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The definition of centromeres of human chromosomes requires a complete 
genomic understanding of these regions. Toward this end, we report integration 
of physical mapping, genetic, and functional approaches, together wi th  se- 
quencing of selected regions, t o  define the centromere of the human X chro- 
mosome and t o  explore the evolution of sequences responsible for chromosome 
segregation. The transitional region between expressed sequences on the short 
arm of the X and the chromosome-specific alpha satellite array DXZl  spans 
about 450 kilobases and is satellite-rich. A t  the junction between this satellite 
region and canonical DXZl  repeats, diverged repeat units provide direct evi- 
dence of unequal crossover as the homogenizing force of these arrays. Results 
from deletion analysis of mitotically stable chromosome rearrangements and 
from a human artificial chromosome assay demonstrate that DXZl  DNA is 
sufficient for centromere function. Evolutionary studies indicate that, while 
alpha satellite DNA present throughout the pericentromeric region of the X 
chromosome appears t o  be a descendant of an ancestral primate centromere, 
the current functional centromere based on DXZl  sequences is the product of 
the much more recent concerted evolution of this satellite DNA. 

The centromere is essential for normal seg- defined number of monomers have been ho- 
regation of chromosomes in both mitotic and mogenized as a unit to yield large chromo- 
meiotic cells. Paradoxically, although this some-specific arrays that span several mega- 
role is conserved throughout evolution, the bases (Mb) (5, 8). Extensive data on the 
sequences that accomplish centromere func- structural and sequence characteristics of 
tion in different organisms are not (1, 2). these arrays indicate a high degree of se-
These regions of the human genome remain quence homogeneity over regions as large as 
an enigma and have been largely excluded 3 to 4 Mb (5). Where examined. it is these ~, 

from both the public (3) and private (4) se- higher-order repeat arrays that colocalize 
quencing efforts due in part to the highly both with the centromere as defined by ge- 
repetitive DNA content of centromere re- netic recombination (9, 10) and with the cy- 
gions. Indeed, reported contigs of pericentro- tologically defined primary constriction and 
meric regions in the human genome (3, 4)  site of a number of centromere and kineto- 
terminate at clones containing satellite DNA chore proteins that have been implicated in 
without reaching the extensive alpha satellite centromere function (1, 2). Analysis of se- 
arrays that characterize all normal human quence variants within these otherwise highly 
centromeres. Alpha satellite DNA, defined by homogeneous arrays supports the hypothesis 
a diverged 171-base pair (bp) motif repeated (11) that the occurrence and maintenance of 
in a tandem head-to-tail fashion, has been repetitive DNA arrays result from unequal 
identified at the centromeres of all normal crossover between sister chromatids (5). A 
primate chromosomes studied to date (5). hallmark of this mechanism is the predicted 
Stretches of alpha satellite that lack addition- persistence of diverged repeat units at the 
al sequence structure are termed "monomer- edge of the array (11). This prediction can be 
ic" (6) and, where examined, appear to adjoin tested at the genomic level only with the 
the euchromatic DNA of human chromosome availability of contiguous maps and sequence 
arms ( 7 ) .Human and great ape chromosomes across the transition between such arrays and 
contain alpha satellite organized hierarchical- the largely complete maps of the chromo- 
ly into higher-order repeat arrays in which a some arms. 

The role of primary DNA sequence in 
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of pericentromeric regions are essential to- 
ward this end, as all sequences present at the 
primary constriction are potential candidates 
for functional centromeric DNA, either as a 
foundation for assembly of a functional ki- 
netochore or as elements involved in sister 
chromatid cohesion (2). Reported here is a 
map and partial DNA sequence representing 
a contiguous physical bridge between a func- 
tional mammalian centromere and the eu-
chromatin of a chromosome arm, the short 
arm of the human X chromosome. The map 
serves not only as a model for mapping com- 
parable regions of other chromosomes (both 
in the human and other complex genomes), 
but also as a resource for raising and testing 
questions about centromere function. 

