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Chromatin clusters containing CENP-A, a histone H3 var-

iant, are found in centromeres of multicellular eukaryotes.

This study examines the ability of alpha-satellite (alphoid)

DNA arrays in different lengths to nucleate CENP-A

chromatin and form functional kinetochores de novo.

Kinetochore assembly was followed by measuring

human artificial chromosome formation in cultured

human cells and by chromatin immunoprecipitation ana-

lysis. The results showed that both the length of alphoid

DNA arrays and the density of CENP-B boxes had a strong

impact on nucleation, spreading and/or maintenance of

CENP-A chromatin, and formation of functional kineto-

chores. These effects are attributed to a change in the

dynamic balance between assembly of chromatin contain-

ing trimethyl histone H3-K9 and chromatin containing

CENP-A/C. The data presented here suggest that a func-

tional minimum core stably maintained on 30–70 kb

alphoid DNA arrays represents an epigenetic memory of

centromeric chromatin.
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Introduction

The centromere is a conserved chromosomal structural

element that is essential for segregation of duplicated sister

chromatids to daughter cells during eukaryotic cell division.

Many of the structural components of centromeres have been

identified, including protein components such as CENP-A–C,

-E, -F, -H, -I, -K–U and hMis12 (Foltz et al, 2006; Izuta et al,

2006; Okada et al, 2006). CENP-A, a centromere-specific

histone H3 variant, is an essential centromeric protein

found in human, mouse, chicken, nematode and yeast.

CENP-A has been used as a marker of centromeric DNA,

because centromere assembly appears to be blocked in

CENP-A-deficient cells (Howman et al, 2000; Goshima et al,

2003; Amor et al, 2004). Although CENP-A is required to

nucleate and maintain centromeric chromatin, the mechan-

ism by which it promotes and stabilizes the centromere in

eukaryotic cells is not yet known.

In normal human chromosomes, CENP-A colocalizes with

alpha-satellite DNA (alphoid DNA). Alphoid DNA regions are

0.2–5 Mb in length and consist of tandem copies of an AT-rich

B171-bp sequence (Lee et al, 1997). Type-I alphoid DNA

forms homogeneous higher-order repeats and includes multi-

ple CENP-B boxes, a 17-bp motif that binds CENP-B

(Earnshaw et al, 1987; Masumoto et al, 1989a; Muro et al,

1992). Type-I alphoid DNA colocalizes and co-immunopreci-

pitates with CENP-A, CENP-B and CENP-C (Ando et al, 2002;

Spence et al, 2002; Nakano et al, 2003; Lam et al, 2006).

Previous studies showed that type-I alphoid DNA from

human chromosomes 5, 17, 21 and X support efficient

formation of human artificial chromosomes (HACs) in

human HT1080 cells. In contrast, type-II alphoid DNA from

chromosome 21, neocentromere-derived sequences (see

below) and Y alphoid DNA, which lack CENP-B boxes, do

not form HACs in cultured human cells (Harrington et al,

1997; Ikeno et al, 1998; Ebersole et al, 2000, 2005; Saffery

et al, 2001; Grimes et al, 2002; Mejia et al, 2002). Other

substrates that lack the ability to form HACs include synthetic

type-I alphoid DNA with mutant CENP-B boxes and GC-rich

synthetic repetitive DNA containing CENP-B boxes (Ohzeki

et al, 2002). These results indicate that both alphoid DNA and

CENP-B boxes may be essential for nucleation of a functional

CENP-A-containing centromeric structure. However, under

rare circumstances, chromosome regions lacking alphoid

DNA form a functional centromere-like structure known as

a neocentromere (Amor and Choo, 2002; Warburton, 2004),

and one of canonical centromeres on dicentric fusion chro-

mosomes is frequently inactivated (Earnshaw et al, 1989;

Sullivan and Schwartz, 1995; Warburton et al, 1997). These

observations suggest that epigenetic mechanisms regulate

assembly and/or disassembly of functional human centro-

meres.

Recent studies reported that human and Drosophila mela-

nogaster centromeres carry interspersed dimethylated histone

H3-K4 clusters and CENP-A clusters (Blower et al, 2002;

Sullivan and Karpen, 2004). CENP-A chromatin clusters

have also been found in a human neocentromere and in the

centromere of rice chromosome 8, which contains relatively

little repetitive DNA (Nagaki et al, 2004; Chueh et al, 2005).

Our previous studies showed that HACs form efficiently on

multimers of a 60–70 kb alphoid DNA containing YAC/BAC,

and that CENP-A chromatin clusters assemble preferentially

on the alphoid DNA insert interspersed with histone H3

clusters on the vector sequences with telomeres (Ikeno

et al, 1998; Nakano et al, 2003; Nakashima et al, 2005).

Thus, striking structural similarities as chromatins were
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observed for centromeres assembled on naked DNA and

natural chromosomes. Moreover, HACs in living mitotic

cells can align at the metaphase plate, and the chromatids

of the HACs are resolved with the same timing as natural

sister chromatids (Tsuduki et al, 2006). On the basis of these

observations, it appears that HAC formation and stability

in cultured cells may provide a model for investigating the

assembly of eukaryotic centromeres. We suppose that if each

CENP-A chromatin cluster required for the centromere func-

tion is smaller enough than the insert alphoid DNA in size or

if CENP-A chromatin cluster easily spreads out irrespective of

the underlying vector DNA sequences, the efficiency of the

HAC formation is expected not to change by the size of the

insert alphoid DNA.

This study investigates whether the size of alphoid DNA

arrays influences assembly and maintenance of centromeres

and/or their function. YACs were constructed containing 10,

30, 50 or 70 kb a21-I alphoid arrays and BACs were con-

structed containing 60, 120 or 240 kb a21-I alphoid DNA with

wild-type or mutant CENP-B boxes. Chromatin assembly was

followed by measuring HAC formation and by chromatin

immunoprecipitation (ChIP) analysis. The results demon-

strated that the length of alphoid DNA arrays and the density

of wild-type CENP-B boxes had a strong impact on HAC

formation and assembly of CENP-A chromatin.

