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entromere protein (CENP) B boxes, recognition se-
quences of CENP-B, appear at regular intervals in
human centromeric 

 

�

 

-satellite DNA (alphoid DNA).
In this study, to determine whether information carried by
the primary sequence of alphoid DNA is involved in assembly
of functional human centromeres, we created four kinds of
synthetic repetitive sequences: modified alphoid DNA with
point mutations in all CENP-B boxes, resulting in loss of all
CENP-B binding activity; unmodified alphoid DNA con-
taining functional CENP-B boxes; and nonalphoid repetitive
DNA sequences with or without functional CENP-B boxes.
These four synthetic repetitive DNAs were introduced into
cultured human cells (HT1080), and de novo centromere

C

 

assembly was assessed using the mammalian artificial
chromosome (MAC) formation assay. We found that both
the CENP-B box and the alphoid DNA sequence are required
for de novo MAC formation and assembly of functional
centromere components such as CENP-A, CENP-C, and
CENP-E. Using the chromatin immunoprecipitation assay,
we found that direct assembly of CENP-A and CENP-B in
cells with synthetic alphoid DNA required functional

 

CENP-B boxes. To the best of our knowledge, this is the first
reported evidence of a functional molecular link between a
centromere-specific DNA sequence and centromeric chro-
matin assembly in humans.

 

Introduction

 

The centromere is an essential structural domain of chromo-
somes and is responsible for accurate chromosome segregation
in mitosis and meiosis. It has several functions, including sister
chromatid adhesion, linking chromosomes to spindle micro-
tubules, and synchronous separation of sister chromatids at
anaphase onset (Choo, 1997a). These centromere functions
are important for maintaining chromosomal euploidy in
eukaryotic organisms.

Many protein components of the centromere have been
identified, including centromere proteins (CENPs)* A, B,
C, E, H, and F (Earnshaw and Rothfield, 1985; for review
see Warburton, 2001), and some of these protein compo-
nents are conserved among yeast species and humans (for
review see Kitagawa and Hieter, 2001). In particular,
CENP-A, a centromere-specific histone H3 variant (Sullivan
et al., 1994; Shelby et al., 1997), is highly conserved among

most eukaryotes (for review see Choo, 2001). This protein is
required for assembly of other centromere components
(Howman et al., 2000), and is considered a fundamental
component of the centromere-specific chromatin structure.
CENP-B, a highly conserved protein in humans and mice,
is specifically localized at the centromere (Earnshaw and
Rothfield, 1985). This protein binds to the 17-bp motif of
the CENP-B box sequence in alphoid DNA at its amino-
terminal region and forms homodimers at its carboxy-terminal
region (Masumoto et al., 1989; Yoda et al., 1992). CENP-C, a
constitutive centromere protein, localizes at the inner kineto-
chore laminar on mitotic chromosomes and is required for
centromere function (Saitoh et al., 1992; Kalitsis et al.,
1998). CENP-E transiently assembles on the outer surface
of the kinetochore on mitotic chromosomes and is required
for mitotic check point and interactions between the kineto-
chore and spindle microtubules (Yen et al., 1991; Abrieu et
al., 2000). On the other hand, centromeric DNA organization
is very divergent among species (for reviews see Murphy and
Karpen, 1998; Choo, 2001; Henikoff et al., 2001). Thus,
there is no single general theory of how these centromere
chromatin components assemble at specific genetic loci in
eukaryotes, although the roles of centromeric DNA in some
species have been clarified.

In humans, the relationship between centromeric DNA
organization and function is complicated. Human alphoid
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DNA contains a huge repetitive sequence, exists only at the
centromeric region, and is found in all human chromosomes
(Alexandrov et al., 2001). Alphoid sequences consist of tan-
dem repeats of an AT-rich 171-bp alphoid monomer unit,
and some alphoid monomers form chromosome-specific
higher-order repeated units (Willard, 1985; for review see
Willard and Waye, 1987). The repetitive structure of al-
phoid DNA can be classified into two types of repeats
(Ikeno et al., 1994): units composed of several monomers
(type-I alphoid repeat; Fig. 1 a, 

 

�

 

21-I) and monomeric or-
ganization consisting of diverged alphoid monomer units
(type-II alphoid repeat; Fig. 1 a, 

 

�

 

21-II). Centromere com-
ponents are mainly assembled on type-I alphoid sequences
(Ikeno et al., 1994; Ando et al., 2002, Politi et al., 2002).
Human artificial chromosome formation is associated only
with type-I alphoid sequences (Harrington et al., 1997;
Ikeno et al., 1998; Masumoto et al., 1998; Schueler et al.,
2001). The CENP-B box appears only in type-I alphoid se-
quences (Masumoto et al., 1989; Muro et al., 1992; Haaf
and Ward, 1994) of autosomes and X chromosomes. How-
ever, it has been reported that neocentromeres (a rare phe-
nomenon in which centromeres form on fragmented chro-
mosomes) have no significant centromeric DNA sequences,
not even alphoid DNA (du Sart et al., 1997; Lo et al.,
2001). Like the Y chromosome, neocentromere-containing
chromosomes are stably maintained in cells that undergo
mitosis (Tyler-Smith et al., 1999).

In addition, in CENP-B knockout mouse cells, func-
tional structures of kinetochores are maintained without
CENP-B (Hudson et al., 1998). Although in vivo func-
tion of CENP-B and the CENP-B box is still unclear,
it appears that centromere-specific DNA sequences and
CENP-B may not be necessary (at least in chromosome
segregation for preexisting functional centromeres). How-
ever, in de novo assembly of centromere proteins, assembly
capacity significantly depends on a specific DNA se-
quence: type-I alphoid DNA including the CENP-B box
sequence. Studies have shown that the following types of
DNA have little or no capacity for de novo centromere
formation: Y chromosome alphoid DNA (Harrington et
al., 1997; Grimes et al., 2002; Mejia et al., 2002); type-II
alphoid DNA (Ikeno et al., 1998); and a neocentromere-
specific sequence (Saffery et al., 2001). The fact that
CENP-B boxes exist in centromeres of all normal human
and mouse autosomes and X chromosomes (i.e., not on
the Y chromosome or neocentromeres) suggests that they
have functional significance.

