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Abstract

The centromere is the locus that directs chromosomal inheritance at cell division. While
centromeres in diverse eukaryotes are commonly found at sites of repetitive DNA, their location is
epigenetically specified. The histone H3 variant CENP-A is the prime candidate for epigenetically
marking the centromere, and recent work has uncovered several additional proteins that play key
roles in centromere assembly and maintenance. We describe advances in the identification and
characterization of proteins that form the centromere, and focus on recent findings that have
advanced our understanding of the assembly of functional centromeric chromatin.

1. Introduction

The centromere is the locus that ensures proper segregation of chromosomes from one
generation to the next. Centromeres are typically housed within large (e.g. megabases in
mammals) repetitive DNA elements [1,2], and define the site of formation of mitotic
kinetochores that mediate chromosomal attachment to the mitotic microtubule-based spindle
[3]. In all eukaryotes, except for budding yeast, the centromere is thought to be maintained
through an epigenetic mechanism, and the most attractive candidate to provide the
centromere-specifying epigenetic mark is a histone variant that replaces H3 in centromeric
nucleosomes. This variant is called centromeric protein A (CENP-A) in humans [4], Cse4 in
budding yeast [5], Cnpl in fission yeast [6], CID in fruit flies [7], HCP-3 in roundworms
[8], and CenH3 in plants [9].

The CENP-A protein was originally isolated from the nuclei of calf thymus and bull sperm
[10], and the tissues/cells of origin provided strong hints of its role in both somatic and
germline chromosomal inheritance. Indeed, deletion of CENP-A in diverse organisms leads
to severe defects in chromosome segregation and mitotic checkpoint functions [5,8,11-17].
The loss of a functioning centromere, without the formation of a de novo centromere
(neocentromere), is catastrophic for the integrity of the genome in dividing cells and leads to
chromosomal mis-segregation, generating aneuploidy (i.e. the gain or loss of one or more
chromosomes) [18]. Aneuploidy is a hallmark of cancer cells [19], and aneuploidy generated
during meiotic divisions leads to the most common form of prenatal death as well as the
most common cause of mental retardation in humans [20]. The aberrant gain of an additional
centromere on a chromosome leads to genomic instability via chromosomal breakage during
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cell division [21]. In sum, maintaining one (and only one) centromere per chromosome is
key for the fidelity of the genome.

While the presence of an array of CENP-A-containing nucleosomes is broadly conserved,
the surrounding chromatin environment varies from one species to the next. Centromere
repeat sequences are common, but the sequences highly diverge between species and the
number of repeats is extremely variable even in a single species [22]. There is also
enormous diversity between species in the expanse of the chromosome covered by the
centromere, deviating strongly from prototypical ‘regional’ centromeres (e.g. regional
centromeres found in fission yeast, fruit flies, maize, mammals). Two particularly strong
deviations are in the popular model organisms budding yeast and roundworms. The smallest
centromeres are found in the budding yeast Saccharomyces cerevisiae and some related
fungal species, where 125 bp defines the centromere [23-26]. Indeed, there is only one stable
Csed-containing nucleosome at budding yeast centromeres [5,27,28]. The roundworm
Caenorhabditis elegans is one of many eukaryotic species that have holocentric
chromosomes [29,30], where centromeres form along the entire length of the chromosome
in a manner that is presumably discontinuous on the linear DNA sequence, but where
spindle microtubule attachments occur at only a small subset of centromeric sites [31].