Assembly of a pericentromeric clone 
contig. To assemble a clone contig that 
spanned the junction between the termination 
of the existing contig (3, 14)  on the X chro- 
mosome short arm (Xp) and the -3 Mb array 
of DXZl alpha satellite sequences known to 
be present at the primary constriction of the X 
(9, 15), we capitalized on the sequence vari- 
ation expected from previous analyses of the 
alpha satellite DNA family (5). Despite the 
often-anticipated difficulties of assembling 
contigs containing such repetitive DNA, the 
limited sequence divergence within alpha sat- 
ellite was sufficient to allow development of 
specific sequence tagged sites (STSs) (16) 
and thus reliable determination of overlaps 
between clones. The resulting contig spans 
more than 500 kb and is characterized at a 
marker density of 1 STS per 25 kb (Fig. 1). 
Even though most of these STSs reside in 
satellite DNA (1 7), the use of high-stringen- 
cy conditions and rigorous map checking 
with panels of rodentlhuman somatic cell hy- 
brids to confirm localization to proximal Xp 
yielded what appears to be a straightforward 
clone contig with 5-fold average clone cov- 
erage (16). Map construction progressed us- 
ing both in silico strategies and wet bench 
library screening to walk stepwise from three 
independent starting points. To walk toward 
the centromere, the two most proximal STSs 
from the existing contig in Xp11.21 (14) 
were used to query available databases (18). 
Our second seed position, from which we 
walked both proximally and distally, was a 
small localized block of a distinct satellite 
DNA family, gamma satellite, that is unrelat- 
ed to alpha satellite and had been previously 
mapped to this region (19). Finally, we 
walked out from the DXZl array itself onto 
Xp (18). Bacterial artificial chromosome 
(BACtend  sequencing followed by STS de- 
velopment, map verification, and library 
screening was completed at each walk step. 
Throughout the map construction, STS con- 
tent, sequence analysis, and Southern analy- 
ses were used to determine clone integrity, 
overlap, and orientation. 
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To verify that the assembled map is a true 
revresentation of X chromosomes. we ver-
formed restriction mapping both of the clones 
themselves (to demonstrate clone consistency) 
and of human genomic DNA (to demonstrate 
veracity of the contig). While restriction map-
ping with rare-cutter enzymes revealed no size 
or content discrevancies between clones. a 
number of restriction fragment length polymor-
phism~were detected in the region, as expected 
for clones that derive from several different X 
chromosomes (Fig. 1) (5, 16). To test directly 
whether the map was accurate, pulsed field gel 
fragment sizes predicted by the clone map were 

detected within genomic DNA from unrelated 
human males by Southern analysis (20). These 
data were consistent with expectations from 
previous long-range restriction mapping of the 
DXZl array (9) and suggest that the map de-
rived from the contig is, in fact, representative 
of X chromosomes in general. 

Sequence content of the Xp pericen-
tromeric region. The transition to centro-
meric satellite sequences on Xp occurs within 
clone 34417 (Fig. 1). This 98 kb clone over-
laps the most proximal Xp contig (14) by 65 
kb and contains 12 kb of alpha satellite at its 
proximal end. Approximately 90% of the 
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Fig. 1. Physical map of the pericentromeric region of the human X chromosome. The pericentro-
meric region of Xp is enlarged for orientation,with the large X chromosome-specific alpha satellite 
array, DXZI, shown in blue. The junction between Xp euchromatic sequences and centromeric 
satellitesis indicated,as are the nearest expressed genes,ZXDA and ZXDB (23).The 5' end of ZXDA 
is -150 kb from the satellite junction and -600 kb from the DXZl array. A contig spanning the 
region joining the Xp arm with DXZl was constructed and is shown at higher resolution in the 
lower panel. Major genomic sequence features are indicated by color. The solid gray bar indicates 
non-satellite, euchromatic arm sequences; the red-stippled region contains primarily monomeric 
alpha satellite (see text); the yellow region contains the -50 kb gamma satellite array (79);the 
blue-stippled region indicates diverged DXZl (see text; Fig. 3). STSs used to construct the contig 
are listed along the top of the bar and the Xp/satellite and the array junctions are indicated. Dashed 
lines descending from each STS summarize the STS content of each clone as determined by PCR 
and, in some cases,Southern analysis. Below the genomicfeature bar is the restriction enzyme map 
determined by Southern analysis using all of the clones displayed. Sites included are those for 
enzymes Xhol, X; Eagl, E; Nrul, Nr; Mlul, M; Notl, N. A aucity of rare restriction enzyme sites in the 
proximal region [as predicted for satellite DNA (8)fprompted restriction mapping using more 
frequent cutters; shown are sites for Smal, S; Bgll, B; and Apal, A. Only clones 775K13 proximal 
through 949M9 were used to construct this proximal restriction map. 

clone sequence consists of known repeats, the 
majority of which are interspersed L1 repeat 
elements (21). This repeat density is over 
twice the genome average, a result consistent 
with previous cytogenetic, molecular, and 
bioinformatic observations on this region of 
the X (22). The transition from this region of 
dense interspersed repeats to alpha satellite is 
abrupt, marked by a partial L1 element ad-
joining an incomplete monomer of alpha sat-
ellite. This transition occurs 149 kb centro-
meric from the most proximal gene on Xp, 
the ZYDA zinc finger gene (14, 23). Alpha 
satellite monomers continue in a head-to-tail 
orientation for the remaining 12 kb of this 
clone sequence except for three interspersed 
repeat elements; each of these elements oc-
curs within an alpha satellite monomer and is 
flanked by duplication of the site of insertion 
that is typical of retrotransposition (21). 

