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Previous studies of the pericentromeric region of the human X
chromosome short arm (Xp) revealed an age gradient from ancient
DNA that contains expressed genes to recent human-specific DNA
at the functional centromere. We analyzed the finished sequence
of this human genomic region to investigate its evolutionary
history. Phylogenetic analysis of >1,500 alpha-satellite monomers
from the region revealed the presence of five physical domains,
each containing monomers from a distinct phylogenetic clade. The
most distal domain contains long interspersed nucleotide element
repeats that were active >35 million years ago, whereas the four
proximal domains contain more recently active long interspersed
nucleotide element repeats. An out-of-register, unequal recombi-
nation (i.e., crossover) detected at the edge of the X chromosome-
specific alpha-satellite array (DXZ1) may reflect the most recent of
a series of punctuating events during evolution that resulted in a
proximal physical expansion of the X centromere. The first 18 kb of
this array has 97-99% pairwise identity among all 2-kb repeat
units. To perform more detailed evolutionary comparisons, we
sequenced the junction between the ancient DNA of Xp and the
primate-specific alpha satellite in chimpanzee, gorilla, orangutan,
vervet, macaque, and baboon. The striking conservation found in
all cases supports the ancestral nature of the alpha satellite at this
location. These studies demonstrate that the primate X centromere
appears to have evolved through repeated expansion events
occurring within the central, active region of centromeric DNA,
with the newly added sequences then conferring centromere
function.

evolution | alpha satellite | comparative genomics | genome sequencing

he centromeric regions of eukaryotic chromosomes repre-

sent an enigmatic example of conserved function in the face
of rapidly evolving DNA sequences (1). The centromere is
required for the proper segregation of chromosomes at mitosis
and meiosis. This function is mediated by the kinetochore, which
is a proteinaceous structure that assembles onto centromeric
DNA (2, 3). Whereas the proteins of the kinetochore have
largely been conserved throughout evolution (4), the DNA at the
site of kinetochore formation (i.e., the centromere) has not (1,
5). Every species that has been studied appears to employ a
different DNA sequence for attaining centromere function, with
the precise role of that DNA being the subject of ongoing debate
(6-9).

Based on a large body of evidence, a general model for the
organization and content of human centromeric regions has
emerged (Fig. 1). There is a large, chromosome-specific alpha-
satellite array at the centromere of all human chromosomes (10,
11). Alpha-satellite DNA consists of 171-bp, AT-rich monomers
arranged in a tandem, head-to-tail configuration (12, 13). A
small group of these monomers comprises the higher-order
repeat units that are then arranged in a tandem, head-to-tail
configuration to form an array (10). Monomers within a higher-
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order repeat unit have average pairwise sequence identities of
~72%; however, adjacent higher-order repeat units are typically
98-100% identical (14). Higher-order arrays can extend for 3-5
Mb (11, 15, 16) and are largely devoid of nonsatellite sequences
(10, 17).

Global analyses of pericentromeric regions in the human
genome sequence revealed a complex patchwork of intrachro-
mosomal and interchromosomal duplication events (18). A
major limitation of such analyses relates to the clone maps that
were used for sequencing the human genome (19). Specifically,
large-insert clones that join duplicon-rich pericentromeric re-
gions with chromosome-specific alpha-satellite arrays are rare,
and none provide continuity across a given array. As a result, the
sequence assemblies of many human chromosome arms halt
without ever reaching pericentromeric satellite DNA; only 11 of
43 such assemblies (excluding acrocentric short arms) contain
higher-order alpha-satellite DNA (14), and no centromeric
region has been sequenced in its entirety.

Regions flanking the chromosome-specific arrays contain a
blend of different satellite families (both alpha satellite and other
family types), often interrupted by transposable elements (20).
The satellite DNA in these pericentromeric regions is in a
monomeric form (21). Monomers within a given satellite family
share average pairwise sequence identities of ~72% and lie in
tandem, head-to-tail configurations, but they generally lack
higher-order structure (14). Among satellite families, alpha
satellite is unique in several important ways. It has been detected
in all primate species that have been studied, and it appears to
be unique to the primate lineage (22). Also, it is the only satellite
found at all human centromeres (10, 12), and it is the only one
that is known to exist in two forms in the human genome (higher
order at the centromere and monomeric in pericentromeric
regions).

