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Abstract

Centromeres are the elements of chromosomes that assemble the
proteinaceous kinetochore, maintain sister chromatid cohesion,
regulate chromosome attachment to the spindle, and direct chro-
mosome movement during cell division. Although the functions of
centromeres and the proteins that contribute to their complex struc-
ture and function are conserved in eukaryotes, centromeric DNA
diverges rapidly. Human centromeres are particularly complicated.
Here, we review studies on the organization of homogeneous arrays
of chromosome-specific a-satellite repeats and evolutionary links
among eukaryotic centromeric sequences. We also discuss epige-
netic mechanisms of centromere identity that confer structural and
functional features of the centromere through DNA-protein inter-
actions and post-translational modifications, producing centromere-
specific chromatin signatures. The assembly and organization of hu-
man centromeres, the contributions of satellite DNA to centromere
identity and diversity, and the mechanism whereby centromeres are
distinguished from the rest of the genome reflect ongoing puzzles
in chromosome biology.
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Centromere: a
locus, comprised of
chromatin, required
in ¢is for proper
segregation of
chromosomes

Kinetochore: the
proteinaceous
structure that is
assembled on CEN
chromatin, linking
DNA of the
centromere with
proteins that direct
chromosome
movement and
monitor
chromosomal
attachment to
spindle microtubules

Centromere
region: the various
domains and
functions present in
the vicinity of the
regional centromere
locus

o-satellite: a
primate-specific
satellite family based
on a 171-bp repeat
and found at the
centromere of all
primates examined

Monomer: the
smallest unit of
repeat in a satellite
family

Higher-order
repeat unit: a unit
of repeat comprised
of multiple copies of
a satellite monomer

Centromeric
(CEN) chromatin:
the specialized
chromatin at the
centromere region
that is the foundation
of the kinetochore

INTRODUCTION

Chromosomes of species as diverse as humans
and yeast, flies, and plants all accomplish chro-
mosome segregation via the centromere lo-
cus (65, 72). The centromere is the assem-
bly site for the kinetochore, the proteinaceous
structure on each chromosome that coordi-
nates attachment to and travel along micro-
tubules (46). High-resolution optical studies
and elegant functional studies in model organ-
isms show that the centromere region is struc-
turally and functionally complex, existing as
a multidomain locus (67). Multiple protein
components within centromere regions are
highly conserved and contribute to a largely
universal arrangement of structural and func-
tional domains. The centromere coordinates
chromosome movement in mitosis and meio-
sis and synchronizes aspects of chromosome
structure, such as heterochromatin formation,
sister chromatid cohesion, and chromosome
condensation.

Remarkably, whereas the proteins respon-
sible for forming the kinetochore are con-
served throughout the evolutionary spectrum,
the DNA sequences found at centromeres are
not (52, 65). It is not clear why each species
reinvents centromeric (CEN) DNA despite
the conserved structure and mechanism of the
kinetochore. One common DNA feature of
centromeres across the evolutionary spectrum
is tandemly repetitive sequence families called
satellites. a-satellite DINA is primate specific
and present at the centromere of all typi-
cal human chromosomes (36, 38). Proteins of
the kinetochore assemble onto chromosome-
specific arrays of «-satellite (37). Artificial
chromosome assays provide direct evidence
of a functional role for w-satellite in hu-
man chromosome stability and segregation
(9). Advances in the genetic and genomic def-
inition of human centromere regions reveal
molecular signatures of CEN DNA expansion
throughout primate evolution (55).

This chapter presents an overview of the
structure and evolution of human CEN DNA,
epigenetic factors that specify centromere
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identity, and protein components required
for centromere function. We focus primarily
on the proteins that are intimately associated
with CEN DNA, and that organize the spe-
cialized type of chromatin that is the founda-
tion for kinetochore assembly. The reader is
directed to several excellent reviews describ-
ing the composition of the outer kinetochore
and role of proteins involved in chromosome
movement, checkpoint functions and spindle
interactions, neocentromeres, and human ar-
tificial chromosomes (5, 9, 14, 16, 75, 82).