2. CENP-A and centromeric chromatin

CENP-A and H3 share sequence homology within their histone fold domains (~60% in
humans), but there is no sequence identity at the N-terminus [32]. Despite the N-terminal
sequence divergence found between CENP-A and H3, the information required to deposit
CENP-A at centromeres is in the histone fold domain, where loop 1 and the a2 helix
comprise the CENP-A Targeting Domain (CATD) [33]. Indeed, a chimeric H3 protein that
contains the 22 amino acid substitutions that generate the CATD (H3CATD) targets to
centromeres [33,34]. H3CATD expression rescues the lethal knockdown of endogenous
CENP-A [34]. The CATD also induces conformational rigidity, as measured by hydrogen/
deuterium exchange experiments that measure the polypeptide backbone dynamics of the
histones, in (CENP-A/H4), tetramers and CENP-A-containing nucleosomes relative to the
conventional counterparts containing histone H3 [33,35,36]. In budding yeast, the CATD of
CENP-ACs#4 was found to confer CENP-ACSe4 ybiquitylation in order to ensure that excess
CENP-ACs#4 protein, if present, is rapidly degraded [37]. In frog egg extracts, however, the
C-terminal four-to-six a.a. of CENP-A is sufficient, when substituted onto conventional
histone H3 in reconstituted nucleosome arrays, to recruit functional kinetochores [38]. This
recent finding, thus, describes a system where pre-assembly of CENP-A nucleosomes
bypasses the requirement for the CATD and indicates a critical role for the unstructured C-
terminal “tail” of CENP-A in kinetochore assembly [38]. Nonetheless, unique structural and
dynamic features conferred by CENP-A are vital for propagating centromere identity and
have likely importance for centromere/kinetochore assembly events in other cell types and/
or eukaryotic species.

2.1 The structure of CENP-A-containing histone complexes and CENP-A-containing
nucleosomes

The first high-resolution structural information on CENP-A came from the human sub-
nucleosomal (CENP-A/H4), heterotetramer [36]. The unique features of (CENP-A/H4),
relative to conventional complexes containing H3, revealed by crystal structures and
solution studies (small angle x-ray scattering), include an overall 10 A compaction due to
rotation at the CENP-A/CENP-A interface, a bulge in the loop 1 of CENP-A of the opposite
charge as on H3, and hydrophobic interactions at the CENP-A/H4 interface that provide the
structural basis for the conformational rigidity measured by hydrogen/deuterium exchange
[33,36]. All three of these changes in CENP-A map to the CATD, and led to the proposal
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that CENP-A distinguishes centromeres from the rest of the chromosome via structural
deviation from within the folded octameric (i.e. [CENP-A/H4/H2A/H2B]5) core of the
nucleosome. Such an octamer is not the only possibility for CENP-A-containing
nucleosomes and there have been several proposals for alternative arrangements involving
different histone stoichiometry, non-histone incorporation, and/or reverse handedness of
DNA wrapping [36,39-47] that are discussed in detail elsewhere along with the proposal that
CENP-A-containing nucleosomes may mature during the cell cycle through intermediate
steps [48].

The first crystal structure of a CENP-A-containing nucleosome structure has been reported
more recently [49]. While 147 bp of DNA were used to wrap the nucleosome, only the
central 121 bp are visible in the structure [49]. This is consistent with CENP-A-containing
nucleosomes preferring an ‘open’ conformation with transient unwrapping of the final
turn(s) of DNA at the superhelical termini [50,51]. The crystal structure [49] also confirmed
the surface exposure of the bulged L1 [36], as well as nearly identical side-chain orientations
at the CENP-A/H4 interface that are proposed to be responsible for the conformational
rigidity of CENP-A/H4 nucleosomes measured by hydrogen-deuterium exchange [35,36].
The rotation of the CENP-A/CENP-A interface could cause the H2B/H4 four-helix bundle
to rotate to avoid steric clashing and result in a nucleosome with an overall altered shape
relative to canonical nucleosomes [36]. Alternatively, the CENP-A/CENP-A interface could
rotate upon nucleosome formation leading to an overall structure that is highly similar to
canonical nucleosomes. The latter scenario with a highly similar overall shape to canonical
nucleosomes is clearly what occurs in the reported crystal structure of CENP-A-containing
nucleosomes [49]. On the other hand, the possibility of alternative conformations involving
CENP-A/CENP-A rotation in polynucleosome arrays, such as those found at centromeres,
should be explored since the C-terminal ~45 a.a. of H2A exhibit higher rates of hydrogen/
deuterium exchange than in arrays containing conventional nucleosomes, perhaps indicative
of an altered overall nucleosome shape [51].

2.2 Centromeric chromatin

Beyond individual nucleosomes, short stretches of CENP-A-containing nucleosomes at each
centromere are interspersed linearly along the DNA with stretches of conventional
nucleosomes containing canonical H3, but all CENP-A nucleosomes in an individual
centromere nonetheless coalesce in three dimensions; a feature that is conserved in
vertebrates, invertebrates, and plants [52,53]. Indeed, several proposals for a regular
geometry of centromeric chromatin have been put forward [3,52,54,55]. Elsewhere in the
genome, long-distance chromosome associations are mediated by bridging proteins bound at
so-called locus control regions [56-58]. At the centromere, some form of bridging seems
likely to coalesce the CENP-A-containing nucleosomes at each centromere. Potential
candidates for this role come from the CENP-A Nucleosome Associated Complex (CENP-
ANACY '3 subset of what is collectively termed the Constitutive Centromere Associated
Network (CCAN) of 16 proteins [40,59, reviewed in 60].

