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Abstract

We have expressed an EGFP-CENP-A fusion protein in human cells in order to quantitate the level of
CENP-A incorporated into normal and variant human centromeres. The results revealed a 3.2-fold difference
in the level of CENP-A incorporation into a-satellite repeat DNA-based centromeres, with the Y centromere
showing the lowest level of all normal human chromosomes. Identification of individual chromosomes
revealed a statistically significant, though not absolute, correlation between chromosome size and CENP-A
incorporation. Analysis of three independent neocentromeres revealed a significantly reduced level of
CENP-A compared to normal centromeres. Truncation of a neocentric marker chromosome to produce
a minichromosome further reduced CENP-A levels, indicating a remodelling of centromeric chromatin.
These results suggest a role for increased CENP-A incorporation in the faithful segregation of larger chromo-
somes and support a model of centromere evolution in which neocentromeres represent ancestral
centromeres that, through adaptive evolution, acquire satellite repeats to facilitate the incorporation of
higher numbers of CENP-A containing nucleosomes, thereby facilitating the assembly of larger kinetochore
structures.

Introduction

Normal human centromeres are characterised by
an abundance of 17l-bp o-satellite DNA repeat
arrays (Choo 1997). These arrays are highly vari-
able in size, ranging from ~240kb on some Y
chromosomes to >4000kb at other centromeres.
Variations are also common between homo-
logous chromosomes. Such variation has raised
questions concerning the functional organization

of human centromeres. Centromeric kinetochores
assemble on a subset of this DNA and mediate
chromosome attachment to spindle microtubules
to facilitate proper mitotic segregation. The
primary link between centromeric DNA and the
protein components of the kinetochore is
the conserved histone H3-variant, CENP-A.
CENP-A localises to the inner kinetochore plate
of active centromeres (Warburton et al. 1997),
co-purifies with nucleosomes (Palmer et al. 1987),
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and can replace histone H3 in nucleosome
reconstruction in vitro (Yoda et al. 2000) and in
vivo (Lo et al. 2001a). Thus CENP-A forms spe-
cialized centromeric nucleosomes required for the
recruitment of other kinetochore components.

The large arrays of centromeric repetitive DNA
have greatly hindered the analysis of normal
human centromere domain organization and have
generally prevented detailed functional dissection.
To date, only two normal human centromeres
have undergone detailed molecular and functional
analysis. The DNA sequences required for human
Y centromere function have been mapped to a
minimal region of ~200kb of o-satellite and
300 kb of adjacent Yp sequences (Tyler-Smith et al.
1993) while analysis of the X chromosome cen-
tromeric DNA has defined the polymorphic size
range of the a-satellite locus (DXZ1) of between
~2.2 and 3.7 Mb (Schueler et al. 2001). A single
region of topoisomerase Il cleavage activity is pre-
sent at both the X and Y centromeres that tracks
with kinetochore function (Floridia et al. 2000,
Spence et al. 2002). Although these investigations
have identified the general site of functional cen-
tromere activity they provide little insight into the
size of the fully assembled kinetochore complex.
Human neocentromeres lacking o-satellites have
proven to be useful in dissecting the domain organi-
sation of centromeres (reviewed in Amor & Choo
2002). Recent studies have defined distinct CENP-A
binding domains of neocentromeres between 130
and 460 kb (Alonso et al. 2003, Lo et al. 2001a, b);
however a corresponding dissection of CENP-A
domains at normal human centromeres has not yet
been undertaken. In the present study, we have
used an EGFP-CENP-A fusion protein to quan-
tify the incorporation of CENP-A into individual
human centromeres and neocentromeres.

Methods

Construction of a human CENP-A/EGFP fusion
protein

Forward (5-GAGAGACTCGAGACCCTCTGC-
GGCGTGTCATGG-3') and reverse primers
(5-GAGAGAGAATTCACTGGGTGCAGGAG-
CTCAGCC-3') were used to amplify the entire cod-
ing region of the human CENP-A gene using clone
ID#2853916 from the NCI_CGAP-Ut4 cDNA
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library as a template. PCR products were digested
with X#hol and EcoRI (underlined) and cloned into
pEGFP-CI (Clontech, Palo Alto, CA, USA).