CENTROMERIC DNA

All primate chromosomes studied to date con-
tain o-satellite DNA (2, 74, 81). o-satellite
was originally characterized in the African
Green Monkey genome as a satellite DNA
family based on divergent 170-bp monomers
arranged in a tandem, head-to-tail fashion re-
sulting in an overall directionality (35, 47).
This type of a-satellite is termed monomeric
and has been identified within the pericen-
tromeric regions of 21 of the 24 human
chromosomes (Figure 1) (3, 50). Each hu-
man chromosome is also characterized by a
chromosome-specific higher-order array of
a-satellite (Figure 1) (79). Each higher-order
array is composed of a tandemly arranged re-
peat unit consisting of an integral number
of a-satellite monomers. Higher-order arrays
can span over 3—5 Mb and are highly homoge-
nous, consisting of the same higher-order re-
peat unit occurring hundreds or thousands of
times within a given centromere locus (33,
80).

Despite the human genome sequencing ef-
fort (32, 73), sequence contigs spanning the
junction at the edge of the chromosome-
specific array exist for only chromosomes 8,
17, and X (41, 48-50). Such contigs provide
the precise physical context in which to ana-
lyze CEN DNA sequences (51, 55, 56). These
sequences reveal a stretch of monomeric «-
satellite and other satellites joining arm se-
quences with the higher-order array (see
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Figure 1). The stretch of monomeric «-
satellite is frequently interrupted by inter-
spersed elements [long interspersed element
(LINE), short interspersed element (SINE),
long terminal repeat (LTR) retrotransposons]
(see Figure 1) and has disrupted directional-
ity such that blocks of monomers of common
directionality are defined by changes in ori-
entation relative to adjacent blocks (55).

There is an abrupt transition from
monomeric to higher-order «-satellite at the
array transition; however, some monomeric
a-satellite monomers near the array edge
contain centromere protein (CENP)-B boxes
(M.G. Schueler, unpublished data), in con-
trast to «-satellite currently identified in early
primates (2). Comparisons of higher-order
repeat units within genomic sequence from
chromosomes 8, 17, and X agree with early re-
ports that typical higher-order repeat units of
a chromosome-specific array share 97-100%
identity (ML.G. Schueler, unpublished data)
(17,49, 54, 56). At both the p and q arm array
junctions on chromosomes 8 and X, these typ-
ical pairwise identities are reached within one
or two units of the transition from monomeric
a-satellite and, importantly, repeat units are
in the same orientation on both the p and q
arm sides, indicating a continuous direction-
ality across the array (M.G. Schueler, unpub-
lished data) (41, 48, 56).

o-SATELLITE EVOLUTION

The primary sequence structure of o-satellite
DNA varies from chromosome to chromo-
some in the human genome and from genome
to genome among primates. The vast major-
ity of data describing human «-satellite ar-
rays implicate unequal crossover between sis-
ter chromatids as the primary mode of change
(74). Unequal exchange is driven by sequence
identity and results from crossover between
misaligned sequences. Successive unequal ex-
changes lead to a high degree of sequence
homogeneity, to concerted evolution yield-
ing chromosome-specific arrays, and to the
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Figure 1

171 bp monomer

Centromeric (CEN) DNA organization. A typical human chromosome is
schematically depicted, emphasizing the pericentromeric and CEN (b/ue)
satellites in the ideogram. Each small arrow represents a single satellite
monomer. In the pericentromeric regions, blocks of tandem satellite
monomers from a single family (indicated by red versus gray boxes)
occasionally contain embedded interspersed repetitive elements [e.g., long
interspersed elements (LINEs) and short interspersed elements (SINEs)].
Adjacent satellite blocks can exist in the same or opposite orientations. In
the CEN region, higher-order repeat units of a-satellite (this unit
comprised of five monomers) are indicated with large blue arrows. Image is

adapted from Reference 55.

observed four- to sixfold length variation be-
tween homologous arrays (51, 74).