Results

Construction of YACs and BACs with alphoid DNA

inserts of different lengths

Previous studies reported construction of YAC clone a7C5,

which contains 70 kb type-I alphoid DNA from the centro-

mere of human chromosome 21 (a21-I). YAC clone a7C5

forms HACs with high efficiency in human cells (Ikeno

et al, 1998). Three deletion variants of a7C5 containing 10,

30 or 50 kb alphoid DNA (del.22, del.20 and del.24, respec-

tively) were generated by homologous recombination in yeast

(Figure 1A and B). A BAC was also constructed previously

with an insert of 60 kb synthetic alphoid DNA (pWTR11.32;

Ohzeki et al, 2002). Both YAC clone a7C5 and this BAC are

based on the same repeating 11-mer motif (a21-I) and both

readily form HACs. Because a long alphoid DNA is very

S

H

H

N

Ligation

N/S

H

N

S1.9 kb 1.9 kb 

1.9 kb 

3.8 kb 

Tandem ligation

1.9 kb    3.8 kb    7.6 kb    15.2 kb  

CENP-B box Mutant CENP-B box

Wild type 11-mer  (1.9 kb) CENP-B box reduced  (1.9 kb)

48.5

97.0

145.5

194.0

242.5
291.0

URA3

yTEL

CEN4

ARS1

LYS2

hTEL

yTELyTEL

bsr

TRP1

Retrofitting

hTEL

70 kb 11-mer repeats

 MCU-bsrα11 

11-mer

Recombination

RAD52
YpSL1
-Ura

URA3

or

S

N

1 2 3 4 5 6 7 8

H
N

S

2000

1000

450

30

1 2 3

10

B B

B B

1 2 3 4M M

100

50
(kb) (kb) (kb)

Well Well Well

150

200

250

→ → → → . . .

A D

B C E

Figure 1 Construction of YACs and BACs with shorter or longer alphoid DNA inserts. (A) The method for construction of deleted YACs using
homologous recombination in yeast. B indicates the BamHI site. (B) Constructs were analyzed by PFGE, followed by ethidium bromide
staining. Gel-purified YAC DNA was analyzed in lanes 2, 4, 6 and 8. Lanes 1 and 2, a7C5htel; lanes 3 and 4, del.24; lanes 5 and 6, del.20; lanes 7
and 8, del.22; M indicates DNA size marker. (C) HT1080 genomic DNA transformed with the YAC constructs were digested with BamHI and
analyzed by PFGE, followed by Southern blot using a 32P-labeled 11-mer probe. The arrowheads indicate input alphoid DNAs. Lane 1, HT1080;
lane 2, del.20HT1–5; lane 3, del.22HT1–3. (D) BACs with alphoid DNA with wild-type or mutant CENP-B boxes were constructed as shown.
H, N and S indicate HindIII, NheI and SpeI sites, respectively. (E) BACs were digested with NheI and SpeI and analyzed by PFGE, followed by
ethidium bromide staining. Lane 1, pWTR11.32; lane 2, pWTR11.64; lane 3, pWTR11.128; lane 4, pCBB11.1.32. M indicates DNA size marker.
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unstable in YAC vector (Neil et al, 1990; Ikeno et al, 1998),

BACs containing 120 and 240 kb alphoid DNA inserts

(pWTR11.64 and pWTR11.128, respectively) were con-

structed from the 60 kb BAC by in vitro tandem ligation

(Figure 1D and E).

Dependence of HAC formation on the length of alphoid

DNA

Alphoid DNA-containing YACs were purified and transfected

into human HT1080 cells. Stable transformants were identi-

fied based on resistance to blasticidin S (BS) and HACs were

identified in transfected cells using fluorescence in situ

hybridization (FISH) with probes for alphoid DNA (the 11-

mer) and the YAC vector. The efficiency of HAC formation

was similar for YACs with 50 or 70 kb alphoid DNA (33 or

35% HAC-positive cell lines, respectively); however, the

efficiency of HAC formation was significantly lower for

YACs with a 30 kb alphoid DNA insert (9%) (Figure 2A and

B; Table IA, Po0.001), and YACs with a 10 kb alphoid DNA

insert did not form at all (Figure 2C; Table IA). FISH analysis

suggested that HACs with 70, 50 and 30 kb alphoid DNA

arrays contained no host chromosomal DNA signals

(Supplementary Figure 2). YAC copy number per cell was

estimated using pulse-field gel electrophoresis (PFGE),

Southern blot and real-time PCR (Tables IIA and B;

Figure 1C). These data indicated that multiple YAC copies

concatenated and integrated as an extra artificial chromo-

some or into a host chromosomal insertion site. HACs were

mitotically stable in HT1080 cells for 60 days in the absence

of drug selection (R¼ 0.00010–0.0086; chromosomal loss rate

per cell division, Table IIA). The efficiency of HAC formation

decreased from approximately 26 to 17 to 5%, for BACs with

60, 120 and 240 kb alphoid DNA inserts, respectively

(Table IB; Figure 2D). The transformation efficiency for all

BACs was similar. These results indicate that the ability to

form HACs is strongly influenced by the length of the alphoid

DNA region in YACs and BACs.

Assembly and spreading of CENP-A chromatin in HACs

The protein and DNA components of HACs were analyzed

using immunofluorescence and FISH analysis of metaphase

chromosomes (Figure 3A; Table IIA). The results confirmed

the presence of CENP-A, CENP-B and CENP-E in the HACs

(CENP-E is a kinesin-like kinetochore motor protein, which

is also involved in mitotic checkpoints; Thrower et al, 1995).

ChIP was used to examine the assembly of CENP-A chroma-

tin in six HAC regions. HACs with 30 or 70 kb alphoid DNA

arrays were used for this experiment. The HAC sites exam-

ined included three regions (regions 1–3) on the left arm of

the YAC located at 8, 4 or 2 kb from alphoid DNA, respec-

tively; two regions (regions 4 and 5) bridging the left and

right ends of alphoid DNA, and the bsr gene in the right arm

Vector11-merDAPI Vector11-merDAPI Vector11-merDAPI

Vector11-merDAPI

del.24HT3-14
(50 kb)
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Figure 2 FISH analysis of HAC formation and integration. Metaphase cells were prepared from cell lines with non-integrated (A: del.24HT3–
14, B: del.20HT1–5 and D: W11.128HT1–14) and integrated YACs/BACs (C: del.22HT1–3, E: W11.5htelHT1–23 and F: BR11.1.32HT2–25). FISH
analysis was carried out using probes for the a21-I alphoid 11-mer (green) and YAC vector sequences (red). Chromosomes were counterstained
with DAPI (white and blue in merged panels). Scale bar, 10 mm.