In this paper, to determine whether information carried
by the type-I alphoid DNA sequence is involved in assem-
bly of human centromeres, we created four kinds of homo-
geneous synthetic repeated sequences: a type-I alphoid
DNA sequence and a nonalphoid sequence, with and with-
out CENP-B boxes. Using the mammalian artificial chro-
mosome (MAC) formation assay (Harrington et al., 1997;
Ikeno et al., 1998; Masumoto et al., 1998; Ebersole et al.,
2000) and a newly developed competitive chromatin im-
munoprecipitation (CHIP) assay, we obtained the first
known molecular evidence of a functional relationship be-
tween de novo centromeric chromatin assembly and centro-
meric satellite DNA.

Figure 1. Configuration of alphoid arrays of the chromosome 
21 centromere, and construction of the synthetic alphoid repeat 
unit with modified CENP-B boxes (mutant �21-I 11mer). 
(a) Capital letters E and X indicate EcoRI and XbaI cutting sites, 
respectively. The numeric characters below the �21-I 11mer 
unit indicate monomer numbers. (b) The 17-bp motif of the 
CENP-B box and its position in �21-I 11mer monomer units. The 
nucleotide sequence shaded black is necessary for CENP-B 
binding. The 17-bp sequence motif of monomer 10 has two 
nucleotide variations, and lacks CENP-B binding activity. All five 
CENP-B box motifs in the mutant �21-I 11mer were identical to 
this monomer 10 motif.
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Results

 

Construction of synthetic alphoid repeats with wild-type 
and mutant CENP-B boxes

 

In a previous study, we demonstrated that a yeast artificial
chromosome (YAC) containing a 70-kb alphoid DNA frag-
ment from the 

 

�

 

21-I site of the chromosome 21 centromere,
equipped with human telomere sequences, has the capacity
for de novo MAC and centromere chromatin assembly in
cultured human cells. However, a YAC containing a 100-kb
alphoid DNA fragment from the 

 

�

 

21-II site (adjacent to the

 

�

 

21-I region) does not have that capacity (Ikeno et al.,
1998). DNA organization of the 70-kb alphoid insert from

 

�

 

21-I was a simple homogeneous repeat of an 

 

�

 

21-I–specific
11 alphoid monomer higher-order repeating unit (

 

�

 

21-I
11mer) with five CENP-B boxes. In contrast, DNA organi-
zation of the 

 

�

 

21-II fragment was a heterogeneous repeat of
diverged alphoid monomers with no CENP-B boxes (Ikeno
et al., 1994). Therefore, we hypothesized that either the ho-
mogeneous repeat organization or CENP-B box sequences
are necessary for de novo centromere formation. To confirm
this hypothesis using a MAC-forming assay, we constructed
an 

 

�

 

21-I 11mer repeat unit with modified CENP-B boxes.
This construct had no CENP-B binding activity.

We divided the 

 

�

 

21-I 11mer unit into 4mer, 2mer, and
5mer fragments by treating it with the restriction endonu-
clease EcoRI. Using PCR, we introduced a two-nucleotide
substitution into all five active CENP-B box sequences,
making them all identical to an inactive sequence at the
CENP-B box position of the number 10 alphoid monomer
unit (Fig. 1, a and b; see Materials and methods). Loss of
interaction between CENP-B protein and the fragments
with modified CENP-B boxes was confirmed using a gel
mobility shift competition assay. The 2mer, 4mer, and
5mer fragments with modified CENP-B boxes did not
compete with labeled DNA containing the CENP-B box
for complex formation with CENP-B, even with a 100-fold

Figure 2. Gel mobility-shift competition 
analysis of wild-type and mutant �21-I 11mer 
subunits. (a) �32P-CTP–labeled oligonucleotide 
probe (CB59) containing a CENP-B box 
sequence was mixed with HeLa nuclear extracts. 
The mobility shift of the probe with the CENP-B 
protein dimer complex, indicated by the arrow 
point (lane Ex), was blocked by preincubation 
with anti–CENP-B antibodies (lane Ab). 
Unlabeled PCR products of wild-type and 
mutant 2-, 4-, and 5mer subunits were used as 
competitors for the labeled CB59 probe with 
�0, �1, and �2 and �1, �10, and �100 
excess of molecules, respectively. Capital letters 
indicate no extract (NE), probe with extract 
(Ex), and probe with extract preincubated 
with anti–CENP-B antibody (Ab). (b) Relative 
intensities of shifted bands are plotted in 
these panels.

Figure 3. Construction of synthetic alphoid repeats with wild-type 
and mutant �21-I 11mer repeat units. (a) Schematic diagram of 
tandem concatenation of wild-type and mutant �21-I 11mer repeat 
units. (b) Pulse field gel electrophoresis of tandemly concatenated 
�21-I 11mer repeat arrays. Lanes 1, 3, and 5, endonuclease HindIII-
cut BAC plasmids containing 8, 16, and 32 copies of extended wild 
type �21-I 11mer repeat units, respectively. Lanes 2, 4, and 6, BAC 
plasmids containing 8, 16, and 32 copies of extended mutant �21-I 
11mer repeat units, respectively. (c) Circular BAC constructs of 
pWTR11.32 and pMTR11.32 have a common vector sequence 
containing a neomycin resistance gene. The only differences between 
the two plasmids are two nucleotide substitutions at each CENP-B box.

 

excess of these fragments (Fig. 2). Then, the fragments were
reintegrated to form a modified 

 

�

 

21-I 11mer repeating unit
(mutant 

 

�

 

21-I 11mer).
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In the MAC formation assay, input alphoid DNA of

 

�

 

30 kb clearly exhibited less MAC formation activity than
50-kb or 70-kb alphoid DNA (unpublished data). We
therefore constructed a tandem array of 32 wild-type 

 

�

 

21-
I 11mer repeats (WTR, 60 kb) or mutant 

 

�

 

21-I 11mer re-
peats (MTR, 60 kb) on a bacterial artificial chromosome
(BAC) (pWTR11.32 and pMTR11.32, respectively) (Fig.
3), using a modified version of a method described by
Harrington et al. (1997).