Common restriction enzyme periodicities
and sequence features of o-satellite arrays
have allowed the grouping of human chro-
mosomes into five families (33). These rela-
tionships argue for a common progenitor of
each higher-order repeat family that was am-
plified once and then spread by transposition
or conversion (4, 78). Interestingly, although
o-satellite arrays sharing the characteristics of
the human higher-order repeat families exist
in the great apes, these are only rarely lo-
cated on orthologous chromosomes (7, 18,
23,53, 76). a-satellite of lower primates lacks
CENP-B boxes and, although some early pri-
mate o-satellite has a dimeric organization,
these early arrays are typically not chromo-
some or even species specific (2). These ob-
servations indicate a shift from predominately
interchromosomal homogenization events in
early primates to intrachromosomal events in
great ape genomes (74).

An exhaustive account of all the sequence
elements within a pericentromeric region and
knowledge of their physical relationships can
now provide a unified view of the events
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LINE: long
interspersed element

SINE: short
interspersed element

CENP: centromere
protein

Homogenization:
the result of
sequence conversion
mechanisms that,
through direct
molecular
interaction, make
two independent loci
more similar to each
other in DNA
sequence
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Figure 2

a-satellite DNA evolution: progressive proximal expansion. Successive
additions (colored rectangles) to the centromere throughout primate
evolution begin at the top of the image with an ancestral chromosome
prior to a-satellite emergence and proceeding down through the image to
the current human centromere. Each addition of new material moves
previous centromeric DNA outward. An asterisk (*) indicates the region
of monomeric a-satellite with centromere protein (CENP)-B boxes. The
image is based on data from the human X chromosome (55). Approximate
dates [millions of years ago (mya)] are derived from the primate tree (21)
and from the phylogeny of L1 elements observed within the x-satellite
sequences (55, 59).

leading to current centromere content
and organization (Figure 2) (55). Particu-
larly, phylogenetic relationships of «-satellite
monomers on the X chromosome and the evo-
lutionary age of interspersed elements found
embedded within those monomers indicate
addition of new material into CEN regions
in a series of punctuated events occurring
at the central domain. This sequential ad-
dition can be seen on the X chromosome
with the addition of three independent do-
mains of monomeric a-satellite prior to the
emergence of monomers containing CENP-
B boxes (M.G. Schueler, unpublished data)
and followed, most recently, by higher-order
a-satellite (Figure 2).

Physical symmetry of phylogenetic do-
mains on the X chromosome provides an es-
sential model in defining early evolutionary
events. Very recent phylogenetic o-satellite
domains display symmetry at the chromo-
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some 8 centromere (additions 4 and 5 in
Figure 2); however, in contrast to the X, chro-
mosome 8 monomeric x-satellite domains do
not (M.G. Schueler, unpublished data). This
could indicate a greater number of additions
onto the X, more frequent homogenization
or rearrangement of monomeric «-satellite
on chromosome 8, and/or loss of material
from chromosome 8. Recent data suggest that
monomeric «-satellite displays chromosome
specificity (51), indicating that interchromo-
somal exchanges in early primates may have,
atone time, been limited to homologs. Preser-
vation of the physical hallmarks of successive
additions on the X chromosome may indi-
cate that interhomolog exchanges occurred at
a time in development when the X had no
pairing partner, perhaps during male meio-
sis. Comparative sequence analysis of cen-
tromeres from additional human autosomes
and of nonhuman primate centromeres is nec-
essary to further test the validity of this model.