Lying between the satellitejunction and the 
DXZl array was an -450 kb region highly 
enriched in alpha satellite. This region had not 
been bridged previously by the public human 
genome sequencing effort (3), while the Celera 
effort (4) includes partial assembly in this re-
gion (24). By BAC-end sequencing and shot-
gun sequencing, we further sampled -33 kb of 
the region between the satellite junction and 
DXZ1. This random sample indicated a high 
percentage of alpha satellite sequences, in ad-
dition to gamma satellite, interspersed ele-
ments, and a novel 35 bp repeat (25); analysis 
of the partial Celera sequence in the distal por-
tion of this region was largely consistent with 
this distribution (24, 25). Although the total 
available sequencecovers only -265 kb of the 
overall -450 kb region, these analyses yielded 
no evidence of imbedded genes, other single-
copy sequences, or paralogous repetitive se-
quences (26) shared with other chromosomes. 

We next performed phylogenetic analysis 
of approximately 500 alpha satellite mono-
mers sampled from this region to test whether 
distinct subgroups (clades) of monomers ex-
ist within the pericentromeric region, each 
sharing a common ancestor not shared by the 
other subgroup. Indeed, two such clades were 
evident as distinct branches on an evolution-
ary tree (Fig. 2), as determined by maximum 
parsimony, likelihood, and neighbor-joining 
methods (27). These data indicate that two 
evolutionarily distinct classes of alpha satel-
lite-arepresent within the centromeric region 
of the X chromosome (27). All monomers 
positioned within -13 kb of the DXZl array 
(Figs. 2 and 3) fall into a clade (the DXZl 
clade) with monomers from the canonical 
DXZl repeat itself (15). All other monomers 
identified in our mapping and sequencing 
effort fall into a different clade (the mono-
meric clade) (Fig. 2A). Monomers in this 
clade were most closely related to a consen-
sus sequence from alpha satellite suprachro-
mosomal family 4 (6), consisting of alpha 
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satellite sequences from the human and lower 
primate genomes that consist of monomeric 
repeat structure (Fig. 2B) (27, 28). While 
members of this family map to many differ- 
ent centromeric regions in the human genome 
(6, 7, 28), it is important to stress that the 
members of this clade from the current effort 
are specific for the X chromosome (16). 

From this initial sequence analysis, it is 
evident that monomers within the monomeric 
clade tend to group together phylogenetically 
based on their genomic position. Not only are 
these monomers distinct genomically from 
members of the DXZl clade (Fig. 3), but 
sampled monomers lying distal to gamma 
satellite, for example, tend to form a separate 
group from monomers proximal to gamma 
satellite. This finding is consistent with the 
presumed short-range nature of homogeniza- 
tion events involving satellite DNAs (5, 29) 
and suggests that the integration of gamma 
satellite into an array of monomeric alpha 
satellite may have served as a punctuating 
event to drive the subsequently distinct ho- 
mogenization of sequences proximal and dis- 
tal to the integration site. 

Satellite DNA in transition. Monomer- 
ic alpha satellite transitions to DXZl alpha 
satellite at a point - 175 kb proximal to gam- 
ma satellite and -550 kb proximal to the 
ZYDA gene (Fig. 1). To determine the se- 
quence characteristics at the border of the 
DXZl array, we sequenced -9 kb from this 
transition region at the proximal end of 
clones 348G24 and 971021 (Figs. 1 and 3). 
To characterize sequence relationships 
among different members of this highly ho- 
mogeneous repeated DNA family, we devel- 
oped an approach to define subgroups of 
DXZl based on analysis of the specific posi- 
tions within each DXZl monomer at which 
the sequence varies from a consensus DXZl 
monomer. Base changes at each of these sites 
provide an unambiguous signature for each of 
the 12 monomers of DXZl, and the number 
of such. signature sites shared between two 
monomers is a measure of their relatedness 
(30). Combined analysis of percent sequence 
identity, shared signature sites, higher order 
repeat structure, and phylogenetic relation- 
ship to canonical DXZl identified four types 
of DXZl at the edge of the array (Fig. 3). All 
four types belong to the DXZl clade, as 
defined earlier (Fig. 2A). 