 

MAC-forming assay with synthetic 

 

�

 

21-I 11mer 
repeats containing active CENP-B boxes

 

MAC formation efficiency of circular constructs containing

 

�

 

21-I alphoid DNA without a telomere sequence is reported
similarly to that of YAC-based linear constructs containing

 

�

 

21-I alphoid DNA with telomere sequences (Ikeno et al.,
1998; Ebersole et al., 2000). We introduced BAC plasmid
DNA containing synthetic alphoid arrays (pWTR11.32 or
pMTR11.32) into HT1080 cells by lipofection, and then an-
alyzed MAC formation efficiency of the resulting G418-resis-
tant cell lines by FISH using 

 

�

 

21-I 11mer alphoid and BAC
DNA probes. High MAC formation efficiency as a predomi-
nant effect was observed in 12 of the 27 cell lines created by
transfection with pWTR11.32 (Fig. 4 a; Table I). No host
chromosomal sequences were detected on the pWTR11.32-
derived MACs by FISH analysis with inter- and intra-Alu
probes, and pan-alphoid probes competed with excess nonla-
beled 

 

�

 

21-I 11mer alphoid DNA, although these probes had
a high affinity for arms and centromeres of host chromo-
somes (unpublished data). These results indicate that the ob-

Figure 4. Examples of 
extrachromosomal events and 
centromere protein assembly on 
introduced DNAs. In all panels, DNA 
was counterstained with DAPI (blue), 
and introduced BAC DNA was detected 
by FISH with a fluorescence-labeled 
BAC probe (red). (a, c, e, and g) 
Chromosomal events detected by FISH. 
Green signals indicate �21-I 11mer 
DNA probe. (b, d, f, and h) Centromere 
protein assembly on the BAC DNA was 
analyzed with indirect immunofluorescent 
staining combined with FISH. Green
signals indicate the indirect immuno-
fluorescence of centromere proteins 
(CENP-A, -B, -C, and –E). In panel h, 
white arrowheads indicate the integration 
site of pRF322B.192. The following data 
from cell lines were used as examples: 
W0210R-8 (a and b), W0210R-1 (c and d), 
M1319 (e and f), and B0106 (g and h). 
Bars: (a and c–h) 5 �m; (b) 1 �m.
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served MAC formation occurred via a de novo mechanism
without acquiring host centromeres.

Copy number of the BAC DNA in the cell lines contain-
ing MACs was analyzed. Quantitative competitive PCR anal-
yses (Wang et al., 1989) showed that the neomycin resistance
gene and synthetic alphoid sequence of the initial BAC con-
struct were amplified 10–29 times and 14–36 times, respec-
tively, in a single MAC. This BAC copy number corre-
sponded well to the DNA content of the MAC, estimated by
quantification of the fluorescence intensity of propidium io-
dide staining (Table II). In the 15 remaining pWTR11.32-
derived cell lines, integration into host chromosomes oc-
curred as a predominant event (Fig. 4 c; Table I).

 

No MAC formation for synthetic 

 

�

 

21-I 11mer repeats 
with modified CENP-B boxes

 

In contrast, MAC formation was not observed in any of the cell
lines obtained by transfection of the BAC plasmid contain-
ing the 

 

�

 

21-I 11mer repeats with mutated CENP-B boxes
(pMTR11.32). All the input DNAs were integrated into host
chromosomes with a level of BAC and alphoid amplification
that was similar to, or higher than, that of the wild-type alphoid
(38/38 cell lines; Fig. 4 e; Table I). The mutant sequence com-
pletely lacked the capacity for MAC assembly (0%).

Comparing the results obtained for pWTR11.32 and
pMTR11.32, it is clear that binding of CENP-B to the
CENP-B boxes in alphoid DNA is important for MAC for-
mation. Although it has been suggested that input DNA
multimerization, coupled with MAC formation, is caused by
binding of CENP-B to CENP-B boxes (Ebersole et al.,
2000), the pMTR11.32 plasmid was multimerized at a level
similar to that of the pWTR11.32 plasmid and a control
BAC plasmid containing only the neomycin resistance gene
without alphoid DNA insert (unpublished data). We did not
detect any significant relationships between CENP-B bind-
ing activity and input DNA amplification.

 

Centromere protein assembly on the MAC and MAC 
stability in cell divisions

 

We assessed whether CENP-B and the essential centromere
components CENP-A, -C, and -E were assembled on intro-

duced DNA, by simultaneous detection of indirect immuno-
fluorescent staining and FISH on metaphase chromosomes
using specific antibodies and a digoxygenin-labeled BAC
DNA probe. In all analyzed cell lines, assembly of all four of
these centromere-specific proteins was detected on all the
MACs in metaphase spreads (Fig. 4 b; Table II).

Next, using FISH analysis, we analyzed mitotic stability of
these MACs after 60 d of culture without the selective drug
G418. The MACs were very stable for an extended period,
with a loss rate per cell division of 

 

�

 

0.18% of a copy in
most cases (Table II). Thus, we conclude that these MACs
obtained a functional centromere. MAC formation and cen-
tromere protein assembly were dependent on the existence
of CENP-B box sequences in alphoid DNA.

 

Variegated assembly of centromere proteins on 
ectopically integrated synthetic 

 

�

 

21-I 11mer repeats

 

To confirm that MAC formation and centromere protein
assembly are dependent on CENP-B binding activity, we
analyzed the distribution of centromere proteins on the ec-
topic pWTR11.32 and pMTR11.32 integration sites. Two
cell lines in which pWTR11.32 integrated into a host chro-
mosomal arm (2/27 pWTR11.32 cell lines) were used for
the wild-type sequence. We recloned these cell lines in or-
der to obtain cell lines with homogeneous ectopic integra-
tion of pWTR11.32. In these subcloned cell lines, 8–38%
of cells exhibited partial assembly of CENP-A, -B, -C, and
-E at the ectopic integration sites of pWTR11.32, and the
CENP-A, -C, and -E signals at the ectopic sites always colo-
calized with CENP-B in all analyzed chromosome spreads
(Fig. 4 d; Table II).

