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The key to understanding centromere identity is likely to lie in the chromatin containing the histone H3 variant CENP-A.
CENP-A is the prime candidate to carry the epigenetic information that specifies the chromosomal location of the centromere
in nearly all eukaryotic species, raising questions fundamental to understanding chromosome inheritance: How is the epigenetic
centromere mark propagated? What physical properties of CENP-A-containing complexes are important for epigenetically
marking centromeres? What are the molecules that recognize centromeric chromatin and serve as the foundation for the mitotic
kinetochore? We discuss recent advances from our research groups that have yielded substantial insight into these questions
and present our current understanding of the centromere. Future work promises an understanding of the molecular processes
that confer fidelity to genome transmission at cell division.

Chromosomes, the functional unit of inheritance, must
segregate with high fidelity every time a cell divides, and
both prokaryotes and eukaryotes have evolved elaborate
mechanisms to achieve accurate chromosome delivery
(Hayes and Barilla 2006; Santaguida and Musacchio
2009). For eukaryotes, a common mechanism in mitosis
is used, in which sister chromatids are physically attached
to each other and bidirectionally oriented toward poles of
the microtubule-based spindle that physically move complete sets of chromosomes to each daughter cell. This bidirectionally orientated attachment is mediated by a
proteinaceous structure, the kinetochore, that forms during
mitosis at the microtubule/chromosome interface. The site
of kinetochore formation is defined by a region of the
chromosome, the centromere. Without functional centromeres, chromosomes are mis-segregated at cell division,
leading to aneuploidy in the daughter cells.
In budding yeast, classical experiments defined the centromere as a small (~125 bp) sequence-specified region
of DNA (Clarke and Carbon 1980; Fitzgerald-Hayes et al.
1982). This region is composed of three conserved elements (CDEI, II, and III) and recruits sequence-specific
centromeric DNA-binding proteins (such as members of
the well-studied CBF3 complex, which is recruited to
CDEIII) (Lechner and Carbon 1991). This simple and elegant system for marking centromeres is not conserved,
however, in other eukaryotes, except in a subset of related
yeasts. For most eukaryotes, the centromere is much larger
and is not defined by a particular DNA sequence. For both
simple and more complex centromeres, there is a “core”
centromeric chromatin at the foundation of the kinetochore, as well as a surrounding specialized chromatin domain (this is defined by highly phased nucleosomes in
budding yeast and is a distinct “heterochromatin” domain

in flies, mammals, etc.) that is required for sister-chromatid cohesion. Both of these regions of the centromere are
essential for successful chromosome transmission at cell
division.
EVIDENCE FOR AN EPIGENETIC
MECHANISM FOR CENTROMERE IDENTITY
The centromere is typically located within a region of
repetitive satellite DNA in diverse plant and animal phyla
(Henikoff et al. 2001; Jiang et al. 2003). In humans, the predominant centromeric satellite, α-type I, consists of repeats
of 171-bp monomers that extend for several megabases at
most centromeres (Fig. 1A) (Manuelidis and Wu 1978;
Willard 1985; Willard and Waye 1987). Despite the strong
correlation between centromere location and the presence
of these satellites, chromosomal rearrangements in humans
have revealed instances in which a centromere has been silenced (in the case of rearrangements that would have produced a dicentric chromosome if one of the two centromeres
had not been inactivated) (Earnshaw and Migeon 1985; Sullivan and Schwartz 1995) or generated de novo at a chromosome arm locus lacking detectable α-satellite DNA (such
new centromeres are referred to as “neocentromeres”) (Depinet et al. 1997; du Sart et al. 1997; Warburton et al. 1997;
Choo 2001). Two human cases have described instances in
which a centromere relocated within an intact chromosome
3 or 4, respectively, from the original location to a new location on the chromosome arm (Amor et al. 2004; Ventura
et al. 2004). A remarkable finding was that this new location
persists in multiple family members for at least two generations (Fig. 1B) (Amor et al. 2004). The ability to permanently silence an existing centromere with no rearrangement
or deletion of centromeric repeat DNA sequences, create a
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Figure 1. Epigenetic centromere specification. (A) DNA at normal human centromeres is repetitive with a monomer length of ~171
bp multimerized for megabase stretches. Although this general theme in centromere organization is seen in most eukaryotes, centromeric DNA sequences are among some of the most rapidly evolving sequences in the genome. (B) Stable inheritance of a human
neocentromere after centromere relocation along an intact human chromosome 4 (data adapted from Amor et al. 2004). The family
pedigree shows the generational inheritance of a neocentromere-containing variant chromosome 4 (“PD-NC4”; black bar). The chromosomal allele containing the neocentromere was inherited from the paternal grandfather of the brother and sister who initially were
found to carry PD-NC4. The neocentromere is carried by their father, but the grandfather was not available for study. (C) Relocation
of both centromere-specifying chromatin and inner centromere components to the PD-NC4 neocentromere (data adapted from Bassett
et al. 2010). Anti-centromere antisera (ACA) recognize both CENP-A at the neocentromere (arrowhead) and CENP-B at the silenced
centromere at the original location (asterisk). Kinetochore-forming components, represented by the CENP-A-binding protein CENPC, vacate the original site and relocate to the neocentromere. Inner centromere components, represented by the Aurora B kinase, also
vacate the original site and relocate to chromosome arm positions proximal to the neocentromere.

neocentromere at a noncentromeric region of the chromosome that lacks α-satellite DNA, or both (Fig. 1B,C), provides substantial support for the notion that human
centromeres are not defined by a particular DNA sequence.
Such evidence strongly argues that centromere identity is
primarily or exclusively specified epigenetically.
In evolutionary terms, the movement of centromere location has emerged as an attractive candidate to participate
in the mechanism of speciation (Ventura et al. 2001; Amor
et al. 2004). Although speciation events in mammals
maintain a high degree of synteny at most sites, centromere location can vary greatly between even closely related species (Carbone et al. 2006). Centromere
“repositioning” is correlated to the high evolutionary rate
of chromosomal breakpoints that are preferentially found
in or near centromeres (Murphy et al. 2005). Interestingly,
whereas satellite DNA is typically found at mammalian
centromeres, the sequence of the repeat unit is not well
conserved (Henikoff et al. 2001).