THE CENTROMERE REGION
IS ORGANIZED INTO
FUNCTIONAL SUBDOMAINS

The centromere region is broadly classi-
fied into two functional protein domains
that encode (#) CEN chromatin/kinetochore
functions and (b) heterochromatin assembly.
In eukaryotes, linear DNA is packaged into
chromatin, a higher-order structure contain-
ing histones and nonhistone proteins. Ap-
proximately 150 bp of DNA is wrapped
around two copies of the core histones H2A,
H2B, H3, and H4 to form a nucleosome. Hu-
man centromeres assemble from CEN («-
satellite) DNA that is packaged with core hi-
stones, variant histones, and other proteins
into a specialized type of chromatin, called
CEN chromatin. CEN chromatin and the
kinetochore each contain distinctive DNA
and proteins involved in centromere assem-
bly and structural aspects of the kineto-
chore. CENP-A, CENP-B, and CENP-C are
constitutive components of the kinetochore
that form the prekinetochore complex, the
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structural and functional precursor of the ma-
ture metaphase kinetochore. Blocks of het-
erochromatin flank one or both sides of
CEN chromatin. Although CEN chromatin
and heterochromatin are assembled indepen-
dently, each isimportant for chromosome seg-
regation and genome stability (10, 15).

CEN chromatin containing a specialized
histone is the foundation of the kinetochore.
Centromere formation in larger eukaryotes
involves epigenetic (sequence-independent)
mechanisms, but the specifics of these pro-
cesses remain unclear. Despite divergent
CEN sequences, CENPs are widely dis-
tributed in evolution (24, 68). CENP-A is
central to kinetochore assembly, initiating
centromere assembly. It was originally iden-
tified as an antigen recognized by human
autoimmune antisera (19). Biochemical and
molecular analyses confirmed that CENP-
A is a protein that is related to histone H3
through a common histone-fold domain (43,
44). CENP-A proteins, also referred to as
cenH3s, are present in yeasts (S. cerevisiae and
S. pombe), C. elegans and Drosophila, A. thaliana,
Oryzis (rice) and Z. meays, representing an
evolutionary link between seemingly widely
divergent CEN DNA sequences (26, 65, 68).
Nucleosomes can be assembled in vitro from
purified CENP-A and from histones H2A,
H2B, and H4 (83), indicating that CENP-A
can replace both copies of H3 in CEN nucle-
osomes (58). All centromeres are associated
with CENP-A, and it is required to recruit
many other centromere and kinetochore pro-
teins, with the exception of proteins located in
the adjacent heterochromatin domain, such as
heterochromatin protein 1 (HP1) (12).

How is the CENP-A mark maintained
through cell divisions during which core his-
tones are typically dispersed? During repli-
cation, dynamic chromatin changes occur,
and centromeres are exposed to microtubule
tension when chromosomes segregate at
anaphase. Unlike H3, which is incorporated
into chromatin in early S-phase during repli-
cation, existing CENP-A nucleosomes are
not removed and replaced, but are inherited

semiconservatively, such that “old” CENP-
A is divided between daughter strands (64,
67). Newly synthesized CENP-A is loaded
onto centromeres in G2 by a replication-
independent mechanism (29, 57). One model
suggests that during early S-phase, H3 is
placed into the sites on daughter strands in
which CENP-A has oppositely distributed.
In G2, when chromatids begin to condense,
the “placeholder” H3 is replaced by CENP-A,
with “old” CENP-A acting as a flag or marker
for inserting new CENP-A. Core histone re-
placement involving a histone variant also oc-
curs at sites of specialized active chromatin,
when H3 is replaced by H3.3 (1); thus, a sim-
ilar mechanism involving CENP-A and H3
seems reasonable.