Cell culture and generation of stably transfected
cell lines

Male HTI1080 derivative cell lines containing
mardel(10) or MiC5 were cultured as previously
described (Saffery et al. 2001). Transformed
female fibroblasts containing a neocentric inv
dup(20p) marker chromosome were cultured in
DMEM with 10% FCS (JRH Biosciences). The
well-differentiated liposarcoma cell line 94778
(case 6b in Pedeutour et al. (1999) was cultured
in RPMI with 20% FCS (JRH Biosciences).
Transfections were performed by electroporation
(Bio-Rad Gene Pulsar: one pulse at 400V,
250 uF for HT1080 cells and liposarcoma line
94778; 2 pulses at 250V, 250 uF and 250V, 25uF
for fibroblasts). Linearized vector (2ug) was
electroporated and selection (450 pg/ml G418)
applied 24 hours post-transfection. Cells were
screened for EGFP-CENP-A expression in
96-well plates using an Olympus IX-70 Inverted
Fluorescent Microscope. Those showing EGFP-
CENP-A expression were scaled up for analysis.
A single clone of each cell type exhibiting highly
specific centromeric fluorescence with low back-
ground was used in subsequent quantification
analysis.

Western blotting and immunofluorescence analysis

For Western analysis nuclear extracts were
subjected to gel electrophoresis on a 4-12% gra-
dient gel (NuPage, Invitrogen Corp.) followed by
transfer onto Hybond-C membrane (Amersham
Biosciences) using a Trans-Blot SD apparatus
(Bio-Rad). Blocking of blots was carried out
overnight followed by incubation with rabbit
anti-CENP-A polyclonal antisera (1:200, Upstate
Inc, Charlottsville, VA) overnight at 4°C.
Following washing, blots were incubated with
anti-rabbit  horseradish  peroxidase (1:1000,
Silenius Laboratories, Melb, Aust) followed by
chemoluminescence detection using a Bio-Rad
ChemiDoc XRS system according to the
manufacturer’s instructions.
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Dual immunofluorescence  analysis  with
anti-GFP and anti-CENP-A was carried out as
previously described (Saffery et al. 2000). Primary
antibodies used in immunofluorescence were poly-
clonal goat anti-GFP (1:400 dilution, Rockland
Immunochemicals Inc., Gilbertsville PA) and
rabbit anti-CENP-A (1:100 dilution, Upstate Inc.,
Charlottsville, VA).

Analysis of EGFP-CENP-A expression
at the kinetochore

EGFP-CENP-A fluorescence on 2% paraformalde-
hyde fixed, cytospun chromosomes was measured
quantitatively using IPLab (Scanalytics) software as
described previously (Craig et al. 2003). Back-
ground fluorescence was removed from each raw
image prior to EGFP-CENP-A fluorescence quanti-
tation. Fluorescence in situ hybridization (FISH)
was performed as previously described (Saffery et al.
2000) to enable the identification of the 10q25 neo-
centromere of mardel(10) and MiC5, and the
invdup(20p) neocentromere. The liposarcoma
neocentromere was identified by chromosome
morphology. Other chromosomes were identified by
FISH with specific a-satellite probes or chromo-
some paints (Supplementary Table 1%)

Statistical analysis

Microsoft Excel was used for basic statistical
analysis, including the linear regression. Confidence
intervals (CI) for comparison of neocentromere
CENP-A levels as a percentage of Y centromere
and/or mean of all human chromosomes were cal-
culated using the formula: CI (95%)=mean
+(1.96 x s.e.), where s.e. =s.d./+/n. For comparison
of the mardel(10) and MiC5 CENP-A levels the
95% confidence interval for the determination of
differences between groups was tested using the for-
mula: CI (95%)=(mean;—-meany) — (z X s.e.), to
(mean;—mean,) + (Z x s.e.), where z' =196 and
s.e.= \/(s.e.12+ s.e.o”). The confidence interval pro-
vides a range of values that indicate a 95% prob-
ability of a difference in mean CENP-A levels
between the two groups. The significance of this dif-
ference (expressed as a p value) is assessed using a
z-test where z = mean;—-meany/s.e. (Dytham, 2003).
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Results

Faithful non-biased incorporation of
EGFP-CENP-A into human kinetochores

We set out to examine CENP-A levels at human
centromeres using a method involving the direct
incorporation of exogenously expressed EGFP-
tagged CENP-A.