Minimum requirements for stable CENP-A chromatin
Y Okamoto et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 5 | 2007 1281



of the YAC at 3 kb from alphoid DNA (region 6). 5S ribosomal

DNA (5SrDNA) was used as a negative control and the 11-mer

alphoid DNA motif was used as a positive control. The

presence of CENP-A and CENP-B in these regions was

quantified by real-time PCR. Relative enrichment of CENP-A

in HAC regions was calculated (normalized to 5SrDNA nega-

tive control) and is presented in Figure 3B and C. The results

indicated that for HACs with 70 kb alphoid DNA, CENP-A

nucleosomes are only enriched in regions 4 and 5 (bound-

aries of alphoid DNA at the left and the right vector arm

junctions, Po0.01) but not in YAC vector DNA (regions 1–3

or 6, P40.10). These observations are consistent with pre-

vious results (Nakano et al, 2003; Nakashima et al, 2005).

Unexpectedly, for HACs with 30 kb alphoid DNA arrays,

regions 2 and 3 were enriched for CENP-A nucleosomes

(Po0.01; Figure 3C), whereas regions 1 and 6 were not

(P40.10; Figure 3C). Similar results were obtained using an

independent HAC cell line carrying this YAC (del.20HT5–2)

and at the integration site (del.20HT5–6) of this YAC

(Supplementary Figure 3A and B; Tables IIA and B). CENP-

B was enriched exclusively at region 5 (right boundary of

alphoid DNA, which includes a CENP-B box), but not in the

YAC arms (regions 1, 2, 3 and 6), and only slightly at region 4

(the left boundary of alphoid DNA, which does not include

a CENP-B box; Figure 3B and C). CENP-B distribution was

similar for HACs with 30 and 70 kb alphoid DNA arrays.

These results suggest that the assays used here are highly

reliable and have a high enough resolution to detect one or

two alphoid DNA units of 171 bp each.

HACs with 30 kb alphoid DNA formed less efficiently than

HACs with 70 kb alphoid DNA, but CENP-A nucleosomes

assembled more efficiently at the alphoid–vector junctions

and at the left vector arm sites in HACs with 30 kb alphoid

DNA. It should be noted that the latter sites do not nucleate

CENP-A nucleosomes by themselves. However, the chroma-

tin structure noted above was observed in two independent

HACs with 30 kb alphoid DNA arrays. One possible interpre-

tation of these results is that CENP-A chromatin initiates in

the 30 kb alphoid DNA array, but the size of this region is not

sufficient to support HAC formation. Therefore, CENP-A

chromatin may propagate beyond the boundaries of the insert

to include flanking vector sequence. This suggests that a

region greater than 30 kb in size is necessary to achieve a

stable CENP-A chromatin domain and to establish normal

centromere function in the context of a YAC-derived HAC.

This structure may also be essential for centromere function

in HACs containing 30 kb alphoid DNA. Using FISH and

immunostaining, we estimated that 9–33% of the total 70

copies of the 30 kb alphoid YAC units on the contiguously

extended HAC chromatin are possibly involved in the main-

tenance of the CENP-A chromatin areas (Supplementary

Figure 4).

CENP-A chromatin assembly and the length of alphoid

DNA at chromosomal insertion sites

The presence of centromere proteins was also assessed at the

chromosomal insertion sites of YACs with 10, 30 or 70 kb

alphoid DNA. For cells transfected with the YAC with 70 kb

Table IA HAC formation assay: DNA constructs containing short series of alphoid DNA (linear constructs)

Size of input DNA (kb)

Input DNA Alphoid Vector left arm Vector right arm Total Analyzed cell lines HAC formed cell linesa

a7C5htel 70 15 11 96 34 12 (35%)
del.24 50 15 11 76 9 3 (33%)
del.20 30 15 11 56 34 3 (9%)
del.22 10 15 11 36 41 0
pNeo11.5 9.5 2.5 3.5 15.5 23 0
pNeo11.5htel 9.5 4 5 18.5 23 0

aCell lines in which 450% of spreads (n420) contained HACs were categorized into HAC formed cell lines. A w2-test of the predominant
pattern for HAC formation efficiency between a7C5htel cell line and other cell lines except for del.24 showed highly significant differences
(Po0.001), but that of del.24 did not (P40.90).

Table IB HAC formation assay: DNA constructs containing long series of alphoid DNA or CENP-B box-reduced alphoid DNA (circular
constructs)

Input DNA Size of input DNA (kb) Experiments Analyzed cell lines HAC formed cell lines

Alphoid Vector Total

pWTR11.32 60 7 67 1st 11 3 (27%)
2nd 12 3 (25%)

pWTR11.64 120 7 127 1st 24 4 (17%)
2nd 18 3 (17%)

pWTR11.128 240 7 247 1st 19 1 (5%)
2nd 23 1 (4%)

pCBB11.1.32 60 7 67 1st 23 0
2nd 18 0

pMTR11.32a 60 7 67 1st 20 0
2nd 18 0

A w2-test of the predominant pattern of HAC formation efficiency between pWTR11.32 cell line and other cell lines except for pWTR11. 64
showed highly significant differences (Po0.002), but that of pWTR11.64 did not (P40.15).
aThis construct contains 60 kb alphoid DNA with mutant-type CENP-B boxes, and is previously analyzed by Ohzeki et al (2002).
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alphoid DNA or with the BAC with 60 kb alphoid DNA, 10–

30% of the cells had variegated assembly of CENP-A, -B, -C

and -E at the insertion site. This was true regardless of YAC

copy number or the site of integration (Figure 4A; Table IIB;

Ohzeki et al, 2002; Nakashima et al, 2005). The presence of

CENP-A and -E always correlated with a phenotype of sister

chromatid cohesion at the insertion sites in 20–25% of cells

with 30 kb alphoid DNA arrays (del.20HT5–6 and 5–24 cell

lines, respectively, Table IIB; Figure 4A). However, centro-

mere protein components and sister chromatid cohesion were

not associated with the remaining 75–80% of cells with 30 kb

alphoid DNA arrays or at any insertion sites of 10 kb alphoid

DNA arrays (Table IIB). By ChIP analysis, CENP-A nucleo-

somes were slightly enriched at the insertion sites of 30, 60 or

70 kb alphoid DNA arrays (Supplementary Figure 3B; Table

IIB; see also Figure 5C), but not at insertion sites for 10 kb

alphoid arrays (Figure 4C). This is consistent with the cyto-

logical observations noted above. These data confirm the

conclusion that the length of an alphoid DNA array (up to

70 kb) correlates positively with the capacity to form and

maintain functional HACs, to assemble CENP-A and other

centromeric proteins, and to promote sister chromatid co-

hesion at ectopic insertion sites in HT1080 cells.