Our subcloned cell lines containing ectopically integrated
pWTR11.32 exhibited a variegated assembly pattern similar to
that observed for pseudo-dicentric and dicentric chromosomes
(Earnshaw et al., 1989; Wandall, 1994). Although the molecu-
lar mechanisms are still unclear, a phenomena called cen-
tromere inactivation, which is known to be one of the epige-
netic mechanisms of centromere regulation, may involve this
variegated assembly (Fisher et al., 1997; unpublished data).

In contrast, in cell lines with ectopic integration of alphoid
repeats with mutant CENP-B boxes (pMTR11.32) into host

 

Table I. 

 

Chromosomal events in the stable cell lines with synthetic 11mer repeats

Synthetic repeats inserted in BAC 
(Input DNA)

Experiments Analyzed
cell lines

Chromosomal events of introduced DNA

 

a

 

De novo artificial
chromosome

Integration into host chromosome
(centromeric heterochromatin/arm)

 

Alphoid repeats with functional CENP-B boxes (60 kb) 1st 15 7 8 (7/1)
(pWTR11.32) 2nd 12 5 7 (6/1)
Alphoid repeats with modified CENP-B boxes (60 kb) 1st 20 0 20 (9/11)
(pMTR11.32) 2nd 18 0 18 (7/11)
RF322 repeats with functional CENP-B boxes (69 kb) 1st 14 0 14 (5/9)
(pRF322B.192) 2nd 21 0 21 (3/18)
RF322 repeats without CENP-B boxes (69 kb) 1st 11 0 11 (3/8)
(pRF322L.192) 2nd 11 0 11 (2/9)

 

a

 

Chromosomal events were determined according to the predominant pattern (

 

�

 

50%) of introduced DNA containing synthetic 

 

�

 

21-I 11mer alphoid repeat
units or synthetic RF322 repeats, using FISH analysis of chromosome spreads. These patterns were counted in cases in which all three signals, DNA (DAPI),
BAC, and 

 

�

 

21-I alphoid signals, were colocalized. A 

 

�

 

2

 

 test of the predominant chromosomal events between pWTR11.32 and other cell lines with intro-
duced plasmids showed highly significant P values (

 

�

 

0.0002).
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chromosomal arms, no CENP-B signal was observed at the
integration sites. Furthermore, there was no assembly of func-
tional centromere components CENP-A, -C, or -E at the ec-
topic sites (six cell lines were analyzed) (Fig. 4 f; Table II).

 

Direct assembly of CENP-A and CENP-B on synthetic 
alphoid sequences

 

In this study and previous studies, using cytological observa-
tion, we demonstrated that centromere protein assembly
and MAC formation occur on the introduced alphoid DNA
via a de novo mechanism without acquiring host cen-
tromeres. However, it was not easy to detect direct assembly
of centromere components on the introduced alphoid DNA
at the molecular level because of the difficulty in distinguish-
ing the introduced alphoid DNA from endogenous alphoid
DNA sequences.

In the present study, we used synthetic alphoid DNA
to generate artificial chromosomes. We designed a spe-
cific primer set that discriminates our synthetic DNA
(pWTR11.32 and pMTR11.32) from endogenous alphoid
sequences. We then tested whether the centromeric chroma-
tin components CENP-A and CENP-B assembled on WTR
DNA directly, using the CHIP assay and competitive PCR
detection (Becker-Andre and Hahlbrock, 1989). In our
CHIP and competitive PCR assays, in order to standard-
ize individual preparations and PCR for each sample, we
used as an internal reference pMTR11.32-transformed cells

 

(M1319) that did not exhibit centromere protein assembly
at the synthetic alphoid integration site. We mixed the inter-
nal reference cells with sample cells, pWTR11.32-trans-
formed cells (W0203) containing MACs.

Before starting the CHIP analyses, to examine the linear-
ity of our competitive PCR assay as a control experiment,
W0203 and M1319 cells were mixed at different ratios of
cell number (from 16:1 to 1:16), and genomic DNAs
were prepared from these mixtures. Using the competitive
PCR assay with a specific primer set, we confirmed that
synthetic alphoid DNA fragments from WTR11.32 and
MTR11.32 were amplified parallel to each other and com-
petitively even after the DNA preparation, maintaining the
initial ratio of WTR and MTR fragments (Fig. 5, a and
b). Then, a WTR11.32 and MTR11.32 cell mixture (1:1)
was fixed, sonicated, and immunoprecipitated in a single
tube and used as competitive PCR start material. The
WTR11.32 DNA fragment was immunoprecipitated 

 

�

 

37
times and eight times more efficiently than the reference
MTR11.32 DNA fragment with anti–CENP-A and anti–
CENP-B antibodies, respectively; whereas these two syn-
thetic alphoid fragments were nonspecifically immunopre-
cipitated at the same ratio to the input DNA with normal
IgG (Fig. 5 c). However, when anti–histone H3 antibody
was used, the ratio of immunoprecipitated WTR11.32
fragment to MTR11.32 decreased to 

 

�

 

60%. These results
indicate that considerable numbers of nucleosomes on

 

Table II. 