Canonical DXZl (type 1) is defined by a 
2.0 kb higher-order repeat that dominates the 
centromeric region of the X chromosome and 
spans 3 2 1 Mb (9, 15). The canonical re- 
peats show an average of 1 to 2% divergence 
between copies on the same or different X 
chromosomes (29, 31). Type 2 DXZl shares 
the same higher-order repeat structure, but 
has substantially greater sequence divergence 
than documented previously, with only 91 to 
97% sequence identity to type 1 units. The 

degree of sequence identity to type 1 DXZl 
(presumably reflecting the efficiency of se- 
quence homogenization) diminished with in- 
creasing distance from the array (Fig. 3). 

Immediately distal to type 2 DXZl on Xp is 
type 3 DXZl (Fig. 3). These monomers could 
be assigned to one of the five monomer groups 
that comprise DXZl [thus distinguishing them 
from monomeric alpha satellite (Fig. 2B)], but 
were too diverged in sequence to distinguish 
among different members within a monomer 
group (15). The percent sequence identity be- 
tween type 3 and type 1 DXZl is only 85% 
(Fig. 3), similar to the percent identity between 
related alpha satellite families on different chro- 
mosomes (5). As the physical distance from the 
type 1 DXZl array increased further, the per- 

B 

5 changes 

I 

cent identity to DXZl dropped (Fig. 3) and the 
number of shared signature sites diminished 
until it was not possible to assign a test mono- 
mer to any one DXZl monomer or group. 
Nonetheless, phylogenetic analysis clearly indi- 
cated that they belong to the DXZl clade, thus 
defining type 4 DXZl (Fig. 3). By means of 
restriction enzyme analysis, sizing, and STS 
content data, the maximum separation between 
the monomers operationally defined here as 
type 4 DXZl and the nearest identified mono- 
mer from the monomeric clade was determined 
to be 100 kb (Figs. 1 and 3) (32). 

Computer modeling of unequal crossover 
as a mechanism for homogenization of tan- 
dem arrays of satellite DNA predicts perse- 
verance of diverged higher-order sequences 

Fig. 2. Phylogenetic analysis of pericentromeric 
Xp alpha satellite. (A) PAUP tree resulting from 
phylogenetic analysis using maximum parsimo- 
ny criteria (27). The tree is a strict consensus of 
1000 trees generated by an Heuristic search. 
Each taxa is a single 171-bp monomer of alpha 
satellite. We included 155 taxa in this analysis, 
including 12 control monomers of type 1 DXZl 
(9), 57 monomers distal to gamma satellite, 84 
monomers proximal to gamma satellite, and 
one monomer of African Green Monkey (AGM) 
alpha satellite as an outgroup. All monomers 
distal to gamma satellite fall into the mono- 
meric clade, shown in red. The 62 most proxi- 
mal monomers fall into the DXZl clade (Fig. 3). 
Within the DXZl clade, there are two major 
groups each consisting of a cluster of types 1,2, 
and 3 DXZl monomers and a cluster of type 4 
DXZl monomers. The major branch at the 
DXZl clade is well supported by replicate anal- 
ysis (980 of 1000 bootstraps). Analysis of the 
full sequence dataset with 474 taxa yields a 
similar tree with two major clades (27). Blue, 
type 1 DXZ1; dark blue stippled, type 2 DXZ1; 
blue stripped, type 3 .DXZl; light blue stippled, 
type 4 DXZ1; red stippled, monomeric alpha 
satellite. (B) The phylogram of consensus 
monomer sequences resulting from 1000 boot- 
strap replicates of an Heuristic search using 
maximum parsimony criteria. Each taxa is an 
alpha satellite consensus sequence represent- 
ing monomer types from the major suprachro- 
mosomal families (5, 28) and a consensus se- 
quence (Xmon) derived from 382 monomers 
from the satellite region distal to DXZl (27). 
W1-W5 represent consensus sequences for the 
five monomer groups that compose DXZ1. The 
major branch placing Xmon outside of the 
clade of human consensus sequences and clos- 
est to the AGM sequence is supported by 92% 
of bootstrap replicates. 
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at the borders of the array (11). These se- 
quences represent members of the array that 
have been excluded from the most recent and 
more probable homogenization events within 
the larger region of homogeneous sequence 
and thus have undergone random mutation 
without fixation (5, 8). The data presented in 
Fig. 3 confirm these predictions and thus 
directly support unequal crossover as a mech- 
anism of homogenization of DXZl alpha sat- 
ellite. While sequence conversion events may 
play an occasional role in local homogeniza- 
tion, only unequal crossover can explain the 
range of features that characterizes alpha sat- 
ellite arrays (5, 8): the generation and persis- 
tence of a multimeric higher-order repeat 
length, the extensive spread of sequence vari- 
ants across millions of basepairs, documented 
recombination events leading to both dele- 