While a broad understanding of what particular centromere functions each of the CCAN
components perform remains incomplete, there has been some recent progress in this area.
For instance, CCAN component CENP-C has been shown to bind to the C-terminal ‘tail’ of
CENP-A [61] and is proposed to bridge interactions between CENP-A nucleosomes and
other centromere proteins [38,61-64]. CCAN components CENP-T and CENP-W form a
close complex and are proposed to interact with H3 nucleosomes interspersed with CENP-A
nucleosomes [40,63,64], perhaps leading to structural alterations that facilitate microtubule
assembly at the kinetochore prior to mitosis [65]. In addition, CENP-T undergoes tension-
dependent changes throughout the cell cycle, which could alter the shape of the inner
kinetochore before or after microtubule binding [66]. Artificial tethering of CENP-C and
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CENP-T to an ectopic chromosomal locus is sufficient to completely bypass the requirement
for CENP-A nucleosomes in mitosis [67]. In addition to these components, CCAN
component CENP-N has been shown to bind directly to CENP-A-containing nucleosomes
[38,68], and depletion of CENP-N decreases newly synthesized CENP-A deposition at the
centromere [68].

The extensive protein/protein interactions within the CCAN [40,59-68] make components
therein likely candidates to bridge CENP-A nucleosomes to each other and to other
centromere/kinetochore components, ultimately linking centromeric chromatin to the outer
kinetochore and spindle microtubules. Loss of these proteins could prevent important
temporal and spatial contacts necessary for a centromere to function normally. Alternatively,
it is also possible that self-self interactions between CENP-A-containing nucleosomes on the
same chromosome (or physical features of the nucleosome that delineate it somehow from
bulk chromatin) could drive coalescence in three dimensions. In addition, inter-
chromosomal (or inter-chromatid) coalescence at the kinetochore has been observed in some
specific biological contexts [69-72]. Centromeric chromatin organization does not appear to
be random and culminates during mitosis in generating a unique chromatin surface that is
competent for kinetochore assembly and passes the physical requirements for chromosome
segregation.

The chromatin environment surrounding CENP-A-containing nucleosomes is also proposed
to be involved in stabilizing centromeres. Several studies have shown distinct
posttranslational modifications on the other core histones near CENP-A-containing
chromatin. One experimental approach to assess the function of surrounding centromeric
chromatin utilizes cell lines harboring human artificial chromosomes (HACS). Targeted
disruption of H3K4me2 and H3K9me3, for instance, led to loss of CENP-A and HAC
stability [73,74]. Further experiments identified a vital role for nucleosomes enriched with
H3K4me2 and H3K36me2, as suggested by loss of CENP-A and kinetochore structure at
HAC centromeric regions when these modifications were disrupted [74]. Another recent
study using DT40 chicken cells found high levels of H3K9me3 and, in contrast to the HAC
constructs [73,74], low levels of H3K4me2 interspersed with CENP-A nucleosomes [55]. In
naturally occurring neocentromeres, some marks, such as H3K4me2 and H3K9me3, have
been shown to be nearly absent [75], challenging the view that these particular chromatin
modifications play a role where a relatively high stoichiometry is required. Posttranslational
modifications on CENP-A itself are largely unknown beyond the mitotic phosphorylation by
Aurora B [76,77] and the aforementioned ubiquitylation [37,78,79], and they represent
potential additional modes of differentiating centromeric chromatin from the rest of the
chromosome.