A CENTROMERE-SPECIFIC H3 VARIANT
THAT MARKS CENTROMERES
The most attractive candidate for an epigenetic mark
that specifies the centromere is the histone H3 variant
CENP-A (Earnshaw and Rothfield 1985; Palmer and Margolis 1985; Sullivan et al. 1994). Together with canonical
histones H2A, H2B, and H4, it forms nucleosomes at active centromeres, and CENP-A relatives have an essential
role at centromeres in diverse eukaryotic species (Stoler
et al. 1995; Buchwitz et al. 1999; Howman et al. 2000;
Takahashi et al. 2000; Regnier et al. 2005). CENP-A is
found at all active centromeres in a manner that appears
to be independent of DNA sequence, including human
neocentromeres lacking detectable α-satellites (Fig. 1)
(Warburton et al. 1997; Amor et al. 2004). Conversely, despite the retention of αI-satellite arrays, CENP-A is absent
when centromeres are silenced (Warburton et al. 1997;
Amor et al. 2004; Han et al. 2006). To distinguish the cen-

Downloaded from symposium.cshlp.org on April 5, 2011 - Published by Cold Spring Harbor Laboratory Press

CENTROMERE-SPECIFYING NUCLEOSOMES
tromere from chromatin found at all other chromosome
locations, CENP-A must somehow physically distinguish
the nucleosomes into which it assembles. Contributions
to physically marking the centromere could potentially
come from its amino-terminal “tail” that lacks conservation among CENP-A orthologs but is uniformly lacking
in any sequence identity with conventional histone H3. Alternatively, physical divergence could come from its histone-fold domain, which is relatively conserved among
CENP-A orthologs but diverges by 30%–45% from H3.
Despite this divergence within the histone-fold domain,
CENP-A spontaneously forms a heterotetramer following
coexpression with its partner histone H4 (Black et al.
2004). Although identical in stoichiometry to the subnucleosomal (H3:H4)2 heterotetramer, (CENP-A:H4)2 is dynamically and structurally divergent from its conventional
counterpart. The first evidence of such divergence—coming from mass spectrometry–based hydrogen/deuterium
exchange experiments that dynamically measure the conformational flexibility of the polypeptide backbone—was
the finding that the predicted interface between CENP-A
and H4 is >10-fold more rigid than the corresponding portion of the (H3:H4)2 heterotetramer (Black et al. 2004).
The portion of CENP-A, its α2-helix, that contacts histone H4 and generates the rigid interface is of high interest
because it, along with the preceding loop (L1), is the only
region of CENP-A where mutation results in defective
centromeric targeting (Shelby et al. 1997). Indeed, a
chimeric histone H3 carrying 22 amino acid substitutions

3

from CENP-A in the L1 and α2-helix (Fig. 2A), H3CATD
(CENP-A targeting domain), targets efficiently to centromeres (Fig. 2B) (Black et al. 2004). Importantly, the
chimeric H3CATD forms a tetramer with H4 that has a
nearly identical hydrogen/deuterium exchange profile as
bona fide (CENP-A:H4)2 heterotetramers (Fig. 2C), and
restricted flexibility relative to canonical nucleosomes is
maintained after assembly of CENP-A into nucleosomes
(Black et al. 2007a). After arriving at centromeres, the
H3CATD chimera can substitute for CENP-A protein in centromere-specifying nucleosomes, rescuing lethality in cell
culture following siRNA-mediated depletion of endogenous CENP-A (Black et al. 2007b).
The molecular nature of (CENP-A:H4)2 was revealed in
atomic detail with high-resolution (2.1–2.5 Å) crystal
structures and lower-resolution solution studies (smallangle X-ray scattering [SAXS]) (Fig. 3) (Sekulic et al.
2010). The structural basis for the rigidified interface with
H4 resides in hydrophobic “stitches” between CENP-Aspecific side chains and H4 that restrict locally polypeptide
backbone flexibility (Fig. 3A). In addition, the hydrogen
bonding between L1 of CENP-A and L2 of H4 generates
a bulge of the opposite charge as is found on conventional
(H3:H4)2 heterotetramers (Fig. 3A,B) (Sekulic et al. 2010)
at a location that remains exposed even after assembly into
conventional nucleosomes (Luger et al. 1997). Most strikingly, the crystal and SAXS studies revealed a compaction
of the entire tetramer by ~10 Å that corresponds to a rotation at the CENP-A/CENP-A interface (Fig. 3A,C)

Figure 2. Initial evidence linking the targeting of CENP-A to centromeres with physical divergence from conventional histone H3
(data adapted from Black et al. 2004). (A) Diagram of a histone H3 chimera containing the CENP-A targeting domain (CATD). (B)
Centromere targeting of H3CATD. (C) Hydrogen/deuterium exchange profile of histone H4 bound to conventional H3, the H3 CATD
chimera, and CENP-A. The nearly identically localized blue regions on histone H4 within (CENP-A:H4)2 and (H3CATD:H4)2 heterotetramers are >10-fold slower to exchange amide protons with deuterons in heavy water than from any portion within conventional
(H3:H4)2, indicating substantial rigidity imparted by the CATD.
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Figure 3. (CENP-A/H4)2 heterotetramers structurally deviate from their conventional counterparts. (A) Crystal structure of the (CENPA:H4)2 heterotetramer (PDB ID 3NQJ) (data adapted from Sekulic et al. 2010) highlighting features that distinguish it from conventional (H3:H4)2. (B) Surface alterations encoded by the CATD of CENP-A include a basic charged protrusion (circled) that is bulged
further away from the helical core of the complex and of the opposite charge as on the counterpart (H3:H4)2 heterotetramer. (C)
Solution measurements of (CENP-A:H4)2 indicate that it is compacted by ~10 Å relative to its conventional counterpart, as predicted
by the compact structure of (CENP-A:H4)2 in crystal form. The mesh indicates the molecular envelope corresponding to the rotational
state that best matches the SAXS data collected for each type of heterotetramer.

(Sekulic et al. 2010). All three distinguishing structural features (hydrophobic stitches, positively charged L1 bulge,
and the compaction emanating from its rotated CENPA:CENP-A interface) are encoded by the CENP-A-specific amino acid changes within the CATD. Together with
the studies of CENP-A hydrogen/deuterium exchange behavior (Black et al. 2004, 2007a) and functional analysis
of the H3CATD chimera (Black et al. 2007b), the crystal and
solution structural studies (Sekulic et al. 2010) lead to a
working model wherein CENP-A marks centromeric chromatin by altering nucleosome structure from within its
folded histone core.