Several previous studies have demonstrated the
faithful incorporation of epitope tagged CENP-A
variants into mammalian centromeres, including
GFP fusion proteins (Blower er al. 2002, Kalitsis
et al. 2003, Shelby et al. 1997, Sugimoto et al.
2000, Sullivan et al. 1994, Van Hooser et al. 2001).
We produced several stably transfected human cell
lines expressing EGFP-CENP-A fusion protein
each of which contained a different neocentric
marker chromosome as follows: a 58-Mb marker
derived from chromosome 10 designated mardel
(10) (Voullaire et al. 1993); a 0.7-Mb truncated
derivative of mardel(10) designated MiC5 (Saffery
et al. 2001); a 40-Mb inverted duplication of chro-
mosome 20p designated invdup(20p) (Voullaire
et al. 1999); and a ‘giant rod’ chromosome desig-
nated LGR identified in a liposarcoma (Pedeutour
et al. 1999).

Production of stable cell lines carrying random
integration of exogenously expressed genes invari-
ably results in different expression levels of the
introduced fusion protein between individual lines.
In addition, although previous studies have demon-
strated that expression of exogenous CENP-A at
near physiological levels results in exclusive target-
ing to centromeres (Shelby et al. 1997, Sullivan
et al. 1994), overexpression of this protein within
cells can result in mistargeting to non-centromeric
loci (Van Hooser et al. 2001). In light of this, we
screened our stable cell lines for those that showed
no localization of the fusion protein to metaphase
chromosome arms. EGFP-CENP-A levels for these
lines were further quantitated by Western blotting
to determine the level of expression of the fusion
protein in relation to that of the endogenous
CENP-A protein (Figure 1). From this analysis, we
identified several cell lines in which the overall level
of EGFP-CENP-A was lower than that of the
endogenous protein. Each of these cell lines showed
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Figure 1. Low level expression of EGFP-CENP-A in stable cell
lines. Examples of Western blot analysis of parental cell lines
(Ai, Aiii, Bi, Biii) and stably transfected cell lines (Aii, Aiv, Bii,
Biv) expressing the EGFP-CENP-A fusion protein using
polyclonal anti-CENP-A. EGFP-CENP-A migrates slower
than endogenous CENP-A due to increased size. A single
band of CENP-A is present in untransfected parental cell lines
while stable transfected lines contain both forms of CENP-A.
Lower levels of the fusion protein are present than the
endogenous CENP-A as evidenced by a fainter band following
Western analysis. (A) 14ZBHT cell line containing mardel(10).
(B) Liposarcoma cell line carrying neocentric giant rod
chromosome.

specific centromere localization of the fusion
protein on metaphase chromosomes (Figure 2).
Given that our analysis was aimed at determin-
ing the relative levels of CENP-A incorporation
into centromeres, it was important to demonstrate
equal relative incorporation of CENP-A and the
EGFP-tagged CENP-A into individual centro-
meres. This was achieved using dual immunofluo-
rescence analysis with antibodies to CENP-A
(detecting both endogenous CENP-A and EGFP-
CENP-A variant) and GFP (detecting only EGFP-
CENP-A). The ratio of the different antisera
signals for individual chromosomes was then
quantitated and compared between chromosomes.
No significant bias in the incorporation of the
EGFP-CENP-A fusion protein into particular
centromeres (including that of the Y-chromosome
and neocentromeres) was detected within indivi-
dual cells (an example is shown in Figure 3),
indicating that each centromere incorporates the
same relative level of EGFP-CENP-A in relation
to the amount of endogenous CENP-A. In addition,
we have previously shown that heterozygous
CENP-A/EGFP-CENP-A  mouse embryonic
stem cell lines incorporate EGFP-CENP-A spe-
cifically at all the centromeres and support a nor-
mal growth phenotype (Kalitsis et al. 2003),
suggesting that the simultaneous incorporation of

*Available online at http://www . kluweronline.com/issn/0967-3849
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EGFP-CENP-A and normal CENP-A into cen-
tromeres does not disrupt centromere functions in
any detectable way and that any selection bias
against GFP-CENP-A incorporation is unlikely.
Furthermore, a S. cerevisiae Csedp-GFP fusion
protein can functionally replace human CENP-A
at centromeres in human cells (Wieland et al
2004).