H3K9me3 chromatin is antagonistic to CENP-A

chromatin in a 10 kb alphoid DNA array

Previous studies indicated that marker gene expressions are

repressed in chromatin with a low level of acetylated histone
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H3 and/or a high level of lysine 9 tri-methyl histone H3

(H3K9me3), and that CENP-A nucleosomes were also de-

pleted from the ectopic insertion sites of the alphoid YAC/

BAC DNA (Nakano et al, 2003; Nakashima et al, 2005). Here,

the distribution of H3K9me3 was examined as a possible

marker of heterochromatin and associated gene repression

(Lachner et al, 2003; Peters et al, 2003). Indirect immuno-

fluorescence and FISH studies revealed dense regions of

H3K9me3 nucleosomes overlapping with the insertion site

of YACs with 10 kb alphoid DNA arrays (del.22HT1–3 cell

line) (Figure 4B). Stronger staining was observed in pericen-

tromeric heterochromatin than on chromosome arms.

ChIP analysis was also used to correlate density of

H3K9me3 with specific loci. Pericentromeric satellite 2

Table IIA CENPs assembly and centromere function on introduced alphoid DNAs: HAC formation cell lines

Input DNA size (vector) Cell lines Multiplicity of input DNA CENPs assembly (%)a de novo HACb Loss ratec

Left arm
(copies)

Right arm
(copies)

Total size of
alphoid (kb)d

A B C E

Linear constructs
70 kb (a7C5htel) HT1–2e 34 35 2500 100 100 100 100 Yes 0.0086
50 kb (del.24) del.24HT3–14 35 42 1900 100 100 100 100 Yes 0.0049
30 kb (del.20) del.20HT1–5 74 68 2100 100 100 100 100 Yes 0.00010

del.20HT5–2 160 160 4800 100 100 nt 100 Yes nt

Circular constructs
60 kb (pWTR11.32) W0210R-8f � � 1400 100 100 100 100 Yes 0.0011
240 kb (pWTR11.128) W11.128HT1–14 � � 1500 + + nt nt Yes nt

aPercentage of centromere protein assembly was assessed based on colocalized signals from indirect immunostaining of CENP and FISH
analysis of vector probes (n420).
bNon-acquisition of host chromosomal DNA fragments was examined by FISH analysis using inter-/intra-Alu, other alphoid probes.
cThe number of HACs in 30–50 metaphase cells was scored by FISH using YAC probes and 11-mer probes at day 0 (N0) or at day 60 (N60)
without selection. Values were calculated using the following formula: N60¼N0� (1–R)60.
dTotal size of alphoid DNA in multimer of input alphoid YAC was calculated by multiplying alphoid DNA size of input alphoid YAC by copy
number of average of left arm and right arm.
eThese cell lines were produced by Ikeno et al (1998).
fThese cell lines were produced by Ohzeki et al (2002).
nt, not tested; +, assembly detected with ChIP assay.

Table IIB CENPs assembly and centromere function on introduced alphoid DNAs: ectopic alphoid DNA integration sites

Input DNA size (vector) Cell lines Multiplicity of input DNA CENPs assembly (%)a TSA

Left arm
(copies)

Right arm
(copies)

Total size of
alphoid (kb)b

A B C E CENP-A
assemblya (%)

Extra chromosome
formationc (%)

Linear constructs
70 kb (a7C5htel) HT1-19d 34 35 2400 17 20 17 nt 65 30

HT2-1d nt nt � 13 39 23 nt 50 16
50 kb (del.24) del.24HT5–11 26 24 2500 13 100 nt nt 45 20

del.24HT5–20 27 32 1500 13 100 nt nt 40 15
30 kb (del.20) del.20HT5–6 58 53 1700 25 100 nt 23 nt nt

del.20HT5–24 18 14 480 20 100 nt 25 40 20
10 kb (del.22) del.22HT1–3 94 101 980 0 1008 0 nt 23 0

del.22HT5–7 53 38 480 0 100 nt nt nt nt
del.22HT5–18 27 23 250 0 100 nt nt 15 0

9.4 kb (pNeo11.5) W11.5HT1–16 nt 173 1600 0 100 nt nt 10 0
9.4 kb (pNeo11.5htel) W11.5htelHT1–23 nt 120 1100 0 100 nt nt 10 0

Circular constructs
60 kb (pWTR11.32) W0210R-1e � 14f 1000 23 100 nt nt nt nt
240 kb (pWTR11.128) W11.128HT1–5 � 5f 1200 + + nt nt nt nt
240 kb (pWTR11.128) W11.128HT4–3 � 6f 1100 + + nt nt nt nt
60 kb (pCBB11.1.32) BR11.32HT2–25 � 42f 4000 + + nt nt nt nt
60 kb (pMTR11.32) M1319e � 12f 1100 0 0 0 0 nt nt

aPercentage of centromere protein assembly was assessed based on colocalized signals from indirect immunostaining of CENP and FISH
analysis of vector probes (n420).
bTotal size of alphoid DNA in multimer of input DNA was calculated by multiplying alphoid DNA size of input DNA by copy number of average
of left arm and right arm.
cFormation of extra-chromosomes with active centromere formed on ectopic integration of input DNA were examined by immunostaining of
CENP and FISH analysis of vector probes.
dThese cell lines were produced by Ikeno et al (1998).
eThese cell lines were produced by Ohzeki et al (2002).
fThese constructs are circular, therefore Neo gene in BAC vector sequence was quantified by real time-PCR.
gAmong them, 17% could be detected by the mixture of antibodies against CENP-B.
nt, not tested; +, assembly detected only with ChIP assay.
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(sat2), used as a positive control, correlated with high levels