tions and insertions within multimeric repeat 
units and the rapid fall in sequence identity 
documented here at the edge of the overall 
array. None of these observations can be 
easily accommodated by sequence conver- 
sion models. 

Our data also provide a genomic and chro- 
mosomal context for the unequal crossover 
model, as the substantially diverged DXZl 
sequences appear to be confined to a relative- 
ly small genomic region (< 100 kb) that com- 
prises only a few percent of the total length of 
the overall array. Viewed another way, this 
means that processes of satellite DNA ho- 
mogenization are highly efficient on a 
genomic scale, extending throughout long 
ranges over the vast majority of the total 
array length. These considerations refine pre- 
vious data that documented short-range ho- 

Fig. 3. Expanded region Xpll.21 -3Mb 
including the edge of the DXZl array 
DXZI array. Type 1 high- I I I ~ ~ ;  

. . . . . . . . .r;y#:r.$qpiip~il+rji 
' 3  ! ! 1 1 1 

er-order repeats are typi- 
cally 98 to  99% identical 
to a DXZI consensus se- 
quence (37). Adjacent Mlkb 30 20 10 o 
higher-order repeat units 
found at the border of the type 

4 3 2 1 
111 

consensus sequence to  Y j' YYY? 
determine percent identi- 97.8% 
ty. Higher-order repeats I I ~ ~ ' 9 6 . 8 %  
of DXZl at the border of 92.6% 

the array (types 2 and 3) 70.2% 75.6% 
diverge from type 1 as 
physical distance from the array increases. Monomers of type 4 DXZI from two locations were 
compared with the DXZI consensus and are considerably more divergent. Sequence analyzed is 
continuous for -9 kb adjacent to  type 1 DXZI. Samples of type 4 repeats are discontinuous. 
Comparisons based on 4 to 12 monomers for each type 2 sequence and on 3 monomers each for 
types 3 and 4. Blue, type 1 DXZI; dark blue stippled, type 2 DXZI; blue stripped, type 3 DXZ1; light 
blue stippled, type 4 DXZI. 

mogenization within regions of a few hun- 
dred kilobases or less (5, 29). 

Mapping of the functional centromere. 
To investigate which centromeric sequences 
are necessary for X chromosome segregation, 
breakpoints involved in the generation of X 
chromosome rearrangements were mapped 
by molecular cytogenetic and genomic meth- 
ods and sequences implicated in centromere 
function were inferred by comparative dele- 
tion analysis. Isochromosomes of the X chro- 
mosome long arm, i(Xq), contain mirror im- 
age Xq arms, but lack all or most of Xp (Fig. 
4A). Fluorescence in situ hybridization anal- 
ysis of a series of i(Xq) isolated from Turner 
syndrome patients (33, 34) identified six 
i(Xq) whose breakpoints occur within the Xp 
pericentromeric map region described here. 
Three of these failed to hybridize with even 
the most proximal probe tested, but still 
showed clear hybridization signals with 
DXZl (34). Thus, elimination of all Xp se- 
quences, including gamma satellite (19) and 
monomeric alpha satellite but not DXZl (Fig. 
4A), does not effect the mitotic segregation of 
these naturally occurring chromosomes. 