Functional studies of human chromosomes indicate that the
kinetochore complex assembles within higher-order alpha-
satellite arrays (23). Artificial chromosome assays have demon-
strated de novo centromere formation with higher-order alpha
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Fig. 1. Structural organization of human centromeric and pericentromeric
regions. A typical human chromosome is shown schematically, emphasizing
the pericentromeric and centromeric (CEN; blue) regions above and below the
ideogram, respectively. Each small arrow represents a single satellite mono-
mer of n bp, with n being characteristic of a given satellite family (e.g., 171 for
alpha satellite, such as that in the centromeric region; see Table 1, which is
published as supporting information on the PNAS web site). In the pericen-
tromeric regions, blocks of tandem satellite monomers from a single family
(indicated by pink versus gray) occasionally contain embedded interspersed
repetitive elements (e.g., LINEs and short interspersed nucleotide elements;
not drawn to scale). Adjacent satellite blocks can exist in the same or opposite
orientations. In the centromeric region, higher-order repeat units, which
contain a characteristic number of monomers, are indicated with large blue
arrows. The regular presence of a common restriction site (A) illustrates the
periodic nature of centromeric DNA.

satellite (24-27). Mapping of deletion chromosomes has delim-
ited the functional centromere region of the human X chromo-
some to the higher-order alpha-satellite array, DXZ1 (26).
Topoisomerase II cleavage activity is found at the active cen-
tromere but not the inactive centromere of dicentric chromo-
somes (28) and has been localized within higher-order arrays of
the X (29) and Y (30) chromosome. Chromatin immunoprecipi-
tation (31) and fiber-FISH (32) studies have found higher-order
alpha-satellite sequences associated with essential kinetochore
proteins.

These functional studies and previous genomic analyses of the
pericentromeric region of the human X chromosome have
yielded several important findings (26) that make this chromo-
some a model for centromere investigations. First, the presence
of higher-order DXZ1 sequences, especially near the X chro-
mosome short arm (Xp) (29), appeared to confer centromere
function. Second, initial examination of embedded long inter-
spersed nucleotide element (LINE) repeats provided prelimi-
nary insight about the recent evolution of the functional cen-
tromere sequences and the longer-term evolution of the
monomeric alpha satellite immediately adjacent to the chromo-
some arm. Importantly, these data provided a valuable frame-
work for comparative studies aiming to unravel the evolutionary
history of centromere structure and function. Here, we present
an analysis of the complete sequence of the pericentromeric
transition from human Xp into the higher-order DXZ1 alpha-
satellite array. Our results reveal important details about the
history of the Xp centromere, and these findings are corrobo-
rated by comparative sequencing studies involving the Xp peri-
centromeric region of several primate species.

Materials and Methods

Sequence Analysis. We analyzed the most proximal 650 kb of the
human Xp sequence (GenBank accession no. NT_011630),
specifically, chrX:56,900,000-57,548,803 of NCBI Build 34
[July 2003; University of California, Santa Cruz (UCSC)
Genome Browser, available at: http://genome.ucsc.edu] (Fig.
2). The content and organization of repetitive sequences were
defined by using REPEATMASKER (59). Further analyses of
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Fig.2. Sequence-based map of the pericentromeric region of human Xp. (A)

The most proximal ~650 kb of human Xp is depicted. The light gray bar at the
left represents ~150 kb of arm sequences, including the nearest expressed
gene (ZXDA). The following blocks of satellite sequence are shown on the
right: monomericalphasatellite (red), HSAT4 (dark gray), and gamma satellite
(yellow). The start of the X chromosome-specific higher-order alpha satellite
(DXZ1) isshown in blue, with the light blue area reflecting monomers that lack
higher-order structure but fall into the phylogenetic clade with DXZ1 mono-
mers (see Fig. 3). The black diamond indicates the position of a single 880-bp
block of nonsatellite sequence. Dotted lines indicate junctions between blocks
of different satellite families (i.e., HSAT4 and alpha satellite) or junctions
between blocks of the same family lying in opposite orientations. The arrow-
heads indicate the directionality of each satellite block. (B) Repetitive se-
quences are shown by using custom tracks from the UCSC Genome Browser
(higher-order alpha satellite, blue; monomeric alpha satellite, red; HSAT4,
dark gray; gamma satellite, yellow; LINEs, dark green; short interspersed
nucleotide elements, light green). (C) The physical spans of the five satellite
domains classified by phylogenetic analyses of alpha-satellite monomers (see
Fig. 3) are indicated. Each L1 (LINE) repeat observed within proximal Xp and
the alpha-satellite blocks is indicated as an oval, classified according to its
subfamily [the currently active, human-specific elements (L1Hs) are shown at
the top, with progressively older subfamilies listed below]. L1P subfamilies are
primate-specific, whereas the L1M subfamily is quite large and composed of
elements found throughout the mammalian radiation.