REQUIREMENTS FOR INHERITING
THE CENTROMERE MARK THROUGH
CELL CYCLES
The structurally divergent CENP-A nucleosome is a
prime candidate for the epigenetic propagation of centromere identity. The current view of cell-cycle-coupled
centromere inheritance posits that a critical arrangement of
CENP-A nucleosomes is sufficient to trigger and propagate
a functional centromere. At least three important criteria are
likely to be required for epigenetic centromere inheritance.
First, the mark must be stable enough to survive through key
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cell cycle steps, including DNA replication and mitotic passage. This property is central to centromere inheritance, but
the underlying mechanisms are largely unidentified for any
proposed epigenetic mark. Second, centromeric chromatin
duplication must be self-templating (e.g., by preexisting
chromatin-bound CENP-A molecules). Third, replication of
the centromeric mark must be tightly coupled to the cell
cycle. Below, we address recent advances in all three of
these aspects of epigenetic centromere propagation.
CENTROMERIC CHROMATIN IS STABLE
ACROSS MITOTIC DIVISIONS
Expression shutoff experiments have shown that the total
cellular CENP-A pool is turned over at a rate of ~50% per
cell division, suggesting CENP-A to be stably maintained
across mitotic division (Shelby et al. 2000; Regnier et al.
2005). To examine the stability of CENP-A after loading
into centromeric chromatin, we have used tagging of
CENP-A with the ~30-kDa SNAP-tag, a modified variant
of the suicide enzyme O6-alkylguanine-DNA alkyltransferase, whose normal function is in DNA repair. This protein has been extensively engineered to covalently and
irreversibly modify (and inactivate) itself through acceptance of the cell-permeable guanine derivative O6-benzylguanine (or fluorescent derivatives thereof). This allows for
irreversible fluorescent pulse labeling of SNAP fusion proteins at will in vivo (Keppler et al. 2003, 2004). It is worth
noting the specific virtues of the SNAP-tag-based pulselabeling strategy. It stands out from other cell biological
tools to determine protein dynamics, such as fluorescence
recovery after photobleaching (FRAP) experiments, in that
it allows the determination of protein turnover on a much
longer timescale (days rather than minutes) and is therefore
well suited for proteins with long half-lives.
We applied this methodology to determine CENP-A
turnover specifically at centromeres. We showed that nearly
all centromeric CENP-A remains centromere-associated
during centromeric DNA replication and the subsequent
mitosis (Jansen et al. 2007). This extreme stability is consistent with a role for CENP-A as an epigenetic mark maintaining centromere identity. Indeed, following centromeric
DNA replication in S phase and chromosome segregation
in mitosis, the preexisting “old” (i.e., fluorescently tagged)
centromere-bound CENP-A levels were reduced at each
daughter centromere to half the level of the unreplicated
centromere before DNA replication, strongly suggesting
that “old” CENP-A nucleosomes are redistributed during
S phase, with half deposited/redeposited onto each of the
replicated DNA copies as the DNA replication fork passes.

5

formation of nascent nucleosomes in the wake of the DNA
replication fork (Annunziato 2005; Xu et al. 2010). Given
the resemblance of CENP-A to H3, the question arose
how CENP-A assembly is regulated and how this variant
is discriminated from canonical H3 in view of the high
levels of H3.1 expression during S phase. Initial models
suggested differences in timing of replication of centromeric DNA versus the genome overall as a means to
provide a temporal window permissive for CENP-A loading (O’Keefe et al. 1992; Csink and Henikoff 1998). However, subsequent work showed this not to be the case, as
replication of centromeric DNA is not restricted to a specific time during S phase (Shelby et al. 2000).
The attractive alternative would be if CENP-A loading
were temporally separated from assembly of canonical histones altogether, with CENP-A assembly outside of S
phase. Indeed, CENP-A mRNA and protein levels peak
only after S phase during late G2, and assembly does not
occur simultaneously with DNA replication, which is consistent with a disconnect between the timing of CENP-A
and H3 assembly (Shelby et al. 1997, 2000). With our use
of SNAP-tagged CENP-A to fluorescently mark only newly
synthesized CENP-A, direct evidence in human cells was
obtained for replication of centromeric chromatin solely at
the exit from mitosis and in early G1 (Jansen et al. 2007),
that is, half a cell cycle after centromeric DNA replication
(Figs. 4 and 5). Subsequent photobleaching experiments in
human cells confirmed this (Hemmerich et al. 2008). A
similar conclusion was also reached in Drosophila, where
GFP-CENP-ACID photobleaching experiments in rapidly cycling Drosophila syncytial embryos showed fluorescence
recovery during a brief window following mitotic exit concurrent with an increase of overall GFP-CENP-ACID levels
at the centromere (Schuh et al. 2007). Dissociation of cen-

CELL CYCLE COUPLING OF CENTROMERIC
CHROMATIN REPLICATION
The twofold dilution of CENP-A nucleosomes during
DNA replication indicates that half the CENP-A pool requires replenishment every cell division. Canonical histone expression (including the replication-dependent
histone H3 variant H3.1) is tightly cell-cycle-regulated and
restricted to S phase. Indeed, assembly of histones is directly coupled to the DNA replication machinery, ensuring

Figure 4. A pool of CENP-A-SNAP, synthesized during S phase,
was fluorescently pulse-labeled in G2 phase. Cells were then cycled through mitosis and fixed. Accumulation of nascent CENPA-SNAP (pulse-labeled SNAP, red) at centromeres is evident in
cells in late telophase, marked by re-formed nuclei (DNA, blue)
and midbodies identifying daughter cells (microtubules, green).
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onset, suggesting that the assembly process may be nearly
simultaneous with Mis18 recruitment (Lagana et al.
2010). Despite their suggestive localization pattern and
role in CENP-A assembly, none of the Mis18 homologs
nor M18BP1/HsKNL2 appear to bind to CENP-A directly
(Hayashi et al. 2004; Foltz et al. 2006; Fujita et al. 2007;
Lagana et al. 2010). In addition, they have not been found
in proteomic screens for CENP-A nucleosome or prenucleosome binding factors described below.
RECRUITMENT OF THE CONSTITUTIVE
CENTROMERE

Figure 5. A schematic representation of the temporal uncoupling
of DNA replication and canonical chromatin assembly in S phase
from centromeric nucleosome replication in G1.