Quantitation of CENP-A incorporation at normal
human centromeres

In order to examine CENP-A incorporation into
all 24 human centromeres, we quantitated
EGFP-CENP-A levels in two male cell lines
[mardel(10) and MiC5], Quantitative measure-
ment was performed on EGFP-CENP-A fluores-
cence at all a-satellite-based centromeres in
several metaphase spreads, using specific quanti-
tation software (see Methods). The average
variation in signal intensity for the normal
chromosomes, calculated as the fold-difference
between the lowest signal (which consistently
corresponded to that of the Y chromosome, see
below) and the highest signal present within a
particular metaphase spread, was determined to
be 3.18-fold [Confidence interval (95%); CI1=2.75
to 3.61], (Figure 4A-B). Therefore, the level of
CENP-A incorporated into normal human cen-
tromeres varies over a 3-fold range within indivi-
dual cells. FISH with specific probes was used to
identify each of the 24 individual chromosomes
within cells thereby allowing a comparison of
CENP-A incorporation between centromeres on
different chromosomes. Within each chromosome
spread this was compared to the constant fluor-
escence signal present at the 10925 neocen-
tromere (see below) to give a relative fluorescence
value for each of the 24 chromosome types in
each metaphase spread. Comparison of these
values for individual chromosomes (1-22, X and
Y) between spreads demonstrated a relatively
constant level of EGFP-CENP-A into each parti-
cular  chromosome type  (Supplementary
Table 2*). Linear regression analysis also
revealed a significant correlation between the
physical size of chromosomes (as determined by
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Figure 2. Centromere localization of EGFP-CENP-A in cell lines containing mardel(10), invdup(20), LGR or MiC5. Combined
images showing EGFP fluorescence at the centromere of human chromosomes including mardel(10) (arrow; panels Ai-iv),
invdup(20p) (arrow; panels Bi-iv), MiC5 (arrow; panels Ci-iv) and LGR (arrow; panels Di-iv), normal chromosome 10 (closed
arrow; panels Ai-iv and Ci-iv), normal chromosome 20 (closed arrow; panels Bi-iv), and Y chromosome (arrowhead; panels Ai-iv
and Ci-iv). Dual-colour FISH was subsequently performed with a 1025 neocentromere BAC probe (A(iv), C(iv); green signal); a
Y-chromosome a-satellite probe (A(iv),C(iv); red signal; a 20pl2 neocentromere BAC probe (B(iv); red signal), or a 12ql5-BAC
(D(iv); red signal), were used to identify specific neocentromere containing chromosomes. DAPI counter staining is shown in panels
A(ii), B(ii), C(ii) and D(ii) while EGFP-CENP-A signals are shown in panels A(iii), B(iii), C(iii) and D(iii).
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Figure 3. Example of relative level of EGFP-CENP-A incor-
poration into human centromeres. Dual immunofluorescence
experiments were carried out with a goat anti-GFP antibody,
detecting the EGFP-CENP-A fusion protein (anti-goat FITC
detection), in combination with a rabbit anti-CENP-A
antibody, detecting both EGFP-CENP-A and endogenous
CENP-A (anti-rabbit Texas Red detection). The ratio of
EGFP-CENP-A fluorescence to endogenous CENP-A fluor-
escence is expressed on the Y-axis for each of 46 randomly
assayed centromeric signals (including that of the
Y-chromosome and mardel(10) neocentromere) within a
metaphase spread. Data for a single metaphase spread are
presented. However no bias in loading for or against individual
types of centromeres was detected in six individual metaphase
spreads analysed (data not shown).

genomic content) and centromeric CENP-A
incorporation, with larger chromosomes gen-
erally showing increasing centromeric CENP-A
(*=0.40) (Figure 5). Of all normal centromeres,
the Y centromere consistently showed the lowest
level of CENP-A incorporation. Based on statis-
tical analysis (see Methods) we can conclude that
chromosome size is a determinant in the deposi-
tion of approximately 40% (+*>=0.40) of the level
of CENP-A present at individual centromeres.

