two regions, the 460-kb CENP-A-binding region was split into three equal
segments of 125 kb and one 87 kb segment, which were analyzed separately. Similarly, the nonbinding regions were split into 31
segments of 125 kb and two of 144 kb and 142 kb. Results are averages for each region unless otherwise stated, and P values from
t-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.
aSmit 1999.
bTandem repeats were classed as being �2 copies of any repeat of unit length �2 bp.
cSatellite repeats (with % homology to consensus): �-satellite (80%); �-satellite (100%); �-satellite (100%); 48-bp repeat (100%);
classical satellites Ia and Ib (100%); classical satellite III (100%, �2 copies in tandem).
dper kb.
e100% homology to consensus.
fFrom Barry et al. (1999).
gNumber of matches.
n/a, not applicable/attempted.
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be required to discriminate between these two possi-
bilities.

Sequence analysis of the CENP-A-binding region
reveals the absence of related sequences that are found
on normal centromeric and pericentromeric regions,
including �-, �-, and �-satellites, classical satellites, 48-
bp repeats, and ATRS. Absence of these sequences con-
forms to the epigenetic theory that neocentromeriza-
tion involves activation of underlying normal genomic
DNA without the insertion of pre-existing centromeric
DNA or other sequence alterations (Choo 2000; Mag-
gert and Karpen 2000).

The CENP-A-binding domain appears to reside in a
larger 20p12 genomic region (represented by the dif-
ferent BAC/PACs in our array) of slightly increased AT
content compared to that for the general genome. The
positioning of nucleosomes is thought to depend
partly on the primary DNA sequence (Wolffe 1995).
Because AT-rich sequences are more bendable, they
may be more suitable for the formation of compact
centromere chromatin (Luger et al. 1997). In vitro
studies have indeed shown that nucleosomes seem to
be more compact and arranged more regularly on
�-satellite DNA when they are formed with CENP-A
instead of histone H3 (Yoda et al. 2000). It therefore
appears that an increased AT composition may provide
a more favorable disposition for neocentromere forma-
tion in interstitial chromosomal regions.

We have analyzed the distribution of the different
classes of interspersed repeats within the CENP-A-
binding domain, including SINEs, LINEs, Alus, MIRs,
LTRs, and various subclasses of DNA transposable ele-
ments (for review, see Smit 1999). The results indicate
that except for the retrotransposable LTRs, SINEs, and
Alus, the CENP-A-binding sequences show a relatively
normal distribution of these interspersed repeats. The
prevalence of LTRs in the CENP-A-binding domain is
significantly lower than that of the surrounding DNA.
The significance of this is unclear. It has been proposed
that an abundance of such retrotransposable elements
in any particular sequence may be indicative of, or
contribute to, its instability (Calabretta et al. 1982),
and thus the lower level of LTRs may provide a more
stable environment for neocentromere formation. In
addition, the SINE and Alu content of the CENP-A-
binding region is significantly lower than that of the
surrounding region. Indeed, given that the AT content
of the CENP-A-binding region is 61.1%, we would have
expected a relatively high SINE and Alu content of
∼14.1% and 11.8%, respectively (Smit 1999).

We have analyzed the prevalence of binding sites
for DNA-interacting proteins including CENP-B, pJ�,
HMGI, and TopoII. These proteins have been shown or
proposed to be associated with eukaryotic centromeres
(Choo 1997b). CENP-B and pJ� boxes are abundantly
found in subsets of human �-satellite (Muro et al. 1992;

Romanova et al. 1996). These sequence motifs are ei-
ther absent (CENP-B box) or present (pJ�) at a level
that is not significantly different from that expected
randomly.