tromeric DNA replication from that of centromeric chromatin is apparently widespread: In fission yeast cells,
CENP-ACnp1 is assembled in early S phase, which commences immediately following mitotic exit, suggesting a
temporal control similar to that found in higher eukaryotes.
However, unlike in fly embryo and human cultured cell examples, there is a second wave of assembly in the fission
yeast G2 phase (Takahashi et al. 2005).
FACTORS DIRECTING CENP-A ASSEMBLY IN A
TEMPORALLY CONTROLLED MANNER
The restricted cell cycle window during which CENPA assembly occurs predicts that factors uniquely involved
in the delivery and assembly of nascent CENP-A localize
to the centromere within the same time frame. Indeed, several components have now been identified that meet this
requirement. The most striking member of this group of
proteins is Mis18, first identified in fission yeast and
shown to be required for CENP-ACnp1 localization to the
centromere (Hayashi et al. 2004). Mis18 is absent from
centromeres during mitosis but rapidly relocalizes to centromeres following mitotic exit. This temporal localization
pattern is preserved in a set of human proteins that includes the Mis18 homologs hMis18α and hMis18β and
the associated protein M18BP1/HsKNL2, which was independently identified as the human homolog of the
Caenorhabditis elegans KNL2 protein (Fujita et al. 2007;
Maddox et al. 2007). Depletion of any of these proteins
severely affects CENP-A localization at the centromere.
In this mammalian context, CENP-A recruitment to
telophase centromeres closely follows the appearance of
Mis18 at the centromere in anaphase (Fujita et al. 2007;
Jansen et al. 2007; Maddox et al. 2007; Silva and Jansen
2009). Recent quantitative measurements of CENP-A centromere levels during mitotic exit indicate that CENP-A
assembly can initiate as early as 10 min after anaphase

The CENP-A nucleosome forms the basis for a large centromere complex associated with the centromere throughout
the cell cycle. The earliest examples of constitutive centromere proteins were identified by human autosera that, in
addition to CENP-A, recognized constitutive centromere
proteins CENP-B and CENP-C (Earnshaw et al. 1986).
Affinity purification of intact CENP-A nucleosomes
greatly expanded the knowledge of the protein complement
and architecture of the human centromere components most
directly bound to CENP-A chromatin (Foltz et al. 2006).
Affinity purifications of CENP-A nucleosomes identified
a set of known and novel CENP-A nucleosome-associated
proteins (CENP-ANAC) (Fig. 6), which included CENP-C,
M, N, U, and T. Subsequent affinity purification of the new
proteins within the CENP-ANAC identified an additional set
of constitutive centromere proteins that were associated
with the centromere but not themselves associated with the
CENP-A nucleosome, called CENP-A distal (CAD) proteins (Foltz et al. 2006; Okada et al. 2006). The CENP-ANAC
and CENP-ACAD have since been collectively termed the
constitutive centromere-associated network (CCAN) and
can be further subdivided into partially overlapping subcomplexes (Cheeseman et al. 2008; Hori et al. 2008b;
Amano et al. 2009). Although recruitment of the CENPANAC is dependent on CENP-A nucleosomes, the assembly
of the CENP-ANAC is also dependent on itself, as elimination
of CENP-N, -M, or -T results in the loss of the remaining
CENP-ANAC proteins from the centromere.
Further affinity purification by Fukagawa and colleagues of components bound to CENP-T identified an additional CENP-T binding partner, CENP-W (Hori et al.
2008a). Although CENP-T is clearly associated with and
dependent on the CENP-ANAC for its recruitment, the
CENP-T/W complex also interacts with H3-containing
chromatin (Foltz et al. 2006; Hori et al. 2008a; Carroll et
al. 2010). These data suggest that the CENP-ANAC, in addition to establishing the constitutive centromere at the
CENP-A-containing locus, may be capable of organizing
the surrounding histone H3-containing chromatin. Two
components identified within the CENP-ANAC, CENP-N,
and CENP-C act as recognition factors that couple the recruitment of the CCAN to the CENP-A nucleosome.
CENP-N recognizes the CENP-A nucleosome by virtue of
the CATD within CENP-A (Carroll et al. 2009). In contrast, CENP-C is recruited to CENP-A-containing chromatin through an interaction with the extreme carboxyl
terminus of CENP-A (Carroll et al. 2010). Because CENP-
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Figure 6. Identification of centromere constituents. (A) Tandem affinity purification was used to identify the set of centromere proteins
most closely associated with the CENP-A nucleosome (CENP-ANAC) by affinity purification of intact CENP-A nucleosomes derived
from an MNase-digested chromatin fraction. (B) Serial affinity purification of newly identified CENP-ANAC proteins was used to identify
the more distal constitutive components of the centromere that were not in close proximity to the CENP-A nucleosome. (C) Cartoon
model of centromere organization from CENP-A nucleosomes to outer kinetochore formation (data adapted from Foltz et al. 2006).

C and CENP-N recognize distinct domains, they may be
able to recognize the same CENP-A nucleosome, although
it is unclear whether this occurs in vivo. It is also unclear
whether these recognition factors work cooperatively to recruit the CCAN or whether they represent different modes
of the CCAN binding to the CENP-A nucleosome that may
be used at different times in the cell cycle.
Two other sets set of proteins were copurified with intact CENP-A nucleosomes that were not observed to associate directly with other components of the CCAN—the
FACT complex (Obuse et al. 2004; Foltz et al. 2006) and
Holliday junction recognition protein (HJURP) (previously termed hFLEG1). As we document below, it is now
highly likely that the HJURP protein copurifying with
CENP-A nucleosomes represents the fraction of CENPA-containing chromatin that is actively undergoing assembly. The FACT complex has been previously implicated in
transcription through chromatinized DNA (Orphanides et
al. 1998). FACT activity appears to be important for
CENP-A deposition (Okada et al. 2009) and may act to
allow access of centromeric assembly factors to the already chromatinized centromere. Recently, by virtue of a
human artificial chromosome, it was shown that the centromere has low but detectable levels of active transcription and displays a set of histone modifications that
facilitates transcription (Bergmann et al. 2011). Specific
removal of one such mark, histone H3 dimethylated at lysine 4 (H3K4me2), from an engineered centromere se-