CENP-A incorporation into neocentromeres

We next examined the relative level of EGFP-
CENP-A fluorescence at the neocentromeres of
three different marker chromosomes and a trun-
cation derivative of one of them. The mardel(10)
neocentromere, derived from a complex rearran-
gement of chromosome 10 that resulted in the
removal of the w«-satellite centromere, contained
an average of 61% (CI=54% to 68%) of the
level of EGFP-CENP-A fluorescence found at
the Y chromosome, and 32% (CI=26% to 38%)
of the mean of all human chromosomes in the
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Figure 4. Range of EGFP-CENP-A fluorescence signals.
Absolute centromeric fluorescence for individual chromosomes
contained within particular metaphase spreads. The EGFP
intensity of each chromosome within a mardel(10)-containing
(A), MiC5-containing (B) and invdup(20p)-containing (C) cell
is represented by a single data point, with all chromosomes
within a single cell being scored. For the liposarcoma cell line
94778, the EGFP intensity of each of 6 random chromosomes
immediately adjacent to and including the LGR chromosome
(D) were scored. Neocentromere fluorescence intensity is
represented by a closed triangle, while that of the Y chromo-
some is represented by an open diamond. Metaphase number
refers to individual metaphase spreads scored in this analysis.
Between 11 and 23 metaphase spreads were scored for each of
the four cell lines used in this analysis.
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Figure 5. Relationship between kinetochore CENP-A level and
chromosome size. Chromosome size is shown on the X-axis.
The Y-axis shows CENP-A level expressed as a fluorescence
ratio relative to that of the mardel(10) chromosome (n=10-45
for individual chromosomes) in the 14ZBHT cell line. Using
linear regression the proportion of CENP-A level variation
attributable to chromosome size [CENP-A level =0.006 x
chromosome length+2.73] was determined to be 40%
(= 0.40).

same metaphase spread (Figure 4A). Analysis of
the invdup(20p) neocentromere in a female cell
line produced similar results of 32% (CI=26% to
38%) of the mean of all chromosomes (Figure 4C),
whereas the neocentromere in a somatically-
derived liposarcoma line contained an average of
45% (CI=40% to 50%) of the mean level of GFP
fluorescence of other human chromosomes (Figure
4D). These results supported our initial immuno-
fluorescence findings demonstrating a constant but
variable reduction in neocentromere CENP-A
levels compared to normal centromeres (data not
shown), and indicate that human neocentromere
activation results in formation of kinetochores
containing significantly less CENP-A than that
typically assembled at human centromeres. This
appears to be independent of chromosome size
as the neocentric marker chromosome in the
liposarcoma cell line is larger than all normal
chromosomes (several hundred megabases) yet still
demonstrates the lowest kinetochore incorporation
of CENP-A in relation to all normal centromeres
in metaphase spreads.

The neocentromere on minichromosome MiC5
(derived following truncation of the mardel(10)
chromosome) was found to contain on average
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46% (CI = 36% to 55%) of the amount of CENP-A
present at the Y centromere and 23% (CI=19% to
27%) of the mean of all human chromosomes
(Figure 4B). This compares to the 61% and 32%
values, respectively, obtained for the mardel(10)
neocentromere, suggesting that the CENP-
A-binding domain of the minichromosome kine-
tochore has contracted to approximately 72% of
its original size as a result of minichromosome
formation (95% CI= — 0.27 to — 0.034; p = 0.000).

Discussion

CENP-A incorporation shows 3.18-fold variation
between normal human chromosomes

We have produced a series of stable cell lines
expressing low levels of a EGFP-CENP-A
variant that localizes faithfully to all human
centromeres in a non-biased manner. We have
used these lines to carry out the first quantitative
comparison of native CENP-A at all normal
human centromeres, identifying a greater than
3-fold variation in CENP-A levels between
centromeres, with the Y chromosome centromere
consistently incorporating the lowest level.
Previous attempts at measuring aspects of
kinetochore size have used autoimmune sera in
immunofluorescence analysis. These studies have
yielded conflicting results, with some studies
suggesting little variation in fluorescence between
the kinetochores of non-homologous chromo-
somes (Fantes et al. 1989, Schmitz et al. 1992),
while others report an apparent heterogeneity in
kinetochore fluorescence (Cherry & Johnston
1987, Peretti et al. 1986). One reason for these
conflicting results may lie in the difficulty in
interpretation of data obtained with ill-defined
autoimmune sera that often contain antibodies to
multiple centromere proteins (Earnshaw ez al.
1989, Hudson et al. 1998).