repetitive sequences were performed by using PERL scripts
(developed by Jeff Bailey and John Dunn; available in Data Set
1, which is published as supporting information on the PNAS
web site) that parsed alpha-satellite, HSAT4, and gamma-
satellite monomers. Each script defines and extracts a mono-
mer by searching for matches to beginning- and end-consensus
sequences of each monomer family, requiring paired matches
separated by the prototypic length of that monomer (see Table
1). The resulting list of monomers includes an indication of
orientation, from which the overall directionality of each
monomer block can be determined. A separate PERL script
(developed by John Dunn; available in Data Set 1) was used
to search the alpha-satellite monomers for the presence of
divergent centromere protein B (CENP-B) binding sites. The
higher-order structure of the alpha satellite within the DXZ1
array was evaluated by using DOTTER (33).

Phylogenetic Analysis. Alpha-satellite monomers were aligned by
using CLUSTALW (available at www.ebi.ac.uk/clustalw). An al-
pha-satellite monomer from African green monkey (34) was
included as an outgroup. The resulting monomer alignment was
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then analyzed by the MEGA3 program (35). Given the large
number (1,568 monomers) of small (171 bp), closely related taxa,
the resulting unrooted neighbor-joining tree was evaluated with
500 replicates of both bootstrap and interior branch tests.

Comparative Sequencing. Bacterial artificial chromosome (BAC)
libraries (available at: http://bacpac.chori.org) generated
from chimpanzee (Pan troglodytes; CHORI-251), gorilla (Go-
rilla gorilla; CHORI-255), orangutan (Pongo pygmaeus;
CHORI-253), vervet (Cercopithecus aethiops; CHORI-252),
macaque (Macaca mulatto; CHORI-250), and baboon (Papio
anubis; RPCI-41) were screened as described (36, 37). Probe
sequences are available on request. After isolation and map-
ping (36, 37), a subset of BACs was analyzed by FISH (data not
shown); only those clones found to derive from the pericen-
tromeric region of the X chromosome of the originating
species were sequenced. Comparative sequence analyses were
performed by using VISTA (60).

Results

Analysis of Human Xp Sequence. Our established (26) BAC-based
physical map of the pericentromeric region of human Xp was
used as a framework for generating high-quality genomic se-
quence. Detailed analyses of the finished sequence for an
~650-kb region, which links the most proximal portion of Xp
with the higher-order satellite array (Fig. 2 4 and B), provide a
complete accounting of the sequence elements present in the
region (26) and, importantly, the physical relationships of those
elements. The sequence consists of data from up to four
independent X chromosomes; restriction fragments that were
expected based on the sequence were detected in each of three
unrelated males (26). Consistent with the current model (Fig. 1),
each satellite family is characterized by an underlying monomer
length and sequence (see Table 1). Monomers are arranged in
a tandem, head-to-tail configuration, providing directionality to
each satellite block (Fig. 24). The sequence of monomers within
a given family varies by as much as 30% (14), resulting in
considerable sequence variation; additional variation is provided
by the presence of interspersed repetitive elements that have
been associated with monomeric satellites (20) (Fig. 2B). In
addition to these somewhat expected features, these analyses
detail a high degree of sequence rearrangement. Sequence
blocks composed of many monomers of a satellite family range
in size from ~3-60 kb (Fig. 24). Careful scrutiny of the 25
junctions between these blocks reveals that changes in direc-
tionality occur both between blocks of the same satellite family
and between blocks of different families (Fig. 2A4).