HMGI proteins bind to DNA stretches containing
six A or T nucleotides and have been shown to bind the
172-bp �-satellite repeats of the African green monkey
in vitro. It has been proposed to facilitate the forma-
tion of higher-order nucleoprotein complexes by inter-
acting with the minor groove of the DNA helix and
binding to irregular structures (Johns 1982; Straus and
Varshavsky 1984; Grosschedl et al. 1994). TopoII has
been shown to alter the topology of DNA and is
thought to have a role in a host of cellular processes
requiring the modulation of double-stranded DNA, in-
cluding chromosome condensation and segregation
(Earnshaw and Heck 1985; Earnshaw et al. 1985; Gasser
and Laemmli 1986; Roca 1995). This protein is evenly
distributed on chromosomes and thus has been sug-
gested to play a role in maintaining the integrity of the
centromere structure and function (Rattner et al. 1996;
Sumner 1996). Our analysis has revealed an abundance
of putative HMGI and TopoII sites in the CENP-A bind-
ing region. However, these sites are randomly distrib-
uted at a frequency similar to those of the adjacent
non-CENP-A-binding regions. Thus, it can be con-
cluded that the presence of these sites is unlikely to
play a significant role in neocentromerization. It is in-
teresting that each of the BAC/PAC clones in the
CENP-A-binding domain contains at least one EST, re-
flecting the possible presence of genes. Genes are gen-
erally not found in normal centromeres, and centro-
meric heterochromatin is known to silence gene activ-
ity (Elgin 1996). The question of whether these genes
are expressed can be tested experimentally and will be
the subject of future work.

Comparison of the sequences of the CENP-A-
binding DNA for the invdup (20p) neocentromere with
an 80-kb (E8) DNA previously identified on a
mardel(10) neocentromere by CREST antibody using
immunofluorescence/FISH technique (du Sart et al.
1997; Cancilla et al. 1998) has revealed that, despite
some variations in the AT, LTR, SINE, and Alu contents
of the invdup (20p) neocentromere and the presence of
an AT-rich AT28 tandem repeat on the E8 DNA, both
DNA sequences are not remarkably different from bulk
genomic sequences. Neither the increased AT content
nor the decreased LTR, SINE, and Alu level detected in
the CENP-A-binding domain of invdup(20p) are seen
on the E8 sequence (Barry et al. 1999). Conversely, the
AT-rich AT28 tandem repeat detected on E8 is absent
on the invdup (20p) DNA. However, it is noteworthy
that the E8 DNA was identified using a technique that
is quite different in sensitivity and resolution com-
pared to the CIA technique and, as such, does not pro-
vide an unequivocal comparison. The availability of

Lo et al.

454 Genome Research
www.genome.org



the CIA procedure should allow the CENP-A-binding
DNA of not only mardel(10) but other neocentromeres
to be readily identified for detailed sequence compari-
son and to further investigate if some general charac-
teristics common to all neocentromeres exist.

METHODS

Chemicals and Cell lines
All chemicals used were of molecular biology grade and
purchased from Sigma-Aldrich. An Epstein-Barr virus–
transformed lymphoblastoid cell line was established from
the patient with the marker chromosome invdup (20p). The
cell line was cultured in RPMI 1640 supplemented with 20%
fetal calf serum. Two lymphoblastoid cell lines from anony-
mous normal individuals were used as controls.

Antisera
Antisera CREST#6, provided by S. Wittingham and T. Kaye
(Walter and Eliza Hall Institute of Medical Research, Mel-
bourne), was from a patient with the autoimmune CREST
disease, containing antibodies against centromere compo-
nents including CENP-A and CENP-B (du Sart et al. 1997).
Antihuman CENP-A polyclonal antibody was a whole serum
produced by immunizing rabbit with synthetic peptide of the
N terminus of human CENP-A amino acid sequences and has
been shown to be useful in centromere studies (Howman et al.
2000). Other secondary antibodies were purchased from the
Jackson ImmunoResearch Laboratory.