verely affects centromeric transcription and interferes with
recruitment of nascent CENP-A with the concomitant loss
of centromeric chromatin structure (Bergmann et al.
2011). Consistent with the presence of FACT, these results
suggest that either transcription itself or the chromatin environment it generates helps maintain CENP-A nucleosomes.
IDENTIFICATION OF A CENP-A-SPECIFIC
HISTONE CHAPERONE
The stable propagation of the centromere requires assembly of new CENP-A chromatin/nucleosomes during
each cell cycle to avoid the loss of CENP-A nucleosomes
through their successive dilution. Epigenetic maintenance
of the centromere is therefore dependent on the restricted
and targeted assembly of CENP-A into chromatin at the
preexisting centromere. In general, nucleosome deposition
is regulated by histone chaperone proteins. The histone
H3.1 and H3.3 variants use partially overlapping chaperone complexes to achieve distinct temporal and spatial distributions within the genome. Prenucleosomal histones
H3.1 and H4 associate with the chromatin assembly factor-1 (CAF-1) complex, consisting of CAF-1 p150, CAF1 p60, and CAF-1 p46/48, and as a dimer with the
antisilencing factor 1 chaperone (ASF1) (English et al.
2005; Groth et al. 2007a; Natsume et al. 2007). In contrast,
although the histone H3.3 variant also interacts with ASF1
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outside of S phase, it is incorporated into chromatin independent of DNA synthesis through the action of a distinct
prenucleosomal complex that includes HIRA and CAF-1
p48 but is devoid of CAF-1 p150 and CAF-1 p60 (Ahmad
and Henikoff 2002b; Tagami et al. 2004).
These preceding examples with other histone H3 variants provided the initial support for a distinct chaperone
to achieve centromere-specific deposition of CENP-A. We
therefore conducted tandem affinity purification from
chromatin-free extracts to identify a prenucleosomal
CENP-A complex(es) (Fig. 7). Consistent with a stepwise
nucleosome assembly in which the (CENP-A:H4)2
tetramer is brought to the DNA separately from the
H2A:H2B dimer, similar to the assembly steps culminating in conventional nucleosome assembly (Smith and
Stillman 1989, 1991; Jackson 1990), we purified a complex that contained CENP-A and histone H4 but was devoid of H2A and H2B. The major unique nonhistone
protein associated with prenucleosomal CENP-A was the
83-kDa protein HJURP (Kato et al. 2007; Dunleavy et al.
2009; Foltz et al. 2009). Note that, although HJURP was
initially named for its ability to interact with a synthetic
Holliday junction in vitro, there is no indication as to
whether this property has any relevance to its role as a

CENP-A-specific histone chaperone. HJURP is, however,
specifically recruited to centromeres in early G1, at the
time when new CENP-A nucleosomes are assembled. Furthermore, SNAP-labeling experiments clearly showed that
the deposition of new CENP-A nucleosomes is specifically eliminated when HJURP is depleted using siRNA.
The interaction between HJURP and CENP-A is mediated
by the CENP-A CATD, because swapping of the CATD
region into histone H3 was sufficient for recognition and
binding by HJURP (Kato et al. 2007; Dunleavy et al.
2009; Foltz et al. 2009).
The CENP-A prenucleosomal complex also includes
two additional proteins—Nucleophosmin1 and RbAp48
(Dunleavy et al. 2009; Foltz et al. 2009). Both proteins
were subsequently identified in affinity purifications of
HJURP (Shuaib et al. 2010), suggesting that NPM1,
RbAp48, HJURP, and CENP-A exist in a common complex. Both RbAp46/48 and NPM1 have proposed roles in
assembly of general chromatin. It is likely that HJURP
provides the specific assembly of CENP-A into chromatin, and NPM1 and RbAp46/48 may have roles in providing chromatin-remodeling properties of this complex
that are required for the deposition of CENP-A nucleosomes into centromeric chromatin, which is likely (but not

Figure 7. Isolation of prenucleosomal histone complexes. (A) Affinity purifications of CENP-A, H3CATD, and histone H3.1 were conducted from chromatin-free extracts to identify CENP-A-specific preassembly complexes (data adapted from Foltz et al. 2009). Prenucleosomal CENP-A is uniquely associated with HJURP and NPM1 compared with histone H3.1. The CATD domain of CENP-A
mediates the recruitment of HJURP as the H3CATD chimeric protein, which is recruited to centromeres, interacts with HJURP. (B) Model
of the distinct histone chaperone complexes used by the histone H3 variants.
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definitively shown) to already contain H3 histones in the
period between centromere DNA replication in S phase
and activation of CENP-A loading at mitotic exit (Fig. 5).
Interestingly, both the epigenetically defined regional
centromere of Schizosaccharomyces pombe and the genetically encoded point centromere of Saccharomyces
cerevisiae require the HJURP homolog Scm3 for the assembly of CENP-A onto centromeres (Mizuguchi et al.
2007; Camahort et al. 2009; Pidoux et al. 2009; Williams
et al. 2009). The timing of centromeric association differs:
In fission yeast, Scm3 is present at the yeast centromere
during the majority of the cell cycle but clearly absent during mitosis (Pidoux et al. 2009; Williams et al. 2009), a
much more expanded time frame than that observed in
vertebrate cells, where HJURP recruitment is restricted to
early G1 (Fig. 5). For budding yeast, the situation is highly
controversial. One hypothesis is for an unusual CENPACse4 hexomeric “nucleosome” in which Scm3 replaces
H2A and H2B (Mizuguchi et al. 2007). Another hypothesis proposes an Scm3-containing trisome of CENP-ACse4,
H4, and Scm3 with right-handed DNA wrapping (Furuyama and Henikoff 2009), and one final proposal is for
more conventional octameric nucleosomes (Camahort et
al. 2009). As we argue elsewhere (Black and Cleveland
2011), a plausible, partial resolution of these conflicting
claims could be that one or more of these represent CENPACse4 chromatin at different points in the budding yeast
cell cycle.
Assembly of histone H3.1 nucleosomes is coupled to
replication. This is achieved through interaction between
histone H3.1 and the MCM replicative helicase and between CAF1p150 and PCNA (Shibahara and Stillman
1999; Moggs et al. 2000; Groth et al. 2007b). Both PCNA
and CAF1p150 are major components of the replication
machinery, such that new histone H3.1 nucleosome assembly occurs in close proximity to DNA synthesis. Exactly how CENP-A assembly is coupled to existing
centromeres is not yet understood. One hypothesis is that
preexisting CENP-A nucleosomes direct the incorporation
of new CENP-A nucleosomes either directly or through
the recruitment of intermediate factors. These factors
could include the covalent modification of surrounding
centromeric chromatin, or one or more members of the
CCAN could play this part. In turn, HJURP must recognize either the existing CENP-A nucleosome or the intermediate factors or modifications they induce to direct the
assembly of new CENP-A nucleosomes.
Purifications of prenucleosomal or nucleosomal CENPA and HJURP have failed to identify a mammalian Mis18
homolog, and likewise, HJURP and CENP-A are not evident in purifications of the members of the Mis18 complex, as mentioned above. This finding has led to the
hypothesis that the Mis18 complex is required for priming
the centromere in preparation for HJURP-mediated CENPA nucleosome assembly (Fujita et al. 2007; Silva and
Jansen 2009). Other factors with roles in CENP-A assembly may include Rsf-1 and SNF2h, both of which are part
of the remodeling and spacing factor (RSF) complex. This
chromatin-targeted ATPase has been implicated in CENPA assembly and suggested to participate in the nucleosome
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incorporation step (Perpelescu et al. 2009). In addition, the
small GTPase-activating protein MgcRacGAP, previously
implicated in cyctokinesis, has now been identified as a
component involved in CENP-A assembly (Lagana et al.
2010). Strikingly, Rsf-1 and MgcRacGAP along with one
of its targets, Cdc42, in human cells localize to centromeres
during mid and late G1, respectively (Perpelescu et al.
2009; Lagana et al. 2010). Although it is unclear to what
extent these processes are temporally distinct and to what
aspect of centromeric CENP-A metabolism they contribute, it appears likely that the incorporation of new
CENP-A into centromeric chromatin is a multistep process
that may span several hours. In agreement with this notion,
quantitative fluorescent measurements of centromeric
CENP-A levels indicate that, although CENP-A assembly
initiates in early G1, accumulation of CENP-A can continue for up to 10 h in human HeLa cells (Lagana et al.
2010).
ALTERNATE FORMS OF CENTROMERIC
NUCLEOSOMES: VERDICT IS STILL OUT
Although several studies have supported the notion that
CENP-A is present at the centromere in octameric nucleosomes ([CENP-A:H4:H2A:H2B]2 + DNA) in which it replaces both copies of H3 (Shelby et al. 1997; Foltz et al.
2006; Camahort et al. 2009), several other proposals (some
introduced above) have been put forward (Dalal et al. 2007;
Mizuguchi et al. 2007; Furuyama and Henikoff 2009;
Lavelle et al. 2009; Williams et al. 2009). Of these proposals, some are likely to represent G1 assembly intermediates
in the assembly/maturation of centromere-specifying nucleosomes, involving either the absence (Williams et al.
2009) or replacement of H2A/H2B dimers with the putative chromatin assembly protein Scm3/HJURP (Mizuguchi
et al. 2007).
A much more unconventional challenge to an octameric
configuration has come from Henikoff and colleagues
with the initial proposal that CENP-A exists at centromeres in a hemisomal configuration with one copy each
of CENP-A, H4, H2A, and H2B (Dalal et al. 2007) and
extended more recently to include a model of right-handed
DNA wrapping (Furuyama and Henikoff 2009), opposite
of the left-handed wrapping that induces negative supercoils following conventional nucleosome assembly into
closed, circular DNA. Initial findings interpreted to support the hemisome proposal emerged from atomic force
microscopy (AFM) evidence that CENP-ACid chromatin
purified from Drosophila cells (Dalal et al. 2007) (and recently extended to CENP-A-containing material derived
from mammalian [HeLa] cells [Dimitriadis et al. 2010])
indicate that immunopurified CENP-A chromatin is half
the height of the major nucleosome conformation observed in unpurified bulk chromatin.
It is important to note that the hemisome model conflicts with data from structural and functional studies that
indicate that the CENP-A/CENP-A interface, completely
absent in a hemisome model, is an essential feature of a
CENP-A-containing nucleosome (Camahort et al. 2009;
Sekulic et al. 2010), even conferring specificity for a ho-
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Figure 8. CENP-A assembles into octameric nucleosomes with conventional left-handed DNA
wrapping (data adapted from Sekulic et al. 2010).
(A) Histone content of assembled H3- and CENPA-containing nucleosomes. (B) Digestion of nucleosome arrays with micrococcal nuclease reveals
that both H3- and CENP-A-containing nucleosomes protect ~150 bp of DNA. (C–F) Topological
analysis of H3- (C,D) and CENP-A-containing
(E,F) nucleosomes. Analysis by gel electrophoresis
in the absence (C,E) or presence (D,F) of chloroquine reveals that both H3- and CENP-A-containing nucleosomes wrap DNA in a left-handed
manner.