Analysis of Alpha-Satellite Sequences. Next, we analyzed the alpha-
satellite monomers identified in the finished sequence. The
monomers (1,568) were parsed from the finished sequence and
subjected to neighbor-joining analysis by using the MEGA phy-
logenetic program (35); these were found to distribute across five
major phylogenetic clades (Fig. 3). Importantly, monomers
within each clade localize to a discrete physical domain in an
exclusive fashion, such that clade 1 monomers reside only in
domain 1, clade 2 monomers reside only in domain 2, and so
forth (Fig. 2C). With the exception of clade 5, each clade is
divided into at least two subclades (Fig. 3, a and b). Monomers
from each pair of subclades are physically interspersed within the
corresponding physical domain. The most proximal domain
(domain 5, clade 5) contains 127 monomers (for a total length
of ~21 kb; Figs. 2C and 4) of the X chromosome higher-order
repeat [type 1 and 2 DXZ1 (26); described below]. Monomers
from a ~13-kb region immediately distal to the array junction
(Fig. 3, open squares) are also in clade 5; these monomers lack
DXZ1 higher-order structure yet share sequence features with
typical DXZ1 monomers and have been referred to as type 3 and
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Clade
1

Fig.3. Phylogenetic analysis of alpha-satellite monomers in the Xp pericen-
tromeric region. A total of 1,568 alpha-satellite monomers (each represented
by a colored shape) from the human Xp pericentromeric region and a single
alpha-satellite monomer from the African green monkey (AGM) were sub-
jected to neighbor-joining analysis with midpoint rooting, yielding the de-
picted phylogenetic tree. In separate analyses, several independent mono-
mers of human, macaque, and African green monkey alpha satellite were used
as the root without affecting clade topography (data not shown). Alpha-
satellite monomers from each of the five physical domains within the Xp
region are designated by a different shape or color: domain 1, filled red
square; domain 2, filled red circle; domain 3, filled red triangle; domain 4,
filled light-blue square; domain 5, dark-blue square. Numbers on the major
branches of the tree are the results of 500 bootstrap replicates and 500
interior-branch-test replicates, respectively (i.e., 0/99 indicates 0% of 500
bootstrap replicates and 99% of 500 interior-branch-test replicates). Only
major branches reaching a significant interior-branch-test value of >95% are
labeled. The binary characteristic of domains 1-4 is indicated (a and b).
Monomers of the higher-order alpha satellite DXZ1 (filled blue squares)
constitute clade 5, which also contains monomers that are immediately adja-
cent to the higher-order array but lack higher-order structure (open blue
squares).

4 DXZ1 (26). Domain 4 extends distally for ~74 kb (Fig. 2C) and
is composed of monomers within clade 4 (type 4 DXZI1).
Monomers within clades 3, 2, and 1 lie distally and sequentially
in ~107-, 40-, and 64-kb domains, respectively (Fig. 2C). These
analyses provide the strongest evidence yet in support of the
hypothesis that the alpha satellite in the region is physically
separated into distinct homogenization zones (26). Indeed, five
monomer clades corresponding to five physical domains are
evident, whereas only two were distinguishable based on previ-
ous studies (26).

The alpha-satellite monomers were also examined for the
presence of a CENP-B box, a 17-bp recognition sequence found
in a single copy in a subset of monomers within higher-order
alpha satellite (38). Binding sites for CENP-B are present within
human and great ape higher-order alpha satellite, but they are
generally absent from monomeric alpha satellite (39, 40). Anti-
CENP-B antibodies detect the protein at centromeres on most,
but not all, primate chromosomes (41). Of the 1,568 Xp alpha-
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Fig. 4. Characteristics of the edge of the DXZ1 array. A DOTTER plot displays
aself-self alignment of the most proximal 24 kb of the generated Xp sequence
(domain 5), ~3 kb of pericentromeric alpha satellite (open rectangle), fol-
lowed by ~21 kb of centromeric higher-order repeats (blue rectangles) The
coordinates of the analyzed region are depicted along the left and the top.
The periodic nature of the higher-order repeats [solid blue rectangles along
bottom, reflecting type 1 DXZ1 (26)] is demonstrated by the evenly spaced
diagonallines (14). Type 2 DXZ1 (hatched blue rectangles) contains one typical
2-kb repeat unit and an aberrant 2.8-kb higher-order repeat unit at the array
junction. The size of each DXZ1 higher-order repeat unit is labeled (2.8 or 2
kb), and each 2-kb unit is given a letter to indicate its position relative to the
others (2A and 2l being the most distal and proximal, respectively). The
unusual nature of the aberrant repeat unit is revealed by reduced identity
with the 2-kb units (see Table 2), distinct size, and the interrupted diagonal
seen on the DOTTER plot. The region distal to the array junction (open rectan-
gle) contains type 3 and 4 DXZ1 (open blue squares in Fig. 3). The number of
CENP-B binding sites present in each higher-order repeat unit is indicated at
the bottom.