of H3K9me3 (Espada et al, 2004), as expected, and low levels

of H3K9me3 were found in the promoter of the housekeeping

H1 gene (Baer et al, 1990), a negative control (Figure 4C). To

assess the amount of H3K9me3 at sites of insertion of YACs

with 10 kb alphoid DNA, data were normalized to the nega-

tive control (the H1 promoter). In the del.22 HT1–3 cell line,

H3K9me3 was 410-fold enriched in regions 1, 3, 4 and 5,

whereas it was only four-fold enriched in region 6 (the bsr

gene) (Figure 4C). H3K9me3 was nine-fold enriched in the 11-

mer alphoid DNA repeat using a probe that detects ectopic

alphoid DNA as well as endogenous alphoid DNA on chro-

mosomes 13 and 21, whereas it was only three-fold-enriched

in control HT1080 cells (Figure 4C). These data indicate that

H3K9me3 was enriched in most of the integrated YAC with

10 kb alphoid DNA, suggesting that H3K9me3 chromatin may

prevent assembly of CENP-A chromatin on ectopic alphoid

DNA. To examine this possibility, del.22 HT1–3 cells were

treated with the histone deacetylase inhibitor Trichostatin A

(TSA), which causes histone hyperacetylation and disrupts

heterochromatin assembly (Ekwall et al, 1997; Taddei et al,

2001). For cells with insertions of YACs with 10 kb alphoid
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Figure 4 Analysis of CENP-A and H3K9me3 chromatin in alphoid DNA arrays. (A) Detection of CENP-A in 30 kb alphoid DNA arrays in
del.20HT5–24 cell line. (B) Detection of H3K9me3 in 10 kb alphoid DNA array in del.22HT1–3 cell line. (A, B) Indirect immunostaining (green)
and FISH (red) were carried out. Arrowheads indicate YAC integration site. Scale bar, 10 mm. (C) ChIP and real-time PCR analysis of CENP-A
and H3K9me3 in 10 kb alphoid DNA array in del.22HT1–3 cells and parental HT1080 cells before or after treatment with TSA. The diagram of
the YAC structure indicates one unit of the concatenated multimers found at ectopic chromosomal insertion sites. Enrichment of CENP-A or
H3K9me3 was calculated as described. Results were normalized to 5S ribosomal DNA in CENP-A panels and H1 promoter in H3K9me3 panels,
and are presented as a bar graph. Normal IgG was used as a negative control. DNA probes were for 11-mer, Sat2, regions 1–6 on the YAC and the
H1 promoter. Error bars indicate s.e.m (n¼ 3). Enrichment of CENP-A in regions 3, 4 and 5 was statistically significant in TSA treated cells
(Po0.01) by w2 test, relative to values with normal IgG; values in regions 1 and 6 were not statistically significant (P40.10) by w2 test. (D) Cells
were treated with TSA for 2 days, incubated for 30 days in the presence or absence of blastocidin S and analyzed for CENPs assembly by
immunofluorescence and FISH. The fraction of del.22HT1–3 cells positive for CENPs assembly are indicated. (E) Stable reformed
minichromosomes (20% of cells) were detected by activated centromere signal (CENP-A, green) in the 30 kb alphoid DNA array in TSA-
treated del.20HT5–24 cells. YAC probe is shown in red. Scale bars, 10mm.
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DNA, H3K9me3 was on the whole lower, but CENP-A was

enriched 4.1-, 3.6- and 2.3-fold at regions 4, 5 and 3

(Po0.01), respectively (Figure 4C), and unchanged at regions

1 and 6 by ChIP analysis. CENP-A and CENP-C assemblies

were also detected at the ectopic insertion sites in 23% of the

TSA-treated cells, as indicated by immunofluorescence and

FISH analysis (Figure 4D; Table IIB; Supplementary Figure 5).

When TSA-treated cells were grown for 30 days without

selecting for the bsr marker, the fraction of cells with

CENP-A/CENP-C signals decreased from 23 to 4%.

However, in cells grown for 30 days with selection for the

bsr marker gene, CENP-A/CENP-C chromatin was stable.
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Figure 5 ChIP analysis of CENP-A, CENP-B and H3K9me3 in alphoid DNA arrays with wild-type or mutant CENP-B boxes. (A) Schematic
diagram of synthetic alphoid DNA 11-mers. (a) Synthetic wild-type 11-mer constructs with different lengths. (b) Synthetic 11-mer with mutant
CENP-B boxes. (c) Synthetic 11-mer with four mutant CENP-B boxes. The primer sites (arrow heads) used for the competitive PCR are shown.
N/S indicates cohesive end of the ligated NheI and SpeI sites. The 17-bp motif of CENP-B box is shown as wild-type or mutant. The EcoRV site
exists only on the mutant CENP-B box. (B) Control for competitive PCR. W0210R-1 cells carrying wild-type CENP-B boxes and M1319 cells
carrying mutant CENP-B boxes were mixed in the indicated ratios (16:1–1:16). Competitive PCR was carried out with genomic DNA, and
EcoRV-digested PCR products were analyzed by electrophoresis. (C) ChIP and competitive PCR analyses assays were carried out as described.
I indicates input DNA. Antibodies to CENP-A, CENP-B or normal mouse IgG were used for immunoprecipitation. Fold enrichment was
calculated by the ratio of the upper and lower bands and normalized to input DNA. (a), (b) and (c) are the DNA fragments corresponding to the
alphoid constructs (a), (b) and (c), respectively, in panel A. (D) ChIP and real-time PCR analysis of H3K9me3 assembly on the synthetic alphoid
DNA array in W11.128HT4–3, W11.128HT1–14 and W0210R-8 cells. Enrichment of H3K9me3 was calculated as described. Results were
normalized to the H1 promoter DNA and are presented as a bar graph. Normal IgG was used as a negative control. DNA probes were for Sat2,
endogenous 11-mer, synthetic 11-mer and the H1 promoter. Error bars indicate s.e.m. (n¼ 3).
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These data suggest that 10 kb alphoid DNA arrays can form

CENP-A chromatin when histone deacetylase is inhibited

and, therefore, heterochromatin is disrupted, but this CENP-

A chromatin conformation is unstable under non-selective

conditions.

Stable reformation of minichromosomes with an activated

centromere via chromosome breakage events were frequently

observed when cells with 70 or 30 kb ectopic alphoid DNA

arrays were treated with TSA or were maintained for long

periods under selection for bsr (Figure 4E; Table IIB).

However, this phenomenon was not observed in cells

with ectopic 10 kb alphoid DNA arrays (Table IIB). This

result confirms that a minimum of 30 kb alphoid DNA is

required to form a functional centromere in transfected

HT1080 cells.

Effect of alphoid array length and density of CENP-B

boxes on stability of CENP-A nucleosomes

It is possible that YAC arms (total 26 kb) prevent spreading of

CENP-A chromatin throughout ectopic alphoid DNA arrays

in chromosomes with integrated YACs. This idea was tested

with two constructs, pNeo11.5 or pNeo11.5htel, in which a

9.4 kb alphoid array (11-mer� 5) was cloned into a 6 kb

plasmid vector with or without 1.2 kb human telomeric

sequences, respectively. Neither HACs nor CENP-A chromatin

was detected in cells carrying chromosomal insertions of

these constructs (Figure 2E; Tables IA and IIB). Moreover,

this result was confirmed using a highly sensitive ChIP assay.