motypic (two copies of CENP-A) versus a heterotypic
(one copy each, CENP-A and H3) nucleosome (in the case
of budding yeast) (Kingston et al. 2011). Indeed, human
CENP-A self-assembles with histones H2A, H2B, and H4
into octameric nucleosomes that protect ~150 bp of DNA
from nuclease digestion and wrap DNA with the conventional left-handedness, inducing negative supercoils into
DNA (Fig. 8) (Sekulic et al. 2010).
Beyond the structural evidence against the hemisome
model, there are also plausible alternative interpretations
of the primary evidence (intranucleosomal chemical crosslinking [Dalal et al. 2007], atomic force microscopy [Dalal
et al. 2007], and apparent handedness of DNA supercoiling
[Furuyama and Henikoff 2009]) that support the hemisome
model (Black and Bassett 2008; Lavelle et al. 2009):
1. The cross-linking experiments were done with dimethyl
suberimidate, something used early on in nucleosome
studies to define the oligomeric state of purified subnucleosomal (H3:H4)2 heterotetramers and H2A:H2B
heterodimers (Kornberg and Thomas 1974). This linker
has an 11 Å spacer arm and interacts with primary
amines. Within conventional nucleosomes, most of the
interhistone cross-links are between H2B and the other
histones (H2A, H3, and H4) within “half” of the nucleosomes, with cross-links at the interface between
H3:H3 less efficient (Suda and Iwai 1979). The H3:H3
cross-links very likely come from lysines at positions
115 and 122 (K115 and K115′ are ~8 Å apart, K115
and K122′ are ~5 Å apart, and K122 and K122′ are ~15
Å apart, with side chains facing each other in each case)