satellite monomers examined, only 36 contain a CENP-B box.
Strikingly, all 36 of these monomers fall within the DXZ1
higher-order repeat units of domain 5, within the most proximal
~21 kb (Figs. 4 and 6, which is published as supporting infor-
mation on the PNAS web site).

Interspersed Repetitive Elements and LINE Dating. The presence of
interspersed repetitive elements (specifically, LINE repeats)
within the Xp pericentromeric satellite sequence can be used to
gain insight about the evolution of the region. The interspersed
elements interrupt monomers of a given satellite family, indi-
cating the presence of that satellite at the time of active LINE
transposition. Thus, the position of interspersed repeats can be
used to infer the age of different satellite domains (42).

Based on analyses of the draft Xp sequence, we proposed (26)
the presence of an age gradient that progresses from a very
ancient distal region through the more recent proximal alpha-
satellite sequences. Other data (13) suggest that alpha satellite
near the junction between the chromosome arm and the distal
edge of the satellite region is 35-40 million years old, whereas
alpha satellite within the higher-order arrays is 6—8 million years
old (43-45). Detailed analysis of the finished Xp sequence,
including the identification of three additional LINEs, confirms
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the age-gradient hypothesis (Fig. 2C). Specifically, the distal
domain (domain 1) contains LINEs (L1P3) that were active >35
million years ago (mya; 7% divergence), whereas the oldest
LINEs (L1P2) present in the two central domains (domains 2
and 3) were active ~25 mya (4% divergence). The oldest LINEs
(L1P2) in domain 4 reside in the most distal block (13.9 kb) of
monomeric alpha satellite present in this domain. Additional
LINEs in domain 4 (all proximal to this 13.9-kb block) are L1P1
or L1Hs elements, which have both been active only since the
emergence of the great ape lineage (3% divergence). The
analyzed sequence contains ~35 kb of alpha satellite that
contains no interspersed LINE repeats (all within domain 5).
However, previous attempts to identify LINEs within unan-
chored DXZ1 samples yielded a single L1Hs element (26). The
complete inventory of L1 interspersed elements (Fig. 2C) dem-
onstrates strict adherence to the proposed age gradient. Impor-
tantly, the absence of older elements (L1P3) in the proximal
domains may indicate more recent addition of proximal mono-
meric alpha satellite to Xp, whereas the absence of newer LINEs
(L1P1 and L1Hs) in the distal domains suggests a mechanism
that prohibits L1 transposition into monomeric alpha satellite in
this region.

Properties of the Array Junction. The most proximal 24 kb of the
human Xp pericentromeric sequence (chrX: 57,524,803-
57,548,803) includes a transition from the satellite region, char-
acterized by monomeric satellites and interspersed repeats, to
the higher-order alpha-satellite array (Fig. 4). A typical DXZ1
higher-order repeat unit consists of twelve 171-bp monomers
that together span ~2 kb (46). An aberrant 2.8-kb higher-order
repeat unit that signifies the beginning of the DXZ1 array resides
at the array junction (Figs. 24 and 4). The percent identity
between this 2.8-kb unit and a typical 2-kb unit is reduced (see
Table 2, which is published as supporting information on the
PNAS web site), and the structure is discontinuous (Fig. 4).
Analysis of the monomers that comprise the aberrant 2.8-kb unit
reveals evidence for an out-of-register exchange between two
misaligned 2-kb units (see Fig. 64). Also, a 15-bp insertion (46)
observed in all other DXZ1 higher-order repeats is absent from
this 2.8-kb unit. Interestingly, this 15-bp segment is also absent
in the available sequence of chimpanzee and gorilla X chromo-
some higher-order repeats (see Fig. 6B), suggesting that the
repeat unit without the 15-bp insertion is the ancestral form.