PAC and BAC Array
PAC and BAC clones were obtained from the BACPAC Re-
sources Center. An array map around the cytogenetic location
of 20p12 was constructed (Fig. 1). The sequence and mapping
data were mainly produced by the Chromosome 20 Sequenc-
ing Group at the Sanger Centre and were obtained from the
World Wide Web (http://www.sanger.ac.uk/HGP/Chr20).
Gaps were filled by screening a human genomic BAC library,
RPCI-11, using the end sequences of adjacent BAC/PACs. Ad-
dresses with prefixes of “dJ” are PACs and those with “bA” are
BACs. The BAC/PAC contig was verified and extended using
sequence data from the Celera Discovery System and Celera’s
associated databases (http://www.celera.com). This resulted
in 99.8% complete sequences for the 4.5-Mb contig. DNA was
obtained using the MAXI plasmid preparation kit (QIAGEN)
following the manufacturer’s instructions. Probes for FISH
were labeled with digoxigenin by nick translation (Nick
Translation Kit, Roche Diagnostics).

Immunofluorescence/FISH Analysis
This was performed as described previously (du Sart et al.
1997). Briefly, metaphase chromosomes were obtained by
treating actively replicating lymphoblasts with 10 µM noco-
dazole at 37°C for 1 h. Then, 200 µL of hypotonically swelled
cells (5 � 104 cells/mL) was centrifuged onto clean micro-
scope slides using Cytopsin 2 (Shandon) at 1000 r.p.m. for 5
min. Cells were then incubated with 1 : 100 CREST#6 antisera
and detected with 1 : 100 Texas Red conjugated rabbit anti-
human antibody. Slides were fixed in 4% formalin and then
postfixed in ice-cold methanol/acetic acid before denatur-
ation for 7 min in 70% formamide in 2� SSC (pH 7.0) at 82°C
followed by dehydration in ice-cold ethanol. Then, 200 ng of

digoxigenin-labeled PAC/BAC DNA preannealed with Cot-1
DNA (Roche) was hybridized to the slides at high stringency
(50% formamide at 37°C). Hybridization was detected using
1 : 50 mouse antidigoxigenin antibodies and 1 : 50 goat FITC
conjugated antimouse antibodies after three high-stringency
washes in 0.1� SSC at 61°C. Chromosomes were counter-
stained using 4,6-diamindo-2-phenylindole (DAPI; 0.25 µg/
mL) in Vectashield antifade mountant (Vector Laboratories).

Epifluorescence microscopy was performed on a Zeiss
Axoplan II (Carl Zeiss) mounted with appropriate filter sets.
Images were digitally acquired using a cooled charge-coupled
device video camera (SenSys 2, Photometrics) connected to a
PowerMac G3 personal computer controlled by the software
IP Lab version 2.5.5 (Scanalytics).

Chromatin Immunoprecipitation and Array
(CIA) Analysis
Chromatin immunoprecipitation was carried out as described
(Johnson et al. 1998) with slight modifications. Briefly, cells
were grown to 70% confluence and harvested. About 107 cells
were incubated in TBS (0.01 M Tris-HCl [pH 7.5], 3 mM CaCl2,
2 mM MgCl2 with 0.1mM phenylmethylsulphonyl fluoride
[PMSF] and proteinase inhibitors [Complete, Proteinase In-
hibitor Cocktail Tablet, Roche]) with 0.25% Tween 40 at 4°C
on a roller stirrer for 2 h before extruding the nuclei using 30
strokes with the “Tight” or “A” prestle on a Dounce homog-
enizor (Wheaton). Nuclei were separated from cytoplasmic
debris by centrifugation at 1500 g for 20 min at 4°C through
a 25%/50% discontinuous sucrose gradient. Oligonucleo-
somes were produced by digesting the nuclei with micrococ-
cal nuclease (USB) in digestion buffer (0.32 M sucrose, 50 mM
Tris-HCl at pH 7.5, 4 mM MgCl2, 1 mM CaCl2, 0.1 mM PMSF)
at a concentration of 80 U/mg DNA at 37°C for 10 min. The
reaction mix was then centrifuged at 15,000 g at 4°C. The
supernatant contained mainly mononucleosomes. The pellet
fraction was further processed by incubation with lysis buffer
(1 mM Tris-HCl at pH 7.5, 0.2 mM EDTA, 0.2 mM PMSF, and
proteinase inhibitors) on ice for 1 h. The final supernatant
containing oligonucleosomes was then obtained by centrifu-
gation at 15,000 g for 5 min at 4°C. The two supernatant
fractions were pooled and precleared by the incubation with
1 : 1000 dilution of the preimmunized rabbit serum and 1%
protein A-sepharose (Amerham-Pharmcia) at 4°C. After pre-
clearing, the supernatant was obtained by centrifugation at
250 g for 5 min at 4°C. This fraction was used immediately for
immunoprecipitation (input fraction). Equal volumes of the
supernatant and incubation buffer (50 mM NaCl, 20 mM Tris-
HCl at pH 7.5, 5 mM EDTA, 0.1mM PMSF, and protease in-
hibitors) were incubated with 1 : 500 anti-CENP-A at 4°C
overnight. The immune complexes were then captured by
incubating in 12.5% protein A-sepharose at 4°C for 2 h. At the
end of the incubation, the protein A-sepharose was washed
extensively in a stepwise manner in buffer A (50 mM Tris-HCl
at pH 7.5, 10 mM EDTA) containing 50, 100, and 150 mM
NaCl. Bounded immune complexes were then eluted with 2
vol of 1% SDS. DNA (bound fraction) was extracted from the
eluate by phenol/chloroform/isoamyl alcohol extraction.
Probes were then generated by degenerate oligonucleotide
primed PCR (DOP–PCR) reaction (Telenius et al. 1992) using
500 ng of immunoprecipitated DNA.