Reduced CENP-A incorporation in neocentromeres

Measurements of the level of EGFP-CENP-A at
three different neocentromeres have revealed the
presence of significantly less CENP-A than that
present at any of the normal centromeres, includ-
ing that of the Y chromosome. This reduction in
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CENP-A is unrelated to chromosome size as
both small and large neocentric markers show a
reduction in centromeric CENP-A level. This
suggests that the process of neocentromere
formation results in a ‘minimal’ centromere with
a relatively low base-level of CENP-A incorpora-
tion, possibly reflecting an overall reduced
kinetochore size than that found at repeat DNA-
based centromeres (see below). This contrasts
with previous results from two other neocen-
tromeres using indirect immunofluorescence
against a CENP-A-HA fusion protein, which
detected no significant difference between normal
centromeres and the neocentromeres (Warburton
et al. 1997). However, in our own experience
such an indirect immunofluorescence analysis is
generally subject to high levels of variability
between experiments possibly reflecting the
increasing complexity of successive rounds of
antibody detection required to detect antigen
signals. This highlights the advantages of the
direct EGFP-CENP-A incorporation technique
used in the present study. Interestingly, immuno-
fluorescence results using antisera for other kine-
tochore- and heterochromatin-associated proteins
similarly show reduced signal intensity on
neocentromeres (R. Saffery, unpublished data). It
will be interesting in future to carry out similar
analyses using fluorescent tagged variants of
these and other centromere-associated proteins to
see if the reduction in CENP-A levels at neocen-
tromeres extends to other aspects of kinetochore
structure.

The CENP-A associated domain of the 10q25
neocentromere has previously been defined using
chromatin immunoprecipitation and DNA array
analysis as a 330-kb region (Lo et al. 2001a).
Taking into account relative CENP-A levels
revealed in this study (Figure 4A), and assuming a
consistent packaging density of CENP-A at
human centromeres, we predict a minimal CENP-
A-binding domain at normal human centromeres
of between 540 and 1700kb. This is consistent
with recent chromatin fibre analysis of random
human centromeres that identified the range over
which CENP-A chromatin extends as between 500
and 1500 kb (Blower et al. 2002), although in this
study specific chromosomes were not identified.

Analysis of the MiC5 minichromosome contain-
ing the 10925 neocentromere has revealed a
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further significant reduction in the CENP-A
binding domain compared to its progenitor neocen-
tromere contained on the mardel(10) marker
chromosome. This suggests a compaction or
remodelling of centromeric chromatin on the mini-
chromosome as a result of chromosomal trunca-
tion. This further highlights the emerging concept
of plasticity of centromeric chromatin in response
to an altered chromosomal environment (Craig
et al. 2003, Floridia et al. 2000).

CENP-A incorporation correlates with
chromosome size

We have identified a small but significant correla-
tion between CENP-A levels and the size of the
normal human chromosomes. However, the level
of correlation (r=0.63) indicates that chromo-
some size is not the sole determining factor in
the overall level of CENP-A incorporation into
human centromeres. Other possible contributing
factors such as the quantity of o-satellite, the
type of a-satellite subfamiliy (Choo 1997), the
relative amounts of o-satellite, with and without
CENP-B-box sequences (see below), the role of
non-alphoid flanking repeats, or the amount and
organization of pericentric heterochromatin, may
be involved in specifying the level of CENP-A
incorporation. At present however, the lack of
comprehensive data on these variables does not
allow proper discussion of their individual
contribution to centromeric CENP-A levels.

Significance of variable CENP-A incorporation

Our data indicate that the level of CENP-A
incorporation into centromeres is significantly
correlated with chromosome size. Given that
CENP-A forms the foundation of the active
kinetochore, it is possible that variation in
CENP-A levels also directly reflects a correspond-
ing variation in the physical size of kinetochores.
Thus, an increase in CENP-A incorporation
might reflect the assembly of a larger kinetochore
structure that may compensate for the mitotic
segregation requirements of larger chromosomes
namely to capture a greater number of micro-
tubules to generate a greater ‘pulling power’ for
chromosome movement and sister chromatid
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separation. Previous studies in other species have
suggested a link between chromosome and
kinetochore size and have implied a relationship
between kinetochore size and capacity to capture
microtubules (Brinkley er al. 1984, Cherry et al.
1989, McEwen et al. 1998). Theoretically, such a
compensatory mechanism would allow all
chromosomes to be pulled to the spindle pole at
a relatively constant rate regardless of total
genomic content.