 

Centromere protein assembly on introduced DNA

Input DNA 
(Chromosomal event)

Cell line 
(MAC loss rate

 

a

 

)
Spread Centromere protein assembly

 

b

 

 (%) Multiplicity of BAC input DNA

CENP-A CENP-B CENP-C CENP-E Synthetic 
alphoid

Neo PI intensity 
(DNA amount)

 

c

 

pWTR11.32
(artificial chromosome) W0203 (0.00175)

 

d

 

40 100 100 100 100 14 16 18 (1.2 Mb)
W0206 (ND)

 

d

 

50 100 100

 

� �

 

26 10 30 (2.0 Mb)
W0210R-8 (0.00105)

 

d

 

50 100 100

 

� �

 

23 16 24 (1.6 Mb)
W0212 (

 

�

 

0.001)

 

d

 

50 100 100

 

� �

 

36 29 39 (2.6 Mb)
(ectopic integration) W0210R-1 50 24 38 12 22 17 14

Colocalization with CENP-B

 

e

 

50 100

 

	

 

100 100
W1203R-8 50 10 22 24 8 20 7
Colocalization with CENP-B

 

e

 

25 100

 

	

 

100 100
pMTR11.32

 

f

 

(ectopic integration) M1319 50 0 0 0 0 19 12
M1318 50 0 0 0 0 43 29

pRF322B.192

 

g

 

(ectopic integration) B0104 50 0 12 0 0 20 16
B0106 30 0 8 0 0 48 36

pRF322L.192
(ectopic integration) L0102 50 0 0 0 0 42 38

L0203 50 0 0 0 0 38 26

 

a

 

MAC loss rate (R) was calculated using the following formula: N

 

60

 

 

 




 

 N

 

0

 

 

 

�

 

 (1 

 

	

 

 R)

 

60

 

. N

 

0

 

 and N

 

60

 

 are the rates for MAC-containing cells in these cell lines
at the time points of 0 and 60 d, respectively. During the 60 d, cells were cultured in the absence of G418, a selective drug.

 

b

 

Percentage of centromere protein assembly was assessed based on colocalized signals from indirect immunofluorescence of centromere proteins and FISH
analysis of BAC DNA probe. 

 

c

 

See Materials and methods.

 

d

 

FISH analysis using inter-/intra-Alu, other alphoid, and Sat III probes indicated that all MACs from the four cell lines in this table were negative.

 

e

 

Colocalization with CENP-B was determined from indirect immunofluorescence of CENP-B and other centromere proteins.

 

f

 

In addition to the results for these two cell lines, results for another four cell lines obtained by transformation with pMTR11.32 also showed no centromere
protein assembly on introduced DNA sites.

 

g

 

In another four cell lines obtained by transformation with pRF322B, only CENP-B assembly was observed.
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WTR11.32 DNA on the MAC were replaced with nucleo-
somes containing CENP-A.

In the mixture of cell lines in which either WTR11.32 or
MTR11.32 was integrated ectopically into the host chromo-
some arms, the WTR11.32 DNA fragment was still immu-
noprecipitated efficiently but at a reduced rate with anti–
CENP-A and anti–CENP-B antibody. This is consistent
with the cytological observation of partial assembly of
CENP-A, -B, -C, and -E at the sites of ectopic alphoid inte-
gration. Thus, we conclude that the centromere chromatin
components CENP-A and CENP-B were directly assembled
on the WTR synthetic alphoid DNA sequence but not on
the MTR alphoid sequence; i.e., assembly of these cen-
tromere chromatin components was dependent on the
CENP-B binding capacity of alphoid DNA.

 

No MAC formation and no centromere chromatin 
assembly on nonalphoid repeated sequences 
containing CENP boxes

 

Using two kinds of synthetic 

 

�

 

21-I 11mer alphoid repeats
(

 

�

 

60% AT rich), we demonstrated that the CENP-B box
sequence is required for high-efficiency de novo centromeric
chromatin assembly. However, this raises the question of
whether the CENP-B box is sufficient for de novo assembly
without depending on the AT-rich alphoid sequence. The
AT-rich trend is common in many eukaryotic centromere
DNAs (Lo et al., 2001; for reviews see Choo, 1997b; Koch,
2000; Henikoff, 2002), therefore, suggested to be one of
possible properties for efficient centromeric chromatin as-
sembly. However, our results clearly showed that the syn-
thetic AT-rich 

 

�

 

21-I 11mer alphoid repeats with inactive
CENP-B boxes alone could not induce any assembly of cen-
tromere chromatin (Fig. 4 f; Fig. 5 c; Table II). If the
CENP-B box is sufficient, de novo centromere formation
may occur even on GC-rich spacer sequences. We thus
tested whether the CENP-B binding site induces de novo
centromeric chromatin assembly on an exogenous nonal-

 

phoid GC-rich (�60%) sequence, the 340-bp NheI-SphI
restriction fragment (corresponding to the length of alphoid
dimer) from plasmid pBR322 (RF322). CENP-B boxes ap-
pear on every other monomer unit (�170 bp � 2) in the
�21-I 11mer alphoid unit, and we joined the RF322 frag-
ment to a CENP-B box or a spacer sequence at the SphI site.
These DNA constructs, with CENP-B boxes (RF322B) or
without CENP-B boxes (RF322L), were cloned into the
pBACNX vector between the NheI and SpeI sites, and
were concatemerized tandemly to a length of 69 kb
(pRF322B.192 and pRF322L.192, respectively), as de-
scribed above (Fig. 3 a; Fig. 6 a).

In the 35 cell lines obtained by transfection of
pRF322B.192 BAC, FISH analysis showed that no MAC
formation occurred and that all input DNAs were in-
tegrated into host chromosomes (Table I). Competitive
PCR assays showed that input DNA multiplicity of
pRF322B.192 BAC was similar to that of the synthetic
�21-I 11mer repeat DNAs (Table II). In all 22 cell lines
derived from pRF322L.192 BAC transfection, there was
no MAC formation, and input DNA was integrated into
host chromosomes.