Proximal to this 2.8-kb unit are nine 2-kb units, all in the
tandem, head-to-tail arrangement that creates the hallmark
periodicity of alpha-satellite arrays (Figs. 1 and 4). The 2-kb unit
immediately proximal to the 2.8-kb aberrant unit (rectangle 2A
in Fig. 4) is only 96% identical to other DXZ1 units (Table 2);
these two units have been termed type 2 DXZ1, because they
share higher-order structure with typical DXZ1 but exhibit
reduced identity (26), indicative of a transition zone. The
remaining eight 2-kb units (rectangles 2B-2I in Fig. 4) have the
typical 98-100% pairwise identity seen with higher-order alpha-
satellite arrays, and they are considered type 1 DXZ1 (Table 2).
Interestingly, the number of CENP-B boxes found in each 2-kb
higher-order repeat unit increases from two in the most distal
2-kb unit to three in the next proximal unit, followed by four in
each of the seven remaining 2-kb units (Fig. 4). The 2.8-kb
aberrant unit at the array junction (Fig. 4; also see Fig. 6A4)
contains three CENP-B boxes within an apparent combination
of two different higher-order repeats: one unit containing a
CENP-B box in monomer 10 and one unit without a CENP-B
box in monomer 10 (see Fig. 64). Distal to the array junction
reside three monomers that share sequence features with specific
DXZ1 monomers (26); these monomers share reduced identity
with type 1 DXZ1 but fall into the DXZ1 phylogenetic clade,
thus defining type 3 (Fig. 3, clade 5).

Schueler et al.
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Fig. 5. Comparative sequence analysis of the Xp satellite junction. An
adapted visTA plot depicts alignments of the 10 kb of sequence encompassing
the Xp satellite junction from each of six primate species with the human
reference sequence (in each case, the overall percent identity shared with the
human sequence is shown in parentheses). The repeat content of the human
sequence is shown along the top (see key at bottom; asat, alpha satellite). For
each species, a percent identity plot is displayed ranging from 50% to 100%
sequence identity, as indicated. Each plot was generated by searching for
100-bp windows of =90% identity. An arrowhead and dotted line depict the
position of the satellite junction. L1P3 and LTR5 elements embedded within
alpha satellite are highlighted.

Conservation of the Satellite Junction Among Multiple Primates. An
essential component of the age-gradient hypothesis is that the
satellite region immediately proximal to the euchromatic chro-
mosome arm is a remnant of the ancestral primate X centromere
(26). To search for conservation of this junction, as predicted by
the model, we sequenced the orthologous region in six other
primate genomes. VISTA analysis (Fig. 5) reveals sequence-
identity levels throughout this region consistent with the esti-
mated divergence times between human and chimpanzee, go-
rilla, orangutan, baboon, macaque, and vervet, respectively (47).
Moreover, within the alpha-satellite region, an inserted L1P3
element (specifically, a LIPA7 element) is present at the or-
thologous position in all six primates (Fig. 5; also see Fig. 7, which
is published as supporting information on the PNAS web site).
Members of the L1P3 subfamily of LINEs are estimated to have
been active in the primate genome over 35 mya (42), indicating
that this segment of alpha satellite was present in an early
primate ancestor. Within the same stretch of alpha satellite, an
LTR5 (ERVK) element is present only in the great apes,
revealing the continuing evolution of the region. The absence of
this element in all three old world monkeys suggests its insertion
occurred between 12 and 25 mya, after the origin of the old world
monkey lineage (=25 mya) but before the split creating the great
ape lineage (=~12 mya).

Discussion

Our understanding of centromere dynamics (specifically, the
role of DNA sequence in centromere function, the evolution of
centromere sequences, and the impact of sequence changes on
speciation) suffers from inadequate molecular details (14). The
human X chromosome has emerged as a model for the study of
centromere structure and function, in part because it was the first
chromosome for which a sequence-ready BAC contig was con-
structed that spanned the transition between the chromosomal
arm and the higher-order satellite array (26). Here, we report key
details about the X-chromosome centromere based on analyses
of the complete sequence of the Xp pericentromeric transition.