In a complementary manner, we investi- 
gated a potential functional requirement for 
pericentromeric sequences on Xq, using a 
series of Xp isochromosomes that lack all or 
most of the Xq arm (35). PCR analysis of 11 
Xp isochromosomes identified six that con- 
tained DXZl sequences, but failed to amplify 
with the most proximal STS on Xq (36). For 
three of the Xp isochromosomes, evidence 
for breakpoints within the DXZl array was 
obtained by pulsed-field gel analysis (36). 
Thus, analysis of the Xp isochromosomes 
indicates that deletion of all Xq sequences 
(including a portion of the DXZl array clos- 

- Fig. 4. Functional definition of the X chromosome centromere. (A) Schematic 
candidate centromere reglon representation of isochromosornes of Xq and Xp. Breakpoints of 6 i(Xq) map to 

the Xp contig reported here, 3 within monomeric alpha satellite and 3 proxi- 
mally in DXZI (34). Breakpoints of 5 i(Xp) map within the pericentromeric region, 3 within the DXZI array by pulsed-field gel analysis (36). Analysis 
of the 3 most proximal i(Xq) and the 3 i(Xp) with breaks in DXZI (shown in bold) define a functional centrornere candidate region. (6) 
DXZ1-containing human artificial chromosomes are shown (38). Small arrows indicate the artificial chromosomes, identified by FlSH using a DXZI 
probe (red). Active centromeres are identified by indirect immunofluorescence using an antibody to CENP-E (green). The overlap between the red and 
green signals appears yellow. A normal X chromosome is indicated by the arrowhead in the top right panel. Insets at the left show results of FlSH alone 
(top) and DAPl staining (bottom) to  identify the artificial chromosomes. 
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est to the Xq arm) does not effect the mitotic 
stability of these chromosomes. Together, 
analysis of the two types of complementary 
isochromosome establishes DXZl sequences 
as a candidate for functional centromeric se- 
quences on the X (Fig. 4A). 

This deletion analysis is predicated on the 
assumption that the functional centromere in 
a rearranged chromosome is the same as the 
functional centromere in the parental chro- 
mosome, prior to isochromosome formation. 
Although this seems intuitively likely and is 
the accepted basis for similar deletion analy- 
ses in a wide range of genetic and genomic 
studies, it is impossible to exclude epigenetic 
models (1, 2, 12) that invoke movement of 
the functional centromere from one sequence 
to an adjacent sequence. However, the fre- 
quency of such movement necessary to ex- 
plain the current data would appear to be 
inconsistent with the known karyotypic sta- 
bility of normal human chromosomes. In ad- 
dition, persistence of DXZl sequences in all 
mitotically stable X isochromosomes would 
not be a predicted feature of such a "moving 
target" hypothesis. 

To test the potential centromere function of 
DXZl sequences directly, we examined their 
ability to support formation of a de novo cen- 
tromere in human cells using an artificial chro- 
mosome assay (37). The 85-kb insert from a 
BAC clone containing exclusively type 1 
DXZl sequences was transferred to a bacterio- 
phage P1,-derived artificial chromosome 
(PAC) vector containing a selectable marker 
(38). This DNA was transfected into human 
HT1080 cells and artificial chromosome forma- 
tion was evaluated. Artificial chromosomes 
containing DXZl were generated in - 10% of 
clones, and four such artificial chromosomes 
were selected for fkther characterization. The 
amount of DXZl DNA contained in the artifi- 
cial chromosomes ranged from an estimated 
<500 kb to more than 5 Mb. Each was mitot- 

ically stable in the absence of drug selection for 
30 days and each recruited a centromere pro- 
tein, the kinesin motor protein CENP-E, that is 
associated only with active centromeres (2, 39), 
thus indicating that the artificial chromosomes 
had assembled a functional centromere and ki- 
netochore (Fig. 4B). These data indicate that 
type 1 DXZl sequences are competent to form 
a de novo centromere, consistent with predic- 
tions of the isochromosome deletion mapping 
data. Whether more diverged members of the 
DXZl clade (or the more distal monomeric 
alpha satellite) are also capable of artificial 
chromosome formation is subject to further in- 
vestigation using the resources described here. 
However, it is clear from analysis of isochro- 
mosomes that such sequences are not required 
for normal mitotic centromere hc t ion  (Fig. 
4A). 

11 repeats date centromere evolution. 
We have examined the phylogeny of the L1 
family of interspersed repeats (21) to explore 
the evolution of the X pericentromeric re- 
gion, as L1 family members have been pre- 
viously described within alpha satellite (9, 
10, 40). Because alpha satellite is a primate- 
specific sequence (5, 28), one would expect 
that older, mammalian-wide L1 elements 
would not be present within alpha satellite 
regions. Indeed, only those elements mobile 
since the emergence of prosimians (LIP or 
primate-specific L1; 60 Ma) (41) should be 
found within alpha satellite, and the presence 
of LIP elements that were active early in 
primate evolution (25 to 60 Ma) will indicate 
regions possibly shared throughout the pri- 
mate lineage. The collection of L1 elements 
in Xp euchromatin distal to the satellite junc- 
tion and within clone 34417 includes both 
young (LlP2) and very ancient (LlM4) ele- 
ments (Fig. 5), demonstrating the likely con- 
servation of this DNA throughout mammali- 
an X chromosome evolution. In contrast, only 
primate-specific elements mobile near the 