3. Centromere assembly and the cell cycle

Centromeric DNA is replicated during mid-to-late S phase in Drosophila and human cells
(Fig. 1) [39,80,81]. Using fluorescence pulse-chase labeling, it is clear that existing (i.e.
‘old”) CENP-A protein is equally distributed on both daughter strands in the complete
absence of any new CENP-A deposition [82], diluting the amount of CENP-A to half its
initial density on centromeric DNA following S phase. New CENP-A protein is synthesized
after S phase in G2 and deposited later during mitotic exit and following G1 in human cells
and fruit fly embryos [39,80,82-84]. This cell cycle timing is distinct from the H3 variants
found in bulk chromatin, H3.1 (canonical H3), H3.2, and H3.3 [85-88]. H3.1/H3.2 are both
synthesized and deposited into chromatin during S phase [85,89,90], and associate with
CAF-1 [91-94], a chromatin assembly factor that associates with PCNA [95], the sliding
DNA clamp used during DNA synthesis [96]. H3.3, on the other hand, is synthesized [86]
and deposited [97] throughout the cell cycle with the aid of the histone chaperones HIRA
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[98] and DAXX [99-101]. The uncoupling of CENP-A protein synthesis/deposition from
DNA synthesis [39,80,82-84] gave an early indication that dedicated mechanisms in the cell
exist to duplicate the pool of CENP-A nucleosomes to refill the available sites at every
centromere and avoid dilution of the centromere specifying chromatin mark through
subsequent cell cycles.

3.1 Priming/licensing centromeric chromatin for CENP-A deposition

The first known step to achieve duplication of CENP-A-containing nucleosomes during
mitotic exit and the subsequent G1 phase of the cell cycle is a priming or licensing step
involving Mis18 (first identified in S. pombe and later in mammals, worms, and other
eukaryotes) and KNL-2 (Fig. 2) [102-104]. The S. pombe proteins Mis16 and Mis18 were
initially found to function in localizing CENP-ACP1 to centromeres [102]. Mis16 is the
orthologue of human RbAp46/48, chromatin assembly proteins that bind to prenucleosomal
histone H4 [105-107] when it is in complex with H3 [91,108] or CENP-A [109,110]. Both S.
pombe lacking Mis16 and HeLa cells lacking RbAp46/48 drastically reduce levels of CENP-
A at centromeres [102], in addition to presumed major bulk chromatin disruptions. In human
cell lines, knockdown of Mis18 (a two subunit complex containing hMis18a and hMis18p)
prevented loading of newly synthesized CENP-A at the centromere [103]. In C. elegans, an
RNA. screen for proteins required to localize CENP-A to the centromere identified KNL-2,
a Myb-domain protein that localizes to centromeres throughout mitosis [104] that is the
orthologue of human M18BP1 (herein referred to as KNL-2M18BP1) [103]. While depletion
of KNL-2M18BP1 prevents CENP-A loading at centromeres in both worms and human cells
[103,104], the cell-cycle timing of the two orthologues differ. In worms, KNL-2M18BP1 gng
CENP-A colocalize at centromeres throughout the cell cycle while human KNL-2M18BP1
localizes to centromeres only during late anaphase/telophase and early G1 [103,104].
Further evidence suggests that CENP-C recruits the KNL-2M18BP1 complex to centromeres
as early as metaphase [111]. What exactly is the priming/licensing reaction? No members of
the Mis18/KNL-2M18BP1 complex have been reported to physically contact CENP-A itself,
but their loss indirectly affects CENP-A levels at the centromere. While there is some
evidence that the complex may alter the state of histone acetylation at centromeres
[102,103], the succulent details of centromere licensing and priming await further
investigation.

Findings from studies in Drosophila indicate the involvement of at least two components,
RCAL1 (orthologous to human Emil) and cyclin A, that regulate the anaphase promoting
complex early in mitosis [112]. This regulation may provide an even earlier licensing step,
since a discrete pool of cyclin A protein localizes to centromeres in flies [112]. Additionally,
CENP-ACID deposition begins prior to the metaphase-to-anaphase transition in cultured fly
cells [113], as opposed to the later licensing and deposition steps in cultured mammalian
cells [82].