(Luger et al. 1997). The Drosophila CENP-ACID used
in the cross-linking studies lacks these lysines, and the
nearest residue with a cross-linkable side chain is a lysine at the position corresponding to I112 in H3. For
this pair of lysines at the putative CID:CID interface,
the lysines are predicted to be ~20 Å apart and oriented
so that their side chains are in opposite directions
(Luger et al. 1997). Less efficient cross-linking of an
octameric species, in the case of CID nucleosomes, is
therefore the expected result, even if they exist in an octameric form with two copies of CID.
2. Interpreting the “height” of DNA complexes with
AFM is not as straightforward as it initially seems.
Well-established AFM distortions measure the height
of double-stranded DNA at 0.5–0.8 nm, instead of its
native 2.0–2.5-nm diameter (Dalal et al. 2007; Klinov
et al. 2009). Furthermore, because there is no additional height reported from copurifying centromere
components (e.g., CENP-B, CENP-C, and presumably
other CCAN components), the ~1.7-nm CENP-A nucleosome height and the ~3.5-nm bulk chromatin nucleosome height (Dalal et al. 2007; Dimitriadis et al.
2010) are each likely primarily contributed by the number of DNA wraps/crosses, not the protein constituents.
Although height difference has been interpreted as evidence for a hemisome, it is also consistent with
changes in DNA wrapping within an octameric nucleosome occurring during CENP-A nucleosome immunopurification (Dalal et al. 2007; Dimitriadis et al.
2010), either as a consequence of proposed changes of
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nucleosome shape (Sekulic et al. 2010) or as a function
of actual differences in DNA wrapping in native chromatin. To the latter point, reconstituted CENP-A nucleosomes do not favor the conventional crossed DNA
at the entry/exit site and likewise also disfavor linker
histone binding (Conde e Silva et al. 2007). The altered
DNA crossing arises from weakening of the interaction
between the αN helix of human CENP-A and the
entry/exit DNA that fails to clamp the final turn of nucleosomal DNA, as well as the corresponding αN helix
of H3 (Conde e Silva et al. 2007). Similar loss of tight
binding at the DNA entry/exit site is also the case for
budding yeast CENP-A, which forms octameric nucleosomes that wrap only ~125 bp of DNA (i.e., approximately one turn of DNA missing at each DNA
entry/exit site) (Kingston et al. 2011).
3. For the in vitro supercoiling experiments that were interpreted to indicate unconventional right-handed DNA
wrapping of CENP-ACid-containing nucleosomes,
Prunell and colleagues (Lavelle et al. 2009) have argued
that there are equally plausible, alternative interpretations. Included here are unconventional intra- and interhistone particle interactions of one type or a mixture of
tetrasomes (CENP-A:H4)2, hexasomes (CENP-A:H4)2
(H2A:H2B), or octameric nucleosomes (CENP-A:H4:
H2A:H2B)2. As an example of this, Lavelle et al. (2009)
have pointed out that archael HMf histones induce negative supercoils when assembled onto DNA as a single
particle but probably have higher-order interactions that
trap positive supercoils on multiparticle arrays such as
those used for Drosophila CID (Furuyama and Henikoff
2009). In addition, Lavelle et al. (2009) note that generic
histone chaperones (e.g., Nap1 or RbAp48 used by Furuyama and Henikoff [2009]) are prone to promoting
misassembly into a mixture of subnucleosomal particles
whose interactions can generate negative or positive supercoiling. Without knowing either the regularity (or irregularity) or histone stoichiometry of the CID-containing structures assembled onto closed, circular DNA
(as is the case for the evidence of Furuyama and
Henikoff [2009]), it is not possible to determine the
mode by which positive supercoils were generated.
4. Perhaps the most persuasive of the evidence for righthanded DNA wrapping in centromeric chromatin was
the loss, when functional centromere sequences were
included, of two negative supercoils on a budding yeast
minichromosome of a size that could accommodate
nine conventional yeast nucleosomes (Furuyama and
Henikoff 2009). Rather than positive supercoiling at the
centromere, the reduction in negative supercoiling could
also indicate that the inclusion of a centromere and the
centromere proteins and cohesins recruited to it sterically blocks assembly of more than one adjacent conventional nucleosome (and the negative supercoils they
impart). This latter interpretation is firmly supported by
the DNase sensitivity known to flank yeast centromeres
(Bloom and Carbon 1982) and the major higher-order
conformational alterations that yeast centromeres impart
to such minichromosomes (Surcel et al. 2008).
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In sum, the issue of whether CENP-A marks centromeres by conferring distinguishing physical properties
to octameric nucleosomes into which it assembles (Black
et al. 2007a; Sekulic et al. 2010) or whether (and if so,
how) it somehow overcomes its intrinsic spontaneous assembly into octameric nucleosomes in favor of a hemisome (Dalal et al. 2007; Furuyama and Henikoff 2009)
awaits future definitive experimentation. In this vein, it is
important to remember that hemisomes/nucleosomes were
debated in the 1970s for conventional nucleosomes (e.g.,
see Weintraub et al. 1976), and many complementary approaches with native chromatin and purified components
were required to form our current view of the relevant
major nucleosomal form in chromatin.
CLOSURE OF EPIGENETIC FEEDBACK
LOOP: MODEL FOR CENP-A
TARGETING TO THE CENTROMERE
CENP-A assembly at centromeres in human cells is affected not only by the G1-phase-specific residents described above (Mis18 complex [Fujita et al. 2007; Maddox
et al. 2007] and HJURP [Dunleavy et al. 2009; Foltz et al.
2009]) but also by members of the constitutive centromere
complex (CCAN) and the Mis12 complex (Kline et al.
2006; Okada et al. 2006; Carroll et al. 2010). Merging all
of these findings supports a model in which the CENP-A
prenucleosome complex is targeted to centromeres by
HJURP through an interaction either with constitutive
centromere components or by binding the Mis18:KNL2
proteins (Fig. 9). There is some support for the latter possibility in fission yeast. Scm3Sp interacts with Mis18 in
pull-downs as well as in vitro assays, potentially providing
a molecular link between CENP-A and the Mis18 proteins
(Pidoux et al. 2009).
How then are the Mis18:KNL2 proteins targeted to the
centromeres? The human Mis18: KNL2 proteins arrive at
the centromere in a manner that is largely unaffected by
RNAi-mediated knockdown of CENP-A protein (Hayashi
et al. 2004; Fujita et al. 2007). Consistent with this,
M18BP1/KNL2 protein harbors a divergent Myb/SANT
domain (Boyer et al. 2004; Maddox et al. 2007), suggesting that the complex may be targeted directly to DNA or
histone tails. Perhaps the Mis18:KNL2 proteins may target
to centromeres somewhat distal from CENP-A nucleosomes and “license” the centromere for recruitment of
new CENP-A nucleosomes. In human cells, the consequences of hMis18α depletion apparently can be partially
alleviated by experimentally increasing global acetylation
levels (Fujita et al. 2007), consistent with acetylation of
an as-of-yet-unknown target as a central step involved in
centromere licensing for CENP-A assembly.
How the HJURP:CENP-A:H4 complex targets to the
centromere in human G1 cells is unknown. Members of
the CCAN would be potential candidates. In light of this,
it is noteworthy that the constitutive centromere protein
CENP-N not only binds to CENP-A nucleosomes directly
but also affects CENP-A assembly (Carroll et al. 2010).
This may represent an epigenetic feedback loop in which
the reader (CENP-N) of the epigenetic mark (the CENP-
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Figure 9. Model representing the centromeric chromatin cycle. CENP-A-containing nucleosomes are redistributed during DNA replication in S phase. The resulting mixed CENP-A/H3 chromatin supports kinetochore formation during mitosis. An unknown mitotic
signal triggers “licensing” of centromeres by Mis18:KNL2 proteins in anaphase for subsequence assembly of CENP-A. The molecular
nature of the licensing step is unknown but likely precedes recruitment of CENP-A as a separate step. Assembly of new CENP-A is
mediated by the HJURP-containing prenucleosomal complex throughout the first hours of G1. Targeting of the prenucleosomal complex
may involve the Mis18:KNL2 proteins or CCAN members. Assembly of CENP-A is predicted to involve exchange of H3 from centromeric chromatin and may require additional activities provided by the RSF complex and the small GTPase-activating protein
MgcRacGAP in late G1 (provisionally termed “maturation”).