emergence of Old World monkeys at -25 
Ma (LlPA6 and LlPA7) and more recently 
mobile elements (LlPA2, LlPA3, and 
LlPA4) were detected within the X chromo- 
some monomeric alpha satellite region (Fig. 
5). Further, a directed effort to identify L1 
elements within the DXZl array yielded only 
a single L1, a member of the human-specific 
LlHs subfamily (42). [The absence of LlHs 
and LlPl  elements from more distal portions 
of the region under study (<0.3% of the X 
chromosome) presumably reflects their gen- 
eral underrepresentation throughout the ge- 
nome relative to older L1 elements (41).] 

These data support an evolutionary 
scheme in which the currently functional 
DXZl sequences are newly evolved and/or 
newly homogenized on the X, as they contain 
no L1 "fossil evidence" of a more ancient 
existence (Fig. 5). This contrasts with other 
sequences, such as regions of monomeric 
alpha satellite, that show clear evidence of 
being present for at least 7 to 8 million years 
(Fig. 5) and thus may have preceded higher- 
order arrays of alpha satellite as the function- 
al primate centromere. The characteristics of 
the monomeric class of alpha satellite are 
consistent with those we would predict for an 
ancestral primate centromere sequence. The 
genomes of lower primates have been shown 
to contain monomeric alpha satellite that 
lacks both higher-order structure and certain 
sequence features such as binding sites for 
the centromere protein CENP-B (28, 43). 
Monomeric alpha satellite on the X chromo- 
some spans the region joining the arm of the 
chromosome with the DXZl array, and mo- 
nomeric alpha satellite has also been detected 
in the pericentromeric regions of at least six 
other human chromosomes (7, 10.27). High- 
ly homogeneous arrays of higher-order alpha 
satellite, such as DXZ1, are relatively recent 
additions to our genome, emerging near the 
OrangutanfGorilla split (5, 28), at a time of 
apparent pericentromeric expansion. Predict- 

Fig. 5. Distribution of L1 Estimated Salelliie Junction DXZI Junction ed mechanisms of homogenization-in 
elements detected within LI V r*-r . 1 1 1 

which amplification of a small group of 
alpha satelfite DNA in the S u a h ~ b  " I ' '-'-'. . monomers present within the monomeric 
Xp pericentromeric con- stretch is followed by fixation through un- 
tig. L1 subfamily designa- 
tions and estimated level equal crossover-would result in large high- 

of substitution relative to er-order repeat arrays (5, 11, 44). Homoge- 
the current L1 element, nization of the sequence characteristics of the 
LIHs, are shown at the particular repeat during expansion would cre- 
left, from (47). Each oval ate a sequence class distinct from its progen- 
represents one L1 ele- itor. Our demonstration that higher-order al- 
ment observed within the 
section of the map region pha satellite and monomeric alpha satellite 

designated along the top, are distinct (Fig. 2) supports this mechanism. 
assigned to different L1 The age gradient revealed by L1 subfamilies 
subfamilies based on se- (Fig. 5) supports the hypothesis that mono- 
quence content (47). meric alpha satellite present within the peri- 
Genomic features of the centromeric regions of human chromosomes 
map are shown in color, 
as in Fig. 1. A human-spe- predates higher-order arrays of alpha satellite 
cific L1 element (LlHs) is found only in DXZI, while primate-specific elements (LIP subfamilies) are and thus may represent direct descendants 
found in monomeric alpha satellite region. In contrast, the euchromatic region of Xp contains L1 the ancestral primate centromere sequence. It 
elements from both ancient (LIMI subfamily) and more recent evolutionary time. seems likely that descendants of this ancestral 
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sequence will be found at all human (and 
presumably other primate) centromeres (28). 
Whereas the analysis here is based on the use 
of L1 evidence to infer the age of different 
alpha satellite classes, it is also possible that 
L1 elements play a more active role in deter- 
mining the relative competence for centro- 
mere function of different types of alpha 
satellite (45). Comparative genomic and 
functional analysis of the orthologous region 
of X chromosomes from higher and lower 
primate genomes (with and without higher- 
order alpha satellite arrays, respectively) may 
provide direct evidence on this point. 