MODIFICATIONS OF CORE
HISTONES CONTRIBUTE TO
CENTROMERE SPECIFICITY

Modifications  (methylation, acetylation,
phosphorylation) of amino acids in N-
terminal tails of core histone integrate a
complex system of epigenetic modifications
and chromosomal proteins that establish
and maintain distinctive types of chromatin.
Distinctive combinations of histone modifica-
tions, known as the “histone code,” partition
the genome into functional domains, such
as transcriptionally silent heterochromatin
and transcriptionally active euchromatin.
Perhaps a unique chromatin signature plays
a role in directing CENP-A to centromeres
and establishing CEN chromatin. In fact, H3
nucleosomes interspersed with subdomains
of CENP-A nucleosomes within CEN
chromatin are methylated at K4 (H3K4me?2)
(Figure 3). Histone methylation is a relatively
stable epigenetic mark that is maintained
through many cell divisions. A model in
which H3K4me?2 that surrounds unmodified
H3 that has been placed into gaps left by
CENP-A during S-phase replication could
provide the framework for removing H3 and
loading new CENP-A while maintaining the
location of the centromere.
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Figure 3

Unique organization of centromere regions in humans. (#) On linear, two-dimensional chromatin fibers,
subdomains of nucleosomes containing centromeric (CEN) histone CENP-A (red) are interspersed with
H3 dimethylated at lysine 4 (H3K4me2) (green) to form a domain of CEN chromatin on a fraction of the
megabase regions of human o-satellite DNA. The remainder of the o-satellite DNA is assembled into
heterochromatin (purple) that flanks one or both sides of CEN chromatin domain. (b)) At metaphase,
when mitotic chromosomes condense, the interspersed domains promote coiling of the DNA so that
stacks of CENP-A nucleosomes are presented to the poleward face of the chromosome where they can
interact with other kinetochore proteins. H3-containing nucleosomes are oriented between sister
kinetochores. (¢) Heterochromatin defined by nucleosomes containing H3-K9 methylation (purple) is
assembled into a domain that is distinct from CEN chromatin. Higher-order packaging of
heterochromatin between sister kinetochores may promote orientation of CENP-A, pushing it toward
the outside of the chromosome. Heterochromatin in this region is also important for recruiting cohesion
proteins that are sustained at the centromere until chromatid separation at anaphase.
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THE PREKINETOCHORE
COMPLEX: CHROMATIN
CONTAINING CENP-A, CENP-B,
AND CENP-C PROMOTES
UNIQUE STRUCTURAL
FEATURES AT THE
CENTROMERE

Structural features of CENP-A also con-
tribute to centromere identity. Nucleosomes
containing CENP-A and H4 are biochem-
ically and structurally compact and confor-
mationally more rigid than H3-H4 nucleo-
somes (11). Two domains within the CENP-A
amino acid sequence are responsible for se-
lective CEN targeting, and provoke a con-
formation change that also involves H4,
restricting CENP-A from other genomic re-
gions and creating a rigid platform for assem-
bling downstream kinetochore components.
Higher-order packaging also distinguishes
the centromere from the rest of the genome.
In humans, the prekinetochore chromatin
complex containing CENPs-A, -B, and -C is
preferentially organized on higher-order o-
satellite DNA containing the CENP-B pro-
tein binding motif (CENP-B box) that is
present in every other 171-bp monomer (27,
42). CENP-B contains a dimerization do-
main, so that two CENP-B boxes are brought
into proximity (30). In doing so, CENP-
B binding induces nonrandom positioning,
or phasing, of nucleosomes (69) between
CENP-B boxes. CENP-A and core histones

bly (39). The binding of CENP-B through
the entire array of human w-satellite may
be important for not only achieving CEN
structure through nucleosomal spacing, but
may also act as a bridge that connects un-
interrupted domains of CEN chromatin and
heterochromatin.