Using FISH analysis and simultaneous detection of indi-
rect immunofluorescent staining on metaphase chromo-
somes, we detected no assembly of the essential centromere
component proteins CENP-A, -C, or -E at the integration
sites of synthetic RF322B. Only CENP-B protein was de-
tected at the RF322B sites (Fig. 4, g and h; Table II). At the
RF322L integration sites, no signals were detected for any of
these four centromere proteins (Table II). In competitive
CHIP analysis, significant relative concentration of the
RF322B fragment versus RF322L was only detected with
anti–CENP-B antibody; no significant relative concentra-
tion was observed with anti–CENP-A or anti–histone H3
antibodies (Fig. 6 b). Thus, we concluded that interaction
between CENP-B and the CENP-B box is not sufficient for
de novo centromere chromatin assembly on the nonalphoid

Figure 5. CHIP analysis of centromere 
protein assembly on introduced alphoid 
DNA. (a) pWTR11.32-transformed cells 
(W0203 or W0210R-1) were mixed with 
reference pMTR11.32-transformed cells 
(M1319). (b) EcoRV-digested PCR 
products from genomic DNA templates. 
W0203 and M1319 cells were mixed at 
different ratios of cell number (from 16:1 
to 1:16), and genomic DNAs for 
competitive PCR were prepared from 
these mixtures. Gray arrowheads indicate 
the 142-bp PCR fragment from WTR. 
Black arrowheads indicate the 111-bp 
PCR fragment from MTR. (c) EcoRV-
digested PCR products from immuno-
precipitated DNA template. Left four 
lanes show PCR products from diluted 
input DNA at 10	1, 10	2, 10	3, and 10	4 
dilution, from left to right. PCR products 

from immunoprecipitated DNAs are shown in the right four lanes. Capital letters indicate antibodies used in immunoprecipitation: normal 
mouse IgG (IgG), anti–CENP-A (A), anti–CENP-B (B), and anti–histone H3 (H3). Two different rates of amplification, logarithmic amplification 
state (25–30 cycles) and plateau state (55 cycles), are shown in the top and bottom panels, respectively. DNA samples comprised 75% and 
15% of total PCR products in the top and bottom panels, respectively. Relative concentrations of the WTR DNA fragment versus the MTR 
DNA fragment, as indicated by CHIP assay using each antibody, are shown below the panels.
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GC-rich sequence, although it is required for centromere
chromatin assembly on alphoid DNA.

Discussion
Reverse genetic approach of alphoid DNA 
using MAC assay
Recently, using human centromeric satellite DNAs, Har-
rington et al. (1997) and our groups succeeded in inducing
de novo centromere assembly on naked input DNA mole-
cules in cultured human cells and succeeded in constructing
a first-generation human artificial chromosome (Ikeno et al.,
1998). However, this de novo–created MAC has some un-
solved problems, compared with a YAC created from an
identical molecule of introduced DNA into yeast cells (Mur-
ray and Szostak, 1983). Alphoid YAC DNA introduced
into cultured human cells multimerized to generate a sin-
gle MAC. Although MAC formation efficiency was high
(�50% of metaphase cells showed MAC signals in 11 of 30
transformed cell lines; Ikeno et al., 1998; Masumoto et al.,
1998), MAC formation did not occur in 100% of trans-
formed cells. However, these first-generation MACs have a
crucial advantage in that they consist entirely of introduced
DNA molecules (Ebersole et al., 2000; Mejia et al., 2001;
Grimes et al., 2002). This feature makes reverse genetic
analysis (mutational analyses) of human centromeric satellite
DNA possible.

In the present study, using the MAC formation assay, we
analyzed the relationship between de novo centromere chro-
matin assembly and the sequences of centromeric DNA, al-
phoid DNA, and CENP-B boxes. Using synthetic repetitive
DNAs, we demonstrated that only alphoid DNA and
CENP-B boxes, but no other sequences from the human
chromosomes, are required for de novo centromere assembly
and MAC formation. These results not only provide impor-
tant information for constructing human artificial chromo-
somes but also provide evidence supporting the theory that
CENP-B–CENP-B box interaction is involved in the cen-

tromere assembly mechanism. Also, these results indicate
that there is an element or a character in �21-I 11mer al-
phoid DNA, other than the CENP-B box, that is important
for de novo centromere formation. Further analysis using re-
verse genetic methods (mutational analyses) such as the
MAC formation assay may be needed to identify this impor-
tant element. MAC technology has gradually been advanc-
ing through clarification of relationships between DNA se-
quence elements and chromosome functions. In the near
future, an ideal human artificial chromosome with full chro-
mosomal functions (like YACs) may be created.

Selective assembly of CENP-A chromatin on introduced 
synthetic alphoid DNA with CENP-B binding capacity
In this study, using cytological analyses, we demonstrated
that the functional centromere components CENP-A, -C,
and -E assemble on synthetic alphoid DNA fragments, and
that CENP-B binding capacity of alphoid DNA sequences
has a major effect on this assembly. Moreover, using a
CHIP-based competitive PCR assay, we demonstrated di-
rect assembly of CENP-A on synthetic alphoid DNA that
contained functional CENP-B boxes. In contrast, at integra-
tion sites of an artificial repeated sequence based on RF322
(derived from pBR322), no CENP-A chromatin assembly
was detected, although CENP-B assembly was detected on
sequences that contained CENP-B boxes. Therefore, we hy-
pothesize that there are important elements or characters
in the �21-I 11mer alphoid DNA sequence that aid in sta-
bilizing or assembling centromere chromatin, including
CENP-A chromatin.

As described in the Results, AT-rich regions of alphoid
DNA may contain such important elements or characters.
Although CENP-A folded DNA sequences are not conserved
among centromeres of eukaryotes, these sequences tend to be
AT rich (AT content is usually at least 60%) in many eukary-
otes, including yeast and humans (for reviews see Choo,
1997b; Koch, 2000; Henikoff, 2002). No sequence conser-
vation is observed between human alphoid DNA and mouse