A nucleosome) contributes to the propagation of that
mark. This may explain, in part, how epigenetic centromere identity provided by the CENP-A nucleosome is
transferred to the next generation of nucleosomes in subsequent cell divisions (Fig. 9).
IMPLICATIONS OF G1 CENP-A
ASSEMBLY FOR CENTROMERE
FUNCTION AND INHERITANCE
The abrupt onset of CENP-A assembly into centromeric
chromatin exclusively after reentry into G1, but not in mitosis, has important implications for epigenetic centromere inheritance. First, the temporal disconnect
between CENP-A assembly in G1 and histone H3 loading
in bulk chromatin in S phase may contribute to providing
specificity in the assembly of these related histone H3
family members. Second, loading of new CENP-A following mitosis dictates that centromeres and the kinetochores
assembled on them proceed through mitosis with only half

the complement of CENP-A. During S phase, CENP-A
protein is diluted among sister centromeres, leaving
CENP-A missing from half the DNA sequences occupied
by it before DNA replication. What protein complexes are
loaded onto these sites has not been established, although
it seems most likely that they are occupied by typical histone H3.1-containing nucleosomes, which are available in
excess during DNA replication.
In agreement with this view, histone H3-containing nucleosomes have been detected on mitotic centromeres interspersed with CENP-A-containing nucleosomes and
have been shown to occupy centromeric chromatin when
CENP-A levels are depleted (Blower et al. 2002; Sullivan
and Karpen 2004). G1 assembly of CENP-A directly suggests that H3 found interspersed with CENP-A on mitotic
chromosomes may represent the pool that acts as a placeholder for exchange with CENP-A later. In this way, H3
represents an integral part of mitotic centromeric chromatin that may help promote kinetochore formation during mitosis. Indeed, although the constitutive centromere
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proteins CENP-T and CENP-W depend on CENP-A for
their association with centromeres, they also make direct
contacts with H3-containing nucleosomes (Hori et al.
2008a; Ribeiro et al. 2010).
UNRESOLVED: WHAT ACTIVATES
CENTROMERIC CHROMATIN REPLICATION
AT EXIT FROM MITOSIS?
The onset of CENP-A assembly at centromeres at the
end of mitosis firmly supports a model in which loading
of CENP-A requires inactivation of one or more inhibitors
at mitotic exit or activation of one or more key components by entry into early G1. An early proposal hypothesized a role for microtubule-mediated tension generated
across centromeric chromatin in signaling CENP-A assembly (Ahmad and Henikoff 2002a; Mellone and Allshire 2003; Allshire and Karpen 2008). This possibility
has been disproven, at least in a strict sense, because exit
from mitosis in which all kinetochore–microtubule attachment was blocked still triggered comparable CENP-A
loading at centromeres in the subsequent G1 (Jansen et al.
2007; Schuh et al. 2007). A role for a putative diffusible,
cytoplasmic factor sufficient to trigger CENP-A assembly
has also been eliminated by cell–cell fusion experiments
in which G2-phase cells were fused to G1-phase cells.
Under those conditions, the G1-derived nucleus was proficient in assembly of new CENP-A, whereas the G2-derived nucleus was not, despite bearing a nascent, unloaded
pool of CENP-A and sharing the same cytoplasm with the
actively loading G1 nucleus (Jansen et al. 2007).
A highly selective screen for factors that affect CENPA levels at the centromere in Drosophila tissue culture
cells identified four components, two of which are cell
cycle regulators, Cyclin A and RCA1 (known as Emi1 in
mammalian cells) (Erhardt et al. 2008). Both of these factors negatively regulate the anaphase-promoting complex
(APC) activity before mitosis (Zachariae et al. 1998; Di
Fiore and Pines 2007). Although an S/G2 arrest and concurrent endoreduplication (which results from depletion
of either of these factors) were ruled out as the cause for
CENP-ACID delocalization, it is not at all obvious how inhibition of APC activity would positively influence CENPA assembly. Nevertheless, a report of a proportion of
cyclin A bound at centromeres has implicated this factor
in centromere maintenance in a direct manner (Erhardt et
al. 2008), albeit this too is perplexing as cyclin A is destroyed midway through mitosis, yet CENP-A loading is
delayed until earliest G1.
In sum, the critical signal to initiate postmitotic centromeric chromatin replication remains to be identified.
Possibilities include that CENP-A assembly and/or the recruitment of assembly factors at the centromere are dependent on (1) conditioning of chromatin during mitosis
(Mellone and Allshire 2003; Jansen et al. 2007); (2) nuclear
envelope breakdown, thereby allowing access to chromatin
of a specific assembly factor; (3) kinetochore assembly
and/or disassembly (Jansen et al. 2007; Allshire and Karpen
2008); or (4) mitotic modification of CENP-A itself. Any
of these could create an environment that is permissive for
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subsequent CENP-A loading. An additional possibility is
that components of the greater centromere/ kinetochore
(and which are therefore recruited in a CENP-A-dependent
manner) may, in turn, affect CENP-A loading or stabilization after loading. Indeed, defects in structural centromere
proteins have been shown to affect CENP-A levels, which
includes proteins that assemble during mitosis (Kline et al.
2006; Okada et al. 2006; Carroll et al. 2010).
OUTLOOK
The centromere is the chromosomal element whose job
is to ensure faithful Mendelian inheritance of chromosomes; yet, the molecular basis for specifying centromere
identity and its maintenance through generations is just
now being uncovered. Although substantial progress has
been made in determining how CENP-A physically marks
the chromatin into which it assembles, defining when
newly expressed CENP-A is deposited into centromeric
chromatin each cell cycle, and identifying the proteins recruited to centromeric nucleosomes and those that chaperone newly made CENP-A to the centromeres, major issues
remain to be resolved for understanding how centromeres
are epigenetically replicated every cell cycle (Fig. 9). Issues of immediate attention are resolving what are the
major oligomeric form(s) of CENP-A nucleosomes
through the cell cycle, characterizing the regulatory mechanisms that restrict newly expressed CENP-A centromere
deposition to G1, and understanding the precise role of the
HJURP chaperone in the assembly reaction that culminates
in deposition of CENP-A into centromeric chromatin.
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