This assay is based on competitive PCR with an integrated

copy of a BAC containing alphoid DNA with a mutant CENP-B

box as a reference (Figure 5A and B). The assay showed that

CENP-A was not enriched in the 9.4 kb alphoid DNA (1.0–

0.97 relative to control), whereas CENP-B was enriched

approximately 36-fold (Figure 5A and C). In contrast, hetero-

chromatin readily spreads from flanking regions via vector

DNA or via alphoid DNA itself, displacing or preventing

stable formation of CENP-A chromatin on short segments of

alphoid DNA (Figure 4B and D; Table IIB).

ChIP and competitive PCR analysis showed that CENP-A

nucleosomes were 22-fold enriched in HACs with 240 kb

alphoid DNA; however, CENP-A nucleosomes were only

enriched approximately 2.4-fold at the integration site of

the same BAC and CENP-B was enriched 42- to 51-fold

(Figure 5A and C). In addition, H3K9me3 was abundant in

the 240 kb alphoid DNA array (Figure 5D). Thus, CENP-A

chromatin was much less stable in ectopic 10 or 240 kb

alphoid DNA arrays than in 30–70 kb alphoid DNA arrays.

HACs formed more efficiently from the 60 kb BAC con-

struct with five CENP-B boxes per 11-mer repeating unit than

from the same construct with one CENP-B box (pCBB11.1.32;

Figures 1D, E, 2F and 5A; Table IB). Fewer CENP-B boxes

also reduced assembly of CENP-A chromatin eight-fold

(Figure 5C; Table IIB; 3.5-fold enrichment in BR11.32HT2–

25 versus W0210R-1). This result indicates that CENP-A can

assemble on the alphoid unit with one CENP-B box. However,

CENP-A chromatin does not spread over the whole 11-mer

with one CENP-B box and does not form a functional

centromere core in a 60 kb alphoid DNA array with reduced

numbers of CENP-boxes. Therefore, a functional centromere

requires a minimum of 30 kb alphoid DNA and a minimum

density of CENP-B boxes.

Discussion

The minimal length of alphoid DNA for a functional

human centromere

One of the goals of this study was to determine the minimum

requirements to form a functional human centromere. The

minimum required amount of centromere-specific repeated

sequence DNA, such as type-I alphoid DNA, was examined

by measuring the ability of linear YACs or BACs with different

lengths of alphoid DNA to form HACs in human HT1080 cells.

Previous studies indicated that HACs composed of a conca-

tenated structure of the input alphoid YAC DNA with human

telomere sequences are a reasonable model of natural chro-

mosomes, so this system was considered a reasonable in-

dicator of normal centromere function in human cells (Ikeno

et al, 1998: Tsuduki et al, 2006). The minimum length of

alphoid DNA that supported formation of stable HACs in

HT1080 cells was 30 kb, with improved efficiency if the length

of alphoid DNA increased to 50 or 70 kb. The result agrees

with a previous study based on a different HAC formation

efficiency of two isogenic alphoid DNA clones from chromo-

some 17 (35 and 80 kb) (Grimes et al, 2002). In our study,

HACs with 30 kb alphoid DNA were as stable as or more

stable than HACs with longer alphoid DNA regions (i.e.

R¼ 0.00010 for HACs with 30 kb alphoid DNA versus

R¼ 0.0049–0.0086 for HACs with 50 or 70 kb alphoid DNA).

HACs did not form when the YACs carried 10 kb alphoid DNA.

This result was not because of interference from long YAC

vector arms, as the same result was observed for a construct

with 6 kb vector arms and 10 kb alphoid DNA. Cells (10–30%)

carrying YACs with 30–70 kb alphoid DNA arrays established

and maintained variegated CENP-A chromatin (containing

CENP-A, -B, and -C; Table IIB) irrespective of the integration

site or YAC copy number. Moreover, normal centromere

function was associated with ectopic CENP-A chromatin,

which formed at sites of integrated 30–70 kb alphoid DNA

arrays in TSA-treated cells (Table IIB; Figure 4E). These

observations strongly indicate that a wild-type 30 kb alphoid

DNA array is sufficient to support the assembly of functional

centromeric chromatin in human HT1080 cells. It is worth

noting that this result is consistent with the reported size of

CENP-A chromatin clusters in naturally occurring chromo-

somes in human, mouse and Drosophila cells (Blower et al,

2002; Chueh et al, 2005).

Spreading of CENP-A chromatin into vector DNA

This study demonstrated that CENP-A chromatin can spread

into flanking YAC vector DNA. This was an unexpected

result, because YAC vectors with no inserted or with type-II

alphoid DNA do not form HACs or CENP-A chromatin in

human cells (Ikeno et al, 1998; Nakano et al, 2003). In

addition, the spreading is not efficient, does not encompass

the entire 26 kb vector arm and only occurred in constructs

with 30 kb alphoid DNA arrays. Considering these factors, it

seems possible that once formed in alphoid DNA, a CENP-A

cluster propagates to a size greater than 30 kb. In the context

of the HAC with a 30 kb alphoid DNA insert, this includes

non-alphoid vector DNA. Thus, a region greater than 30 kb

may be necessary for achieving a stable CENP-A chromatin

domain and for establishing normal centromere function in

the context of a YAC-derived HAC (Figures 3C and 6, model A;

Supplementary Figure 4). This result clearly shows that
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CENP-A chromatin can spread into flanking vector DNA if the

length of alphoid DNA is insufficient and if spreading into

vector DNA is required to support centromere function. Such

extended CENP-A chromatin domains are presumably main-

tained by epigenetic mechanisms that support the assembly

of functional centromeres.

Similar observations were made in a study of Drosophila

minichromosomes formed by g-irradiation (Maggert and

Karpen, 2001). The authors of this study suggested that

centromeric chromatin spreads into flanking chromosomal

sequences when there is an inversion in a centromere do-

main. The other group also proposed a model for centromere

expansion/evolution based on the insertion of multiple trans-

posons in or near centromeric domains, followed by spread-

ing of centromeric chromatin (Henikoff et al, 2001). The

results presented here support these hypotheses especially

in the context of artificial chromosomes containing insuffi-

cient alphoid DNA to form a functional centromere. It should

be noted that excess CENP-A binds nonspecifically to entire

chromosome arms, but does not form functional centromeric

chromatin in cells engineered to overexpress this protein

(Sullivan et al, 1994; Van Hooser et al, 2001). Thus, func-

tional spreading of CENP-A chromatin is a specialized

mechanism that supports centromere assembly. It is likely

that this process involves recruitment of other essential

kinetochore proteins.