Figure 6. Construction of nonalphoid 
sequences with or without CENP-B 
boxes and CHIP analysis. (a) Schematic 
diagram of the construction of 
nonalphoid repetitive sequences 
containing CENP-B boxes (RF322B) and 
not containing CENP-B boxes (RF322L). 
pBR322-derived fragment (RF322) was 
ligated to the CENP-B box (RF322B) or 
spacer oligonucleotide sequence 
(RF322L). The resulting fragments were 
tandemly concatenated using the same 
method used to construct the �21-I 
11mer alphoid repeat unit. (b) Competitive 
CHIP analysis of a pRF322B.192-
transformed cell (B0106) using a 
pRF322L-transformed cell (L0102) as 
reference. Using the specific primer set, 
both synthetic RF322 fragments were 
amplified with competitive PCR, as in 
Fig. 5. The PCR products were separated 
by agarose gel electrophoresis after endonuclease EcoRI treatment. The ratio of concentration of the RF322B fragment to that of the 
RF322L fragment was calculated and is indicated below the panels.
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centromeric minor satellite DNA (120-bp repeats), except
CENP-B boxes and AT-rich nucleotide composition. We
speculate that this AT-rich nucleotide composition may facil-
itate CENP-A nucleosome folding. Another possibility, that
the relationship between regular higher-order structure and
nucleosomal phasing pattern is affected by type-I alphoid
DNA sequence and CENP-B/CENP-B box function, has
previously been suggested (Muro et al., 1992; Romanova et
al., 1996; Yoda et al., 1998). It is possible that compartmen-
talization of alphoid DNA by CENP-B–CENP-B box inter-
action restricts contact between, for example, the CENP-A–
histone H4 heterotetramer (or histone H3/H4) and alphoid
DNA (Sullivan et al., 1994; Shelby et al., 1997; Ando et al.,
2002), and that this restriction of alphoid DNA is the basis
of selectivity for CENP-A–histone H4 tetramer incorpora-
tion. A third possibility is that alphoid DNA contains bind-
ing sites for other centromere component proteins. We have
detected protein–protein interactions between CENP-B and
CENP-C using yeast two-hybrid analysis and an immuno-
precipitation assay with HeLa chromatin (unpublished data).
It has been reported that CENP-C exhibits nonspecific DNA
binding activity (Yang et al., 1996), and that CENP-C asso-
ciates with type-I alphoid DNA in vivo (Politi et al., 2002).
This suggests that CENP-B and CENP-C play a cooperative
functional role in de novo centromere formation, and that
there is specific interaction between the kinetochore and
type-I alphoid DNA containing CENP-B boxes.

Absence of CENP-B boxes from the Y centromere 
and neocentromere
CENP-B or CENP-B box has not been detected in the al-
phoid DNA on the Y chromosome or the neocentromere-
specific DNA sequence. In CENP-B knockout mouse cells,
functional structures of kinetochores are maintained without
CENP-B (Hudson et al., 1998). How do these centromeres
maintain their activity without de novo assembly? It might be
explicable with a functional redundancy. On the other hand,
the epigenetic character of centromeres has been well de-
scribed. The other possibility is that once established, the
centromere activity is maintained by the chromatin assembly
mechanism (Williams et al., 1998; for reviews see Murphy
and Karpen, 1998; Wiens and Sorger, 1998). However, in all
normal human chromosomes, functional centromere struc-
tures are formed and maintained on the alphoid DNA arrays.
This study, indeed, provides evidence of a molecular link be-
tween a centromere-specific DNA and centromeric chroma-
tin assembly in humans. The mechanisms that specify the
centromere location in each species are not straightforward;
thus, further investigations on centromere DNA structures
and functions and its molecular evolution correlating both
with the epigenetic chromatin assembly and the de novo as-
sembly are needed (Laurent et al., 1999; Alexandrov et al.,
2001; Schueler et al., 2001; for review see Henikoff, 2002).

Materials and methods
Construction of �21-I 11mer alphoid units 
with modified CENP-B boxes
Fragments with modified CENP-B boxes were generated by PCR using
EcoRI-digested �21-I 11mer (p11-4) subunit DNA (2-, 4-, and 5mer) and

the following primers: T1, 5�-ATACTCGGGAATTCAAATAAAAGGTAGA-
CAGC-3�; T2, 5�-ATACTCGGGAATTCGTATAAAAACTAGACAGC-3�; H1,
5�-TATCCCGAGAATTCCCTCTTCCAACGATATCCTC-3�; H2, 5�-CTG-
TCTAGATTTTAGATGATGATATTCCCTTTTCCAACGATATCGTTAGAGC-
3�; T3, 5�-AAAATCTAGACAGAAGCACTATTAG-3�; and H3, 5�-CATG-
GATCCGCTAGCTTTTAGATGATGATATTCCCTTTTCCAACGATATCGTT-
AGAGC-3�. The mutant 4mer sequence was constructed using two-step
mutagenesis (Fig. 1 a). First, PCR product obtained using H1 and T1
primers was subcloned into the cloning vector pUC119. Next, the sec-
ond half of this insert, including the wild-type CENP-B box, was re-
placed with H2 and T1 PCR product by using EcoRI and XbaI sites. The
mutant 2mer was produced by single-step PCR using H1 and T2 prim-
ers. Using XbaI and NheI cohesive ends, the mutant 5mer was con-
structed from two PCR fragments: one amplified with H1and T3 primers,
and the other amplified with H3 and T1 primers. After confirmation of
sequence and loss of CENP-B binding activity, these fragments were re-
integrated at EcoRI sites to form �21-I 11mer repeating units with mu-
tated CENP-B boxes.

Tandem concatenation of synthetic alphoid repeat units
We subcloned wild-type and modified �21-I 11mer repeat units into a
BAC vector (pBACNX), which includes a neomycin resistance gene, be-
tween NheI and SpeI endonuclease sites. Plasmid DNA with the inserted
�21-I 11mer unit was digested using two different endonuclease sets:
NheI-HindIII and SpeI-HindIII. When the two resulting fragment types
were ligated, the inserted fragments were concatenated tandemly, with no
change in the physical relationships between the inserts and the endonu-
clease sites. Repeating this cycle of cutting and ligation resulted in tandem
multiple repeat arrays of the inserted fragments (Fig. 3 a).

Construction of nonalphoid repeats
A 340-bp NheI-SphI restriction fragment from the pBR322 plasmid (RF322)
was ligated at the SphI site to the CENP-B box sequence, GCATGC-
GATATCTTTCGTTGGAAACGGGACTAGT (RF322B), or a spacer oligonu-
cleotide sequence, GCATGCGAATTCCTGTATATAAAACCAGACTAGT
(RF322L). The two resulting DNA constructs were cloned into the
pBACNX vector between the NheI and SpeI sites, and were concatemer-
ized to form 69-kb tandem repeats (pRF322B.192 and pRF322L.192, re-
spectively), as shown in Fig. 3 a and Fig. 6 a.