3.2 HIURPStM3: The CENP-A specific chaperone

CENP-A deposition occurs with its partner H4 and requires a histone chaperone (Fig. 2),
similar to the H3 versions found elsewhere in the genome. Histone chaperones are proteins
that assist in histone deposition into (and removal from) nucleosomes, while also preventing
unwanted and incorrect interactions with other proteins and regions of DNA [114]. The first
identified histone chaperone, nucleoplasmin, was purified from Xenopus laevis eggs and
prevented precipitation of DNA and histones in solution [115]. After this initial discovery,
chaperones for several histone complexes were discovered, including: CAF-1 for H3.1/H4
[116], FACT for H2A/H2B [117], HIRA for H3.3/H4 heterotetramers/heterodimers [98],
and several others (reviewed in [118]). For CENP-A, multiple lines of evidence suggest that
Holliday Junction Recognition Protein (HJURP) is the CENP-A-specific chaperone in many
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eukaryotes [110,119]. HJURP is enriched at centromeres at the end of telophase and early
G1[110,119,120], and its centromere targeting requires Mis18 [121]. Depletion of HIURP
leads to the loss of new CENP-A deposition and defects in chromosome segregation
[110,119,122]. HIURP is the orthologue of the yeast Scm3 protein that is essential for
centromere function (herein referred to as HIJURPSM3) [46,123,124]. The N-terminal 80
amino acids of HJURPSE™M3 are the only region that shows any detectable homology to yeast
HJURPSEM3 [125] and is also the domain that interacts with CENP-A [126]. Prior to the
proposal that yeast HJURPSCM3 js a chaperone for CENP-ACSe4 [42,127], it was already
known to physically associate with CENP-ACSe4 [46] and provide a necessary step in
CENP-ACs#4 targeting to centromeres [46,123,124]. Further, HJURPSC™3 can chaperone
assembly of (CENP-A/H4), tetrasomes [126] and octameric (CENP-ACSe4/H4/H2A/H2B),
nucleosomes [121,128,129] using purified components and conventional nucleosome
assembly approaches.

In budding yeast, reconstituting CENP-ACse4 nucleosomes with HJURPSC™3 ysing the salt
dialysis method resulted in HJURPS™3 incorporation into a nucleosome-like particle
containing HIURPSCM3 CENP-ACSe4, and H4 on the extremely AT-rich DNA of budding
yeast centromeres [47]. As opposed to in fission yeast where HIURPS®™3 js absent from
centromeres during mitosis [127], budding yeast HJURPSC™M3 remains stably incorporated at
centromeric sites throughout the course of the cell cycle [47], but varies in absolute levels
[130] suggesting that HIURPSC™3 js usually a component of the S. cerevisiae centromere as
opposed to a transient component during new CENP-A nucleosome assembly as in
mammals.

Three high-resolution structures of HJURPSC™3 jn complex with CENP-A/H4 have recently
been reported, using S. cerevisiae, Kluyveromyces lactis and Homo sapiens proteins,
respectively [131-133]. They all show contacts between an a-helix of HJURPSE™3 with the
a2-helix within the CATD of CENP-A, and all show that the binding of HIURPS®™3 plocks
the formation of the four-helix bundle of the sub-nucleosomal (CENP-A/H4),
heterotetramer [36,131-133]. The three studies also describe some form of occlusion of
portions of the DNA binding ridge of CENP-A/H4 [36,49] by HJURPS®™3 binding
[131-133], but there was disagreement about the location of these regions and the mode of
occlusion by HJURPSCM3 [131-133]. The two yeast structures disagreed sharply in terms of
overall structure and the recognition residues of CENP-ACSe4 important for recognition by
HJURPSEM3  despite starting with nearly identical orthologues from the related budding
yeasts S. cerevisiae [131] and Kluyveromyces lactis [132], with the major differences likely
emerging from the inclusion and/or exclusion of sequences in the constructs used to express
the constituents. In addition, the S. cerevisiae structure [131] was solved using a single-
chain molecule (Cse4-Scm3-H4) wherein one of the key helices (al) of the histone fold of
H4 was omitted, which others have stated may have led to an unnatural structure [132].

In the case of the human structure, one major surprise was that despite the fact that the
H3CATD chimera is capable of binding to HJURPSC™M3 [119,126,133], and despite the fact
that the major binding surface of HIURPS®M3 and CENP-A comprises the L1 and a2-helix
[133] that comprise the entire CATD [33], the authors concluded that there are no good
candidate residues in the CATD for specific recognition by HJURPSC™3 [133]. Instead, a
single residue, Ser68 in the al-helix of CENP-A, was proposed to be the primary specificity
determinant for HIURPSEM3 pinding [133]. This conclusion was supported by GST-
pulldown experiments using single amino acid swap mutations in CENP-A and H3 (the
corresponding residue in H3 is a glutamine) where loss or gain, respectively, of HJURPStM3
binding was reported [133].
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In sum, despite these three recent structures [131-133], there is not yet a clear picture of how
CENP-A is actually sorted by HIURPSt™3 away from the vast excess of other H3 variants
that are expressed at high levels to fill bulk chromatin on the rest of the chromosome. One
contributing factor could be the temporal differences between H3.1 (the major form of H3)
and CENP-A protein synthesis [39,80,82-84], which would allow HJURPS¢™3 tg associate
with newly made CENP-A during G2 after H3.1 synthesis occurs [85-90]. However, the
H3.3 ‘replacement’ variant is synthesized throughout the cell cycle [85-88] and can be
interspersed with CENP-A nucleosomes in G2 [134], so that CENP-A is not temporally
sorted away from H3.3 in any simple fashion.