H3K9me3 chromatin antagonizes CENP-A chromatin on

ectopic alphoid DNA arrays

This study uses cytological analysis and ChIP to show that

CENP-A chromatin does not form at ectopic 10 kb alphoid

DNA arrays, but forms at 30–70 kb alphoid DNA arrays. One

explanation for this result is that 10 kb alphoid DNA regions

may preferentially bind H3K9me3, which promotes forma-

tion of H3K9me3 heterochromatin and precludes formation

of CENP-A chromatin (Figures 4B, C and 6, model B).

Assembly and maintenance of H3K9me3 heterochromatin

are partly dependent on HP1, histone metyltransferase

Suv39 and RNA interference (RNAi) (Grewal and Moazed,

2003; Lachner et al, 2003). Treatment of cells with TSA leads

to histone hyperacetylation, breakdown of heterochromatin

structure in mouse and Schizosaccharomyces pombe (Ekwall
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H3K9me3 H3K9me3

H3K9me3
H3K9Ac

Unstable
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Figure 6 Hypothetical models for assembly and spreading of CENP-A chromatin. (A) Chromatin assembly on the 30 kb alphoid HAC. The
CENP-A chromatin (red line) spread into the YAC vector arm regions (red arrow) following nucleation of the assembly on the insert 30 kb
alphoid DNA array, and was maintained. Therefore, the functional centromere core of CENP-A chromatin (at least 30 kb plus spreading) may
exist as an epigenetic memory. (B) Chromatin assembly on the short 10 kb alphoid integration site. The multimer of the 10 kb alphoid YACs
acquired strong heterochromatic H3K9me3 state (blue line) at its integration site. CENP-A chromatin could nucleate the assembly if the
heterochromatin structure was compulsorily broken by TSA treatment. However, this kind of CENP-A assembly without fulfilling the functional
length was unstable, and thus, dynamically encroached by the spreading of H3K9me3 (blue arrow) under the non-selective culture.
(C) Chromatin assembly on the CENP-B box-reduced alphoid BAC at the integration site. CENP-A nucleosomes can assemble on an alphoid
unit containing only one CENP-B box in the 11-mer unit. However, such a CENP-A nucleosome cannot spread and generate a functional
centromere core unit on the 60 kb CENP-B box-reduced alphoid DNA. (D) Chromatin assembly on the long 240 kb alphoid HAC or the
integration site. The 240 kb alphoid BAC also has an ability to form a HAC, but a high level of H3K9me3 also covered the integration site of the
240 kb alphoid BAC.
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et al, 1997; Taddei et al, 2001), and centromere reactivation in

human isodicentromic chromosomes (Higgins et al, 2005).

In this study, treatment with TSA increased binding of

CENP-A and CENP-C in 10 kb alphoid DNA arrays and

decreased the amount of H3K9me3 chromatin. However,

CENP-A chromatin was unstable unless cells were main-

tained under selection for the expression of bsr. This suggests

that chromatin remodeling associated with transcriptional

activation of bsr may have synergistic effect on the assembly

of CENP-A chromatin, and in contrast, assembly of H3K9me3

heterochromatin may be antagonistic to assembly or main-

tenance of CENP-A chromatin (Figure 6, model B).

Interestingly, transcriptional activities were reported in the

natural complex centromeres of rice and human (Saffery

et al, 2003; Nagaki et al, 2004). Even when TSA-treated

cells carrying 10 kb alphoid DNA arrays were maintained

under selection for bsr, reformed minichromosomes were

not observed. In contrast, stable reformed minichromosomes

with functional centromeres were easily observed in cells

with 30 or 70 kb alphoid DNA arrays (Figure 4E; Table IIB).

In summary, these studies indicate that a minimum of

30 kb alphoid DNA is required for de novo HAC assembly

or for centromere reactivation in human cultured cells. It is

reasonable to propose that molecular interactions between

DNA and chromatin proteins and specific structural con-

straints contribute to this size threshold, because the DNA

component is otherwise identical in YACs with 10, 30 and

70 kb alphoid DNA arrays (Supplementary Figure 1). Alphoid

DNA arrays (10 kb) may fail to form functional centromeric

chromatin because of a preferential tendency of these arrays

to form H3K9me3 heterochromatin.

CENP-B box density and alphoid length affect the

CENP-A assembly

Large alphoid DNA arrays and CENP-B boxes are two essen-

tial components of a functional human centromere (Ohzeki

et al, 2002). Recent studies indicate that HACs form more

efficiently in synthetic alphoid DNA containing CENP-B

boxes in every alphoid monomer (Basu et al, 2005), and

that CENP-B boxes promote CENP-A binding in native human

centromeres (Irvine et al, 2004). The present study demon-

strated that alphoid DNA with a very low density of CENP-B

boxes (one CENP-B box in the 11-mer; 32 CENP-B boxes in

60 kb) only supports inefficient formation of centromeric

chromatin and does not support formation of HACs. The

CENP-A nucleosomes that do form fail to spread through

alphoid DNA with mutant CENP-B boxes, and thus do not

form a functional centromere (Figures 5C and 6, model C).

These results indicate that a minimum density of CENP-B

boxes is required to form stable CENP-A chromatin core in

alphoid DNA. Nevertheless, 10 kb alphoid DNA arrays in-

cluding 25–27 CENP-B boxes showed no capacity to maintain

CENP-A nucleosomes. This result suggests that both the

length of alphoid DNA and the density of CENP-B boxes are

critical in supporting the assembly of functional centromeric

chromatin.

It should be pointed out that very long (240 kb) alphoid

DNA arrays may not be optimal for de novo centromere

assembly. For example, CENP-A chromatin was maintained

with extremely low efficiency in 240 kb alphoid DNA arrays

at the ectopic integration sites, and these long alphoid DNA

arrays form H3K9me3 heterochromatin with relatively high

efficiency. This process may be related to the inactivation of

centromeres in dicentromeric fusion chromosomes, which is

thought to be an epigenetic phenomenon (Sullivan and

Schwartz, 1995; Warburton et al, 1997), and may involve

spreading of heterochromatin in alphoid DNA (Figure 6,

model D). These results suggest that the assembly of centro-

meric chromatin, influenced by the length of repetitive al-

phoid DNA and the density of CENP-B boxes, is envisioned as

a dynamic balance between the nucleation and spreading of

CENP-A chromatin, and the disassembly and/or prevention

of heterochromatin spreading. TSA treatment and selective

pressure for transcriptional activity also alter this dynamic

balance and disfavor heterochromatization, thereby promot-

ing CENP-A nucleation and spreading of centromeric chro-

matin at ectopic sites of alphoid DNA (Figure 6, model B).