Assembly of prekinetochore chromatin
containing CENP-A and CENP-B is com-
pleted by recruitment of additional CENPs.
CENP-A, CENP-H, and CENP-I are all
required to recruit CENP-C, a constitu-
tive centromere protein that is part of the
prekinetochore chromatin and is a struc-
tural component of the three-dimensional in-
ner kinetochore at metaphase (20, 40, 63).
CENP-C has several domains that target it to
the centromere, promote protein-protein in-
teractions and dimerization, and confer DNA
binding activity (45, 60, 70, 71). The DNA
binding activity of CENP-C is nonspecific,
but anchors CENP-C to the centromere and
incorporates it into chromatin once it is re-
cruited by other components (6). CENP-C
monomers or dimers are distributed across
repetitive units of CENP-A/CENP-B nucle-
osome complexes (see above). The assembly
of this chromatin confers a conformational
change that is the platform for recruiting
outer kinetochore proteins.

CENP-B
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are assembled into nucleosomes between the box ~170bp.
CENP-B binding regions, and the combina- m (:]-ss;ﬂgf
tion of the two proteins at different regions of

the «-satellite DNA establishes centromere- CENP-B C%Egﬁuﬁg

specific higher-order structures (Figure 4). nucleosome

Unlike CENP-A and CENP-C, which only Figure 4

bind along a small portion of «-satellite,
CENP-B is located more extensively along o-
satellite, binding at each CENP-B box within
arrays that can range up to 4 Mbs (6, 22). The
functional significance of this broad binding
domain is unclear; however, CENP-B ho-
mologs in yeast promote histone modifica-

Arrangement of constitutive proteins on higher-order x-satellite DNA.
Centromere protein (CENP)-B, a DNA binding protein, binds specifically
to a 17-bp sequence motif (CENP-B box) that is present within every other
~170-bp monomer of a higher-order array. Binding of CENP-B promotes
nucleosome phasing so that DNA between CENP-B boxes is wound
around nucleosomes that contain CENP-A and core histones. Together
with the tighter compaction of CENP-A nucleosomes, CENP-B may
create the specialized higher-order structure of the centromere that visually

tions that nucleate heterochromatin assem-  appears as a primary constriction.
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Finally, the overall organization of the cen-
tromere region, coordinated by assembly of
CEN chromatin and heterochromatin, may
uniquely denote the centromere. Intersper-
sion of subdomains of CENP-A and H3 nu-
cleosomes in two dimensions (Figure 34) cre-
ates a unique three-dimensional structure in
which CENP-A nucleosomes and H3 nucleo-
somes oppositely coalesce (Figure 35). Stacks
of CENP-A nucleosomes are positioned to-
ward the outward face of the chromosome
to recruit additional kinetochore proteins and
bi-orient sister kinetochores toward opposite
spindle poles. Conversely, H3 subdomains are
positioned toward the interior of the chromo-
some to establish a platform for heterochro-
matin assembly and CEN cohesion protein
recruitment (Figure 3¢). Most centromeres
are located in or near heterochromatin, sug-
gesting that a repressive or distinctive sur-
rounding chromatin environment may distin-
guish the centromere from the rest of the
genome and/or aid in its function.

SEPARATION OF a-SATELLITE
INTO DISTINCTIVE
CHROMATIN DOMAINS

Epigenetic Mechanisms

At normal human centromeres, a fraction of
the a-satellite arrays are assembled into CEN
chromatin. In humans, the kinetochore do-
main comprises one half to two thirds of
the satellite DNA found at eukaryotic cen-
tromeres (13) (C.D. Boivin & B.A. Sullivan,
unpublished data). The remainder of the
satellite DNA contributes to heterochromatin
formation and chromatid cohesion (66) (A.
Lam & B.A. Sullivan, unpublished data). Het-
erochromatin is cytologically dense material
that forms predominantly at repetitive DNA
sequences such as centromeres and telomeres.
Its most notable property is its ability to si-
lence euchromatic gene expression (28, 31).
Centromeres in yeast, fruit flies, and mam-
mals are flanked by heterochromatin, suggest-
ing heterochromatin may have an important,
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conserved function in centromere structure
and function. Heterochromatin formation is
linked to chromatin regulation. It is trig-
gered by noncoding CEN transcripts that ini-
tiate an assembly cascade thatincludes histone
deacetylation, methylation of histone H3 at
amino acid residue lysine 9, and recruitment
of heterochromatin proteins, such as HP1,
and cohesion and condensation proteins (31).