HJURPS®M3 hinding blocks CENP-A/CENP-A tetramerization, indicating that like the Asf1-
mediated bulk chromatin assembly pathway [94,135,136], it deposits a heterodimer of
CENP-A/H4 instead of a (CENP-A/H4), heterotetramer, but the final product is thought to
be an octameric nucleosome harboring a sub-nucleosomal (CENP-A/H4), heterotetramer.
Temporary tethering of HIURPSC™3 at an ectopic site on a chromsome recruits CENP-A that
is stably retained after subsequent removal of HJURPSC™3 and assembles a de novo
kinetochore at mitosis [121].

3.3 Maturing newly deposited CENP-A complexes into a stable form of centromeric

chromatin

One ‘maturation’ step for conventional nucleosomes involves one or more ATP-dependent
remodeling events that help complete nucleosome assembly and/or space newly deposited
histone complexes [137]. At the centromere, the generic ATP-dependent remodeler, the RSF
complex [138], has also been proposed to perform such a function after initial CENP-A
deposition in G1 [139], but its exact role at the centromere remains unclear (Fig. 2). One
possibility is that this chromatin remodeling event is when H2A/H2B heterodimers are
added. Further, immunoprecipitation of KNL-2M18BP1 jn Hel a cells followed by mass
spectrometry identified MgcRacGAP, a GTPase activating protein (GAP) from the Rho
GTPase family, as a protein interactor with KNL-2M18BP1 that has been implicated even
later in G1 as an essential protein for stabilizing newly deposited CENP-A protein (Fig. 2)
[140]. Based on the interaction with KNL-2M18BP1 MgcRacGAP was thought to function
during the priming step, but depletion of MgcRacGAP did not alter KNL-2M18BP1
localization or CENP-A stability [140] — implying a role in nascent CENP-A nucleosome
assembly/maturation downstream of priming. MgcRacGAP, along with ECT2 (a guanine
nucleotide exchange factor) and the GTPase Cdc42, were proposed to create a GTPase cycle
to maintain CENP-A at centromeres after it is deposited into DNA [140], but how this
signaling culminates in CENP-A stabilization remains mysterious.

3.4 CENP-A dilution during S phase

When the replication fork passes through chromatin, CENP-A is very likely to be ejected, at
least temporarily, in order for DNA synthesis to occur. The mechanism for CENP-A
deposition back into chromatin is unknown, as is whether or not it requires an unidentified S
phase specific chaperone (Fig. 3). In either case, it is also unclear if mammalian CENP-A-
complexes are retained locally and rapidly deposited behind the replication fork, a proposed
model for retaining epigenetic information on H3/H4 at chromosome arm loci [141], or if it
must be re-targeted back to centromeres by a dedicated pathway. Photobleaching
experiments on groups of centromeres in the vicinity of PCNA-containing foci that were
tracked for a few hours in S phase found only very low levels of fluorescence recovery [83],
but dynamics of CENP-A at individual centromeres of metazoans have not been measured
over the course of a cell cycle or complete phases therein. Since HIURPS®™3 gpecifically
acts on newly expressed CENP-A/H4 complexes [119], it is not a good candidate for an S
phase chaperone, if one indeed exists. Condensin 11 is also reported to play a role in
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maintaining pre-existing CENP-A at the centromere during interphase, but it remains
unclear whether or not this occurs specifically during S phase [122]. If an S phase chaperone
does exist, what would restrict it to redepositing CENP-A at the same centromeric site it
originated from? CENP-A could be re-targeted to a centromere on a neighboring
chromosome instead, but whether or not this occurs during S phase has yet to be determined.