Centromere genomics, evolution and 
complexity. Conservation of X chromosome 
content throughout the mammalian radiation, as 
hypothesized by Ohno (46), has been upheld 
with few exceptions. Genetic maps of the X 
chromosomes of many species not only support 
conservation of content, but also reveal colinear 
gene order along the length of the chromosome 
(47). Notwithstanding this chromosomal isola- 
tion throughout evolution, the DNA responsible 
for the segregation of the X chromosome has 
changed dramatically since the mammalian ra- 
diation and even since the emergence of pri- 
mates. Recent reports of centromere reposition- 
ing in prosimians (48, 49) may highlight early 
events in the establishment of the primate cen- 
tromere. Our analysis of the genomic composi- 
tion of the X pericentromeric region indicates 
that the functional centromere has continued to 
evolve with the expansion or addition of the 
higher-order alpha satellite array, DXZ 1, during 
recent primate evolution. Analysis of the com- 
plete sequence of the pericentromeric region 
will provide unique insight into the evolution of 
alpha satellite sequences and, through compar- 
ative genomic analysis, into the evolution of 
other solutions to the centromere problem in 
mammals and other organisms. 

Outside of yeasts, centromeres have been 
analyzed at the genomic or functional level in 
relatively few complex eukaryotic organisms 
to date (1, 2). While centromeric regions in 
many organisms appear to be dominated by 
satellite DNAs (1, 2, 50, 51), the competence 
of such sequences to form de novo centro- 
meres has generally not been established. 
Given the wide diversity of satellite and other 
DNA sequences found in pericentromeric re- 
gions in different genomes, one may antici- 
pate a similarly wide range of solutions to the 
need for functional centromeres. 

Even in the human genome, the situation 
may be more complex than is apparent from 
our analyses of the X chromosome centro- 
mere. For example, the X pericentromeric 
region shows no evidence to date of the 
extensive duplications and paralogies that 
mark many centromere regions in the human 
genome (7, 26, 52). Further, it is apparent that 
centromere function is determined in part 
epigenetically (1, 2, 12, 13). Notwithstanding 

our identification of DXZl sequences as the 
functional centromere on the human X chro-
mOsome (and likely, therefore, On 

ma1 human chromosomes~. rare abnormal 
chromosomes that lack alpha satellite DNA 
altogether can segregate normally through the 
action of activated neocentromeres (12, 53). 

As we strive to understand the organization 
and evolution of the human genome, any claims 
of a "complete" sequence will require full anal- 
ysis of the pericentromeric and other hetero- 
chromatic regions of our chromosomes. The 
data shown here suggest that, notwithstanding 
their repetitive content and the need for a di- 
rected genomic avvroach. the satellite-contain- - .. 
ing centromeric regions can be mapped, se- 
quenced and assembled. Complete assembly of 
centromere contigs should be feasible, and, as 
demonstrated here, will have both functional 
and evolutionary implications. 
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Oligonucleotide microarrays were used t o  map the detailed topography of 

chromosome replication in the budding yeast Saccharomyces cerev7si;e.- he 

times of replication of thousands of sites across the genome were determined 

by hybridizing replicated and unreplicated DNAs, isolated at  different times in 

S phase, t o  the microarrays. Origin activations take place continuously through- 

out S phase but wi th  most firings near mid-S phase. Rates of replication fork 

movement vary greatly from region t o  region in  the genome. The two  ends of 

each of the 16 chromosomes are highly correlated in their times of replication. 

This microarray approach is readily applicable t o  other organisms, including 

humans. 

The replication of eukaryotic chromosomes is 
highly regulated. Replication is limited to the S 
phase of the cell cycle; and within S phase, 
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initiation of replication is controlled with re- 
spect to both location and time. The sites of 
initiation, called replication origins, have been 
best characterized in the budding yeast Saccha-
romyces cerevisiae, in which a hct ional  assay 
based on plasmid maintenance has allowed 
identification of potential origins of replication 
[autonomous replication sequence elements 
(ARSs)l. There are estimated to be -200 to 

,J 
- - ~  ~ - ~ -

400 A R S ~in the yeast genome (1,4,and most, 
but not as 
(3). The few origins investigated at the se--

quence level usually encompass -200 base 
pain @PI; most contain a perfect match or a 
one-base mismatch to an I 1-bp ARS consensus 
Sequence (ACS) (4, 5).  How&er, the presence 

an is sufficient predict an "gin
of replication: There are many more ARS con- 
sensus sequences in the genome than origins 
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