Compared with the strict periodicity found in the centromeric
alpha-satellite arrays, the long-range structure of pericentro-
meric regions is disorganized (14). Despite its highly repetitive
nature, the sequence of such regions is actually stratified (anal-
ogous to the layers of earth laid down over time). Our previous
analysis of a smaller sample of alpha-satellite monomers (<500)
(26) indicated the presence of two major types of alpha satellite;
notably, this sample did not include monomers from the
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~200-kb region between the gamma satellite and the DXZ1
array. Examination of the finished sequence shows the presence
of both monomeric and higher-order alpha satellite and, in
addition, confirms their spatial separation. Moreover, phyloge-
netic analysis of the complete set of alpha-satellite monomers
demonstrates five physical domains, including four domains that
are populated with monomeric alpha satellite and one domain
with a higher-order structure.

Previous dating of L1 elements (42) in the Xp pericentromic
region provided important evolutionary insights (42). Our iden-
tification of LINE repeats within the alpha satellite between
gamma satellite and DXZ1 clearly defines the age gradient that
reflects the evolutionary history of the region. The strict corre-
lation between LINE ages and the phylogenetically defined
physical domains revealed by the complete sequence indicates a
progressive proximal expansion of centromere content. Specif-
ically, the most distal alpha-satellite domain is the oldest, with an
age gradient progressing proximally through the satellite region
by an apparent series of events culminating in the addition of the
higher-order alpha-satellite array. Our analyses indicate that a
similar age gradient exists within the Xq pericentromeric region
(data not shown). Together, these findings suggest that the
primate X centromere evolved through repeated expansion
events involving the central, functional alpha-satellite domain,
such that ancestral centromeric sequences were split and dis-
placed distally onto each arm.

Whereas absence of older LINEs within the proximal domains
indicates the successive additions of alpha satellite to the X
centromere, the absence of newer LINEs from distal domains is
not accounted for by this hypothesis. This observed bias toward
the insertion of active LINEs into a discrete region of alpha
satellite, which occurs at the exclusion of adjacent (and very
similar) sequences, suggests that changes in chromatin compo-
sition that accompany centromere activation/inactivation (48)
may influence transposition events. The ongoing homogeniza-
tion of centromeric satellite sequences by unequal crossover
(49-52) and clustering of crossover breakpoints at or near
CENP-B binding sites (53) may be mechanistically related to this
phenomenon. The CENP-B protein is closely related to the pogo
superfamily of transposases and may retain single-strand nicking
capability (54). CENP-B binds a subset of alpha-satellite DNA
(55) and has been shown to accumulate below the kinetochore
(56), within the region of the active centromere. In addition to
CENP-B, topoisomerase II enzymatic activity has been localized
within the active centromere site (29, 30). The unique chromatin
environment created by the centromere-specific histone,
CENP-A, combined with the activity of CENP-B and topoisom-
erase II may contribute to the apparent promiscuity of centro-
meric regions by confining the proposed expansion events and
insertion of transposable elements to functionally active centro-
meric DNA.

Possible negative consequences of the dynamic nature of the
region may be offset by the advantages of having a fluid
centromere environment. The sites of human kinetochore as-
sembly (29, 30) are largely devoid of interspersed repeats (10,
17), span large intervals (15, 57), and have an underlying
sequence periodicity, all of which facilitate the formation of
higher-order structures that might be necessary for kinetochore
interactions (4). Insertion of active LINEs would disrupt that
periodicity, potentially compromising centromere activity and
requiring a compensatory expansion of centromeric DNA (58).
Consistent with this model is the notion that the higher-order
alpha satellite at the centromere evolved as a replacement for the
monomeric alpha satellite (13), providing a more efficient
mechanism for homogenization. The increased rate of chromo-
some-specific homogenization of higher-order alpha satellite in
higher primates (51) may represent an important step in evolu-
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tionary efforts to adapt centromeric DNA to the needs of its
protein partners.

Last, the generated comparative sequence data allowed re-
finement of our model of Xp centromere structure and evolu-
tion. Examination of multiple primate sequences confirms that
Xp orthology spans from the chromosome arm, across the
satellite junction, and deep into the satellite region. Our model
predicts that the most distal alpha satellite on human Xp
(domain 1) is likely to be present in very early primates, with the
remaining domains appearing sequentially later in the primate
lineage. Meanwhile, one would expect that concerted evolution
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