On the other hand, CENP-A deposition back into chromatin could be purely mediated by a
passive process independent of a specific chaperone, where a large concentration of CENP-
A-complexes near the replication fork drives their selective re-assembly at adjacent
chromatin via local diffusion (Fig. 3). Regardless of the mechanism and the nature of the
sub-nucleosomal histone complex (likely to contain CENP-A/H4 heterodimers or [CENP-A/
H4], heterotetramers) liberated from centromeric DNA by the replication machinery, the
final product is strongly proposed to be two new daughter strands each with half the amount
of CENP-A per unit length of centromeric DNA as on the mother strand (Fig. 3) [82,134].

With only half the amount of CENP-A distributed to newly synthesized DNA, there would
in theory be gaps left in the DNA where no new nucleosomes are deposited. Recent
evidence using stretched chromatin fibers and labeled H3.3 indicate that H3.3 is deposited in
the gaps left by CENP-A dilution during S phase, but once cells enter G1 the amount of
H3.3 at the centromere is reduced [134]. Therefore, H3.3 may act as a placeholder until
deposition of new CENP-A occurs later in the cell cycle, but it is unclear how H3.3 is
evicted from centromeric chromatin once newly expressed CENP-A arrives.

4. Concluding remarks

Many questions at the centromere remain to be answered. For instance, the primary
centromere paradoxes continue to confound the field regarding (1) the rapid evolution [22]
and (2) the functional dispensability [142] of the repetitive DNA sequences found at the
centromeres of a preponderance of diverse eukaryotic species. In addition, it is not clear why
some centromere components and chromatin features are required for efficient centromere
formation but then appear to be dispensable once formed [143,144]. Why would there need
to be special information solely required for new centromere establishment if the formation
of a de novo centromere is not something typically encountered during the lifetime of an
organism? Despite such unanswered questions, the recent studies discussed here have
clearly advanced our view of how the centromere is organized and assembled over somatic
cell divisions. The histone variant CENP-A is considered the key epigenetic mark of the
centromere, but a variety of proteins contribute to its assembly, maintenance, and stability at
the centromere. Key events throughout the cell cycle ensure that CENP-A and other
centromeric proteins are present during the proper time and at the proper place. Future work
is now needed to understand the precise nature of the epigenetic mechanisms that specify
centromere location, as well as to understand the paradoxical relationship between
epigenetic and genetic contributions to centromere function.
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Fig. 1.

Model of CENP-A containing chromatin throughout the cell cycle in animals. The levels of
CENP-A at centromeres change with the cell cycle. Prior to S phase, CENP-A is fully
loaded at the centromere, but upon replication, the number of CENP-A molecules present on
each daughter strand are reduced to half per centromere copy as no new CENP-A protein is
added. During G2, new CENP-A is synthesized and assembles into a soluble complex with
its binding partner H4 and its chaperone HIURPS®M3 put is not deposited at centromeres
until G1. Cells progress through mitosis with half-loaded centromeres. During late anaphase/
telophase, HJURPSE™3 pegins to deposit CENP-A to duplicate CENP-A protein levels.
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Model of new CENP-A deposition and maturation during G1 in animals. During mitotic

exit, centromeric chromatin is not competent for CENP-A loading until Mis18 and

M18BP1KNL-2 [icense centromeric chromatin. Two HIURPS®M3 molecules deposit newly

synthesized CENP-A into the DNA. In mid/late G1, the RSF complex accumulates at

centromeres and is implicated in stabilizing new CENP-A, as are MgcRacGAP, ECT2, and

Cdc42, which are proposed to further stabilize the newly deposited pool of CENP-A

nucleosomes.
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Fig. 3.

Model of dilution of CENP-A-containing nucleosomes during S phase in animals. During
replication, nucleosomes are presumably ejected from DNA as the replication fork
progresses. In the diagram, CENP-A nucleosome positions are indicated as 1-3 to follow
each site after replication and redeposition steps. CENP-A could be redeposited through a
passive process without the aid of a chaperone (CENP-A nucleosome position 1) or it could
interact with an unidentified chaperone that deposits it back into DNA behind the moving
fork (CENP-A nucleosome position 2). Because new CENP-A is not synthesized until G2,
only “old” reassembled CENP-A-containing nucleosomes are deposited back into the DNA,
leaving behind nucleosome assembly sites filled by deposition of a canonical H3-containing
nucleosome.
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