How are two distinct chromatin domains,
CEN chromatin and heterochromatin, epi-
genetically assembled and maintained on the
same continuous DNA array? The domains
themselves are likely not fixed by specific
boundaries within the o-satellite array, but
may exhibit relative flexibility over the entire
array, as long as each domain is present in the
appropriate relative spatial location and func-
tional proportion. Alternatively, heterochro-
matin may be anchored within divergent
monomeric a-satellite flanking higher-order
a-satellite. It may then spread into higher-
order a-satellite to the edge of CEN chro-
matin containing CENP-A and H3K4me2,
constraining the spread of CEN chromatin
into non-CEN DNA. This latter model is
supported by several findings. First, it has
been shown that constitutive heterochro-
matin restricts the spread of CEN chro-
matin when CENP-A is overexpressed (25)
(A. Lam & B.A. Sullivan, unpublished data).
Furthermore, when centric heterochromatin
is removed, CENP-A spreads into flanking
sequences (34) (I.Y. Song & B.A. Sullivan,
unpublished data).

Enzymatic Mechanisms

Enzymatic cleavage sites may also struc-
turally define CEN domains. Topoisomerase
I (topo II) is a component of the chro-
mosome scaffold, creating transient double-
strand breaks that allow decatenation (un-
winding) of DNA during replication and
chromosome segregation. Topo II cleavage
sites are concentrated 150 kb-1 Mb from
the short-arm edge of o-satellite arrays on
at least three different human chromosomes
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(61, 62). Topo 1II levels increase during the
cell cycle and are concentrated at centromeres
in G2/M, when metaphase kinetochore as-
sembly and chromosome condensation oc-
cur. Topo II becomes sumoylated by PIAS,
the enzyme protein inhibitor of activated sig-
nal transducers and activators of transcription
proteins (STATS), promoting mitotic chro-
mosome assembly, chromatid cohesion, and
chromosome segregation during anaphase (8).
Sumoylated Topo II is concentrated at the
inner centromere region, where stacks of
H3 nucleosomes that recruit heterochromatin
and cohesion proteins are oriented. It is
tempting to speculate that accumulation of
topo II at centromeres in G2/M and topo
II cleavage sites within a-satellite arrays are
important for centromere and chromosome
assembly at metaphase and centromere sep-

SUMMARY POINTS

aration and anaphase. However, answers to
these questions await more detailed functional
studies.

CLOSING REMARKS

Despite substantial progress in identifying
CEN components, much remains to be un-
derstood about centromere biology. Estab-
lishment and maintenance of human cen-
tromeres is likely dictated by both sequence
characteristics of human «-satellite DNA and
epigenetic mechanisms, such as unique struc-
tural features within nucleosomes contain-
ing the histone variant CENP-A. As genomic
studies of o-satellite regions and functional
studies of centromeres improve, we will better
understand the processes involved in assem-
bling this essential and complex locus.

1. Despite the essential function of the centromere, the DNA that comprises it is rapidly

evolving and varies from species to species.

2. Unequal crossover between sister chromatids is largely responsible for the continuing

homogenization of higher-order x-satellite.

3. Primate centromere regions have undergone a series of events resulting in the addition

of new material.

4. Centromere regions are subdivided into functional domains that function in kineto-
chore assembly and heterochromatin-mediated sister chromatid cohesion.

5. Post-translational modifications of core and variant histones within the centromere

region distinguish CEN chromatin from heterochromatin and may contribute to

proper kinetochore assembly.

6. Constitutive CENPs, such as CENP-A, -B, and -C, interact with a-satellite DNA
to create a specialized, higher-order chromatin conformation that is important for
centromere identity and kinetochore assembly and function.
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