Nevertheless, it is still unclear why 120 or 240 kb alphoid

DNA arrays do not support HAC formation and CENP-A

assembly more efficiently than 50–70 kb alphoid DNA arrays.

Our recent results suggest a possible role for CENP-B in

satellite DNAs, as CENP-B/CENP-B box interactions play an

important role in de novo assembly of mouse CENP-A chro-

matin and in the assembly of heterochromatin in ectopic

satellite DNA insertion sites (Okada et al, submitted). In

addition to these dynamic chromatin assemblies, vector

sequences can also nucleate heterochromatic structures

(H3K9me3 and HP1a) on HACs or ectopic integration sites

(Nakashima et al, 2005). In any case, more precise analyses

of these interactions are required in both human and mouse

cells.

In summary, the present study demonstrated that the

length of alphoid DNA arrays and the density of CENP-B

boxes influence the assembly and maintenance of CENP-A

chromatin in human HT1080 cells. These factors may also

influence spreading of H3K9me3 heterochromatin, which

appears to be antagonistic to CENP-A chromatin. It is

hoped that these and future studies will contribute to a

more complete understanding of the mechanisms that

regulate assembly and maintenance of unique chromatin

domains, including native human centromeres.

Materials and methods

Construction of deleted variants of the 70 kb a21-I alphoid
YAC
The YAC right arm replacement vector (MCU-bsr a11) was
constructed by insertion of the a21-I alphoid 11-mer fragment from
p11-4 (Ikeno et al, 1994) by partial digestion with EcoRI and end-
filling with the Klenow large fragment, into the end-filled ClaI site
of the MCU-bsr (Ikeno et al, 1998). Retrofitting was carried out by
method described previously (Ikeno et al, 1998; Figure 1A).

Construction of alphoid BACs and alphoid plasmids
BACs containing 120 or 240 kb synthetic a21-I (pWTR11.64 and
pWTR11.128, respectively) were constructed from pWTR11.32 by
the tandem concatenation method described previously (Ohzeki
et al, 2002; Figure 1D). The alphoid plasmid, pNeo11.5, was
generated by insertion of a neomycin resistance gene and a 9.4 kb
synthetic a21-I alphoid (the 11-mer� 5 times) fragment into the
XbaI–DraI-digested and end-filling site of the plasmid PET30a
(Novagen) with linker DNAs. To generate pNeo11.5htel, two
fragments of 1.1 kb hTEL sequence inverted on each other with
ampicilin resistance gene between them, were inserted at the
HindIII site at the linker site of pNeo11.5.
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Cell culture and DNA transfection
Human fibrosarcoma cell line HT1080 (ATCC CCL121) was grown
in DMEM medium, supplemented with 10% FBS (Gibco BRL),
penicillin, streptomycin and glutamine. The alphoid YAC DNAs and
BAC DNAs were purified as previously described (Ikeno et al, 1998;
Ohzeki et al, 2002). The alphoid plasmids, pNeo11.5 and
pNeo11.5htel were purified with a Qiagen column and linearized
at HindIII or AatII site at the end of hTELs, respectively. PFGE
gel-purified YAC DNA (35–95 ng), alphoid BAC DNA (400 ng) or
plasmid DNA were transfected into 6�105 HT1080 cells using
lipofectamine reagent (Gibco BRL). Stable transformants generated
were selected with 4 mg/ml BS (Kaken Seiyaku) or 400mg/ml G418
(Wako), as appropriate. For treatment with TSA (TSA), aliquots
of 2.44�106 cells were seeded in 10 ml medium with 1mg/ml TSA
(Wako).

Cytological assays
Standard FISH assays were carried out as described previously
(Masumoto et al, 1989b). Probes used were p11–4 for the alphoid
11-mer alphoid DNA, pYAC4 for YAC arm DNA, PCR products
amplified from pBAC108L using primers BACX and BACS for BAC
vector DNA and pET30a for alphoid plasmid DNA (Ohzeki et al,
2002). Plasmid DNA or PCR products were labeled using
digoxigenin-11dUTP or biotin16-dUTP (Roche Diagnostics; Nick
Translation kit). Indirect immunofluorescence and simultaneous
staining by FISH were carried out as described previously
(Masumoto et al, 1989b). Antibodies used were anti-CENP-A
(mAN1, Masumoto et al, 1998), anti-CENP-B (2D8D8; Ohzeki
et al, 2002), anti-CENP-E (mAb177; Yen et al, 1991) and anti-
trimethyl H3 lys9 (Upstate).

DNA multiplicity by real-time PCR
Genomic DNA was prepared by standard techniques. Real-time PCR
was carried out using the iCyclerIQTM MultiColor Real-Time PCR
System (Bio-Rad) according to the manufacturer’s instruction. The
copy number of lys2 in YAC left arm and bsr in YAC right arm were
quantified using real-time PCR with primer sets, LYS2–1 and LYS2–
3, bsr-F and bsr-R (Nakano et al, 2003). HT1–2 cells were used as a
reference for determining lys2 and bsr copy numbers (HT1–2 copy
numbers: lys2, 34; bsr, 35; Ikeno et al, 1998). W0210R-1 cells were
used as a reference for determining Neo copy number (Neo copy
number 14). Neo copy number was determined with primer sets N1
and N2 (Ohzeki et al, 2002).

ChIP and real-time PCR
ChIP was carried out as described previously (Nakano et al, 2003)
using the following antibodies: anti-CENP-A (mAN1), anti-CENP-B
(2D8D8 and 5E6C1), anti-trimethyl H3 lys9 (Upstate), normal
mouse IgG (Santa Cruz) and normal rabbit IgG (Santa Cruz).
Relative recovery of immunoprecipitated DNA was quantified by
real-time PCR using primer sets indicated in Supplementary
Figure 6.

ChIP and competitive PCR assay for the cell lines generated
from synthetic alphoid constructs
Cells with ectopic synthetic alphoid DNA containing wild-type
CENP-B boxes were compared with reference M1319 cells with
60 kb synthetic alphoid DNA with mutant CENP-B boxes. Cells were
mixed, fixed and sonicated. The ratio of input cells was calculated
to have the same amount of alphoid DNA per cell line. Previous
studies showed that CENP-A and CENP-B do not bind to alphoid
DNA with mutant CENP-B boxes in M1319 cells (Ohzeki et al,
2002). ChIP assays were carried out as described above. Target DNA
was quantified by competitive PCR as described previously (Ohzeki
et al, 2002).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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