An array of genome DNA was generated by immobilizing
100–200 ng of BAC/PAC DNA on Nylon membrane (Hybond
N+, Amersham) in a dot blot format (Minifold SRC-96, Schlei-
cher and Schuell). Between 500 and 600 ng of PCR-amplified
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DNA was labeled radioactively by random priming and used
as probes. About 5 µg of human Cot-1 DNA was used for
preannealing the probes. High-stringency hybridization and
washes were carried out at 65°C. All blots were analyzed using
the phosphorimager system (Storm 860 Gel and Blot Imaging
System and the software ImageQuaNT version 4.2, Molecular
Dynamics) running on an IBM-compatible personal com-
puter. The ratio of the corresponding spot from hybridization
with the bound fraction was compared to that of the input
fraction. To correct for the inter- and intraexperimental varia-
tions, normalization was performed with the values of the
PAC dJ1009E24, which mapped close to but distinct from the
neocentromere region (see Fig. 1). The normalized ratio was
then compared for the invdup(20p) cell line with a control
cell line by expressing the difference of the two as a ratio of
the value of the control.

To represent the data graphically, the midpoint of each
BAC/PAC was used to plot the data point on the BAC/PAC
array. The genomic distance was calculated relative to
dJ811H13 on the p� side of the neocentromere.

In Silico Sequence Analysis
Analysis was performed on 4.5 Mb of DNA. To facilitate han-
dling and comparison of properties within the region, the
sequence was divided into smaller regions. The CENP-A bind-
ing region was divided into three segments of 125 kb and one
segment of 87 kb whereas the surrounding regions were di-
vided into 31 segments of 125 kb and one segment of 145 kb
and one of 142 kb.

The AT composition of the entire contig was calculated
using the Web-based RepeatMasker (http://ftp.genome.
washington.edu/cgi-bin/RepeatMasker). This program was
also used to identify simple repetitive regions and human
transposable elements. AT-rich islands were determined with
BASEPAIRPLOT and CPGPLOT on a Web-based interface
(http://www.angis.org.au) at Australian National Institute for
Genome Information Service (ANGIS). Tandem repeats were
identified with TANDEM at ANGIS. Sequence motifs such as
pJ�, TopoII, and HMGI were determined by using BLAST at
NCBI and FINDPATTERNS at ANGIS. Gene prediction was car-
ried out by searching CpG islands using CPGPLOT (EMBOSS;
http://bioweb.pasteur.fr) and by using the Web-based GRAIL
version 1.3 (http://compbio.ornl.gov/Grail-1.3/).
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