Our data supports the existence of an optimal
range of CENP-A level within the a-satellite-based
centromeres. Previous studies have similarly sug-
gested that a minimum amount of kinetochore
material may be necessary in order to maintain
stable attachment to the mitotic spindle (Cherry
et al. 1989). If this is the case, a significantly
reduced CENP-A-binding domain may be
expected to have consequences in terms of mitotic
stability. Interestingly, an increased rate of mitotic
instability has been reported for the Y chromo-
some compared to other human chromosomes
(Nath et al. 1995), possibly consequent to the
reduced CENP-A incorporation demonstrated in
this study. We would similarly expect to see
increased levels of mitotic instability for neocen-
tromere-containing chromosomes because of their
even lower levels of CENP-A incorporation.
Although this may explain the observed mosaicism
and instability for neocentric chromosomes in sev-
eral patients (Amor & Choo 2002; Rivera et al.
1996), it cannot account for the apparent full mito-
tic stability of many other neocentromeres both in
patient cells and in culture (Amor & Choo 2002),
or the apparent stability of some neocentromere-
based minichromosomes over prolonged periods
of culture (Saffery et al. 2001). It is possible that
smaller kinetochores assembled at sites of reduced
CENP-A incorporation may associate with similar
numbers of more tightly packed microtubules to
achieve increased mitotic stability (McEwen et al.
1998), or that any instability due to reduced
kinetochore size may be more pronounced in
meiosis or be cell type specific.

The obvious difference in CENP-A levels
observed for the Y chromosome and neocen-
tromeres in relation to all other chromosomes may
also reflect the generally lower levels of a-satellite
DNA observed on the Y-chromosome (Tyler-Smith
et al. 1993) and the absence of such arrays at
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neocentromeres. In addition, the x-satellite DNA of
the Y-chromosome centromere specifically lacks
the 17-bp CENP-B-box sequence motif to which
the constitutive centromeric protein CENP-B
binds. Although no definitive mitotic role of
CENP-B has been identified, it is significant that
de novo centromere formation is only observed on
a-satellite DNA containing the CENP-B-box
sequence motif (Ohzeki et al. 2002). The absence of
CENP-B binding remains the only specific differ-
ence yet described between the Y centromere and
all other centromeres in mammalian systems.
Previous data have provided evidence for the spe-
cific association of CENP-A with type I o-satellite
containing CENP-B boxes (Ando er al. 2002)
although the existence of neocentromeres, and the
lack of such CENP-B boxes on the Y chromosome,
have suggested that such sequences are not
absolutely required for CENP-A deposition into
centromeric nucleosomes. Our data suggests that
the presence of o-satellite DNA containing
CENP-B boxes is associated with the incorporation
of increasing levels of CENP-A at normal
centromeres — an observation that appears to extend
to the neocentromeres, which typically lack both
o-satellite and CENP-B boxes, and incorporate
reduced CENP-A compared to those of the normal
centromeres. Interestingly, a direct interaction
between CENP-B and another constitutive
centromere protein CENP-C has also recently been
demonstrated with the implication that the
presence of CENP-B may be associated with
increasing levels of (at least some) other kine-
tochore components in addition to CENP-A
(Suzuki et al. 2004).

There is increasing evidence implicating
centromere activation as a novel mechanism
involved in karyotype evolution. It has been pro-
posed that neocentromeres may represent the ear-
liest stage in centromere evolution and that the
acquisition of centromeric repeats occurs as a later
event (Nagaki er al. 2004, Ventura et al. 2001).
However, the higher order organization of the
core CENP-A region of centromeres has yet to be
fully elucidated. Several observations including the
analysis of detached kinetochores and extended
chromatin fibres (Blower et al 2002, Zinkowski
et al. 1991), centromeric fission in mammals
(reviewed in Perry et al. 2004), and the phenom-
enon of neocentromere formation following
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centromere spreading and fission in Drosophila
(Maggert & Karpen 2001), have resulted in the
development of a repeat subunit-based model of
centromere structure. It remains to be seen
whether an increasing level of CENP-A at indvi-
dual centromeres equates to a larger number of
such centromeric subunits. Our observation that
human centromeres formed on o-satellite DNA
contain higher CENP-A levels than those located
on non-a-satellite DNA suggests a possible driving
force for the accumulation of a-satellite repeats (in
particular those containing the CENP-B-box
motif) in centromere evolution to achieve the
formation of larger and functionally more stable
kinetochore structures.
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