Gel mobility shift competition assay
Gel mobility shift competition assays were performed using the radiolabeled
CB59 probe, which includes a single CENP-B box sequence in a 59-bp oli-
gonucleotide (Muro et al., 1992). Fragments of wild-type and modified �21-I
11mer subunits were generated for the competition assay by PCR, using
plasmids containing cloned wild-type or mutant 2-, 4-, and 5mer fragments
with M13 forward and reverse primers (TAKARA). More details are provided
in a previous report (Masumoto et al., 1989; Yoda et al., 1992).

Cell culture and transformation
HT1080 human fibroblast cells were cultured in DME supplemented with
10% (vol/vol) FCS, penicillin, streptomycin, and L-glutamine at 37�C in a
5% CO2 incubator. Introduced BAC DNAs were purified using a QIAGEN
large construction kit. Using 4.5 �l of Lipofectamine reagent (GIBCO BRL),
0.4 �g of purified DNA was transfected into 80% confluent HT1080 cells
in 3.5-cm dishes.

Cytological detection
Templates of in situ hybridization probes were prepared by PCR. Primers
for p11-4, pan-alphoid, and intra-/inter-Alu sequences are described in our
previous reports (Ikeno et al., 1998, Masumoto et al., 1998). The BAC vec-
tor template was generated by PCR using a pBAC108L template and
the following primers: BACX, 5�-CCCTCGAGTGAGCGAGGAAGCAC-
CAGGG-3�, and BACS, 5�-GCTCGTCGACAGCGACACACTTGCATCGG-
3�. PCR products were labeled using a nick translation kit with digoxyge-
nin-11dUTP or biotin-16dUTP (Roche Diagnostics). For simultaneous indi-
rect immunofluorescence and FISH staining, we used anti–CENP-A (mono-
clonal antibody A1; Ando et al., 2002), anti–CENP-B (monoclonal
antibody 2D8D8), anti–CENP-C (CGp2; Ikeno et al., 1998), and anti-
CENP-E (monoclonal antibody 177; Yen et al., 1991).

Quantification of multiplicity of introduced DNA
Multiplicity of introduced DNA was determined using a quantitative com-
petitive PCR assay (Wang et al., 1989). Competitor DNAs for the host ge-
nomic sequence, the neomycin resistance gene sequence, junctions of syn-
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thetic �21-I 11mer sequences, and synthetic RF322 sequences were
prepared using a competitive DNA construction kit (TAKARA). Genomic
DNA samples were isolated by agarase treatment and sonication from aga-
rose plugs, which were prepared as described elsewhere (Ikeno et al.,
1994). The primers were as follows: G1 (host genome), 5�-CTCCATTTG-
GAGTGAGCCCGG-3�; G2 (host genome), 5�-ACGGTTCAAATTCTG-
CACCC-3�; N1 (neomycin resistance gene), 5�-TGATTAGGGTGATGGT-
TCACGTAG-3�; N2 (neomycin resistance gene), 5�-CTGCATTCTAG-
TTGTGGTTTGTCC-3�; SA1 (junctions of synthetic alphoid sequences),
5�-TCTGAGAATCCTTCTGTCTC-3�; SA2 (junctions of synthetic alphoid se-
quences), 5�-GGGAATTCGCTAGTGAATTC-3�; RF1 (RF322 synthetic
repeat), 5�-TGGGTATGGTGGCAGGCCC-3�; and RF2 (RF322 synthetic re-
peat), 5�-CGCCATGATCGCGTAGTCG-3�. The amount of synthetic al-
phoid DNA was designated as equivalent to multiplicity of the inserted
alphoid fragment (60 kb) on the BAC. DNA content of the MAC was es-
timated by quantification of the fluorescence intensity of the propidium
iodide (5 �g/ml)–stained metaphase spread image (Ikeno et al., 1998).
Multiplicity was designated as equivalent to the copy number of 67-kb
BAC DNA.

Competitive CHIP assay
A sample cell line produced by pWTR11.32 transformation and a refer-
ence cell line produced by pMTR11.32 transformation were harvested.
These cell lines contained similar levels of BAC DNA. They were mixed
together and then fixed with 0.25% formalin in the same tube at 22�C for 5
min. After fixation, the cells were centrifuged and recovered in buffer S
(100 mM Hepes, pH 8.0, aprotinin, leupeptin, 1% BSA). Recovered cells
were sonicated for 7 min with Biorupter (Cosmobio). After sonication,
samples were supplemented with an equal volume of 2� buffer W (aproti-
nin, leupeptin, 1% BSA, 0.4% NP-40, 0.4% SDS, 20 mM MgCl2, 10 mM
ATP, 0.02 mg/ml RNase A) and sonicated again for 2 min. This sample was
centrifuged, and the supernatant was used as input material.

Input material prepared from 5 � 105 cells was immunoprecipitated by
using 5 �g of antibody with 25 �g protein G–Sepharose (Amersham Bio-
sciences). Immunoprecipitated DNA was washed three times with buffer
W (10 mM Hepes, aprotinin, leupeptin, 1% BSA, 0.2% NP-40, 0.2%, SDS,
10 mM MgCl2, 5 mM ATP, 0.01 mg/ml RNase A) and then eluted by buffer
E (2.5% SDS, 10 mM Tris, 0.1 mM EDTA). The antibodies used were anti-
H3 (Upstate Biotechnology), anti–CENP-A, and anti–CENP-B.

The recovered DNA sample was used as a template in PCR with the am-
plification primers for the synthetic wild-type sequence and the �21-I
11mer with modified CENP-B boxes (SA3, TTTTTGATGTGTGTAC-
CCAGCC, and SA4, ACCTTTTATTTGAATTCCC) and the amplification
primers for the synthetic RF322 repeats (RF1 and RF2). After PCR, ampli-
fied DNA was digested by the endonuclease EcoRV (for the synthetic �21-I
11mer repeats) or EcoRI (for the synthetic RF322 repeats). Digested sam-
ples were analyzed by agarose gel electrophoresis. Gel images were quan-
tified using Advanced Quantifier (Bio Image).
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