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Abstract

The centromere is a specialized locus that directs the formation of the kinetochore protein complex 

for correct chromosome segregation. The specific centromere histone H3 variant CENP-A has 

been de-scribed as the epigenetic mark of this chromatin region. Several laboratories have 

explored its properties, its partners, and its role in centromere formation. Specifically, two types of 

CENP-A nucleosomes have been described, suggesting there may be more complexity involved in 

centromere structure than previously thought. Recent work adds to this paradox by questioning the 

role of CENP-A as a unique centromeric mark and highlighting the assembly of a functional 

kinetochore in the absence of CENP-A. In this review, we discuss recent literature on the CENP-A 

nucleosomes and the debate on its role in kinetochore formation and centromere identity.
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Introduction

The centromere is the constriction site of chromosomes where the architectural protein 

complex called the kinetochore is formed. This network of 40 plus proteins plays a role at 

the interface between the chromosome and the microtubule spindles and ensures correct 

chromosome segregation. The role of centromeres is conserved in eukaryotes, but 

centromeres are not associated with a conserved DNA sequence across the species, and 

neocentromere can form at non-centromeric sequences (Blower et al. 2002; Saffery et al. 

2000). The establishment of centromeres and kinetochores is dependent on the centromeric 

histone H3 variant (CENH3 or CENP-A), which presents properties different from that of 

canonical histone H3, and generates a unique chromatin organization (Sullivan and Karpen 

2004). An ongoing controversy within the centromere field is the molecular structure of the 

centromeric nucleosome. Data from various laboratories have shown two possible modes of 

organization: an octamer and a tetramer. In addition, others have questioned the essential 

role of CENP-A nucleosomes as the sole epigenetic mark of centromeres, instead illustrating 

the importance of other kinetochore partners such as CENP-C. In this review, we present 

recent literature on CENP-A properties and its participation in different complexes. We also 
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highlight how heterogeneity of structure may contribute to centromere function over the cell 

cycle. In addition, we discuss provocative new findings suggesting that CENP-A might be 

dispensable for kinetochore formation. Finally, we summarize the impact of recent results on 

models of centromere inheritance, and discuss new avenues of research investigating 

centromere structure and function.

CENP-A and H3: complementary leaders for the establishment of a unique 

chromatin domain

The smallest unit of chromatin is an octamer of histone proteins called a nucleosome, 

wrapped by 147 bp of DNA in a left-handed fashion (Luger et al. 1997). In its canonical 

version, the nucleosome is composed of two H3–H4 heterodimers associated together as a 

tetramer and surrounded on each side by an H2A–H2B heterodimer. The repetition of 

nucleosome units constitutes an 11-nm fiber, or “beads on a string” structure, which is 

further organized into a higher level of condensation by the linker histone H1 to form a 30-

nm fiber (Robinson and Rhodes 2006). Chromatin-binding proteins and posttranslational 

modifications of histones participate in chromatin organization to finally form a panel of 

structures, ranging from open and accessible to tightly condensed, and resulting in different 

levels of permissiveness to transcription (Li and Reinberg 2011; van Steensel 2011). 

Furthermore, the inclusion of histone variants within the fiber increases the number of 

chromatin configurations that are possible. To date, variants of histones H3, H2A, and H2B 

have been described, each with specific characteristics such as altered hydrophobicity, 

capacity for posttranslational modifications, association with protein partners, and sub-

chromatin localization, all of which contribute to genome plasticity (Yuan and Zhu 2012).

CENP-A is a histone H3 variant specifically enriched at centromeres. In contrast to other 

histones, CENP-A has evolved rapidly and is poorly conserved in most species, particularly 

within its N-terminal tail, which varies in size and sequence (from 20 to 200 amino acids; 

Malik and Henikoff 2003; Talbert et al. 2002, 2004; Schueler et al. 2010; Hirsch et al. 2009). 

The highest homology with canonical histone H3.1 (50 %) is observed within the carboxy-

terminal histone fold domain, excluding a 42-amino acid region (loop1 and α2-helix) 

identified as the CENP-A-targeting domain (CATD) (Black et al. 2004; Shelby et al. 1997; 

Vermaak et al. 2002). Although the CENP-A protein sequence differs amongst species, 

CENP-A remains the mark of centromeres in all eukaryotes and is thought to be essential for 

their structure and function.

Centromeric chromatin is not solely composed of CENP-A nucleosomes, but rather displays 

a pattern of alternating domains containing both H3.1 and H3.3 nucleosomes (Fig. 1a; 

Blower et al. 2002; Dunleavy et al. 2011; Sullivan and Karpen 2004). Consistent with 

condensed chromatin folding, H3-containing nucleosomes within centromeres are 

hypoacetylated (Sullivan and Karpen 2004). Paradoxically, dimethylation on lysine 4 

(H3K4me2), a mark mainly associated with gene expression, is also found at centromeres 

(Sullivan and Karpen 2004). Indeed, active transcription has been described to be essential 

for the maintenance of the centromere, demonstrating the permissive nature of this locus and 

belying its cytological appearance (Topp et al. 2004). Moreover, the loss of permissive 
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posttranslational modifications of H3 affects CENP-A recruitment and, in turn, kinetochore 

structure and function (Bergmann et al. 2011). Thus, centromeres appear to contain 

multivalent H3 domains.

During the cell cycle, H3 and CENP-A domains within the centromere recruit centromeric 

proteins in a specific order, to form the kinetochore and to assure correct chromosome 

segregation. For example, CENP-C and CENP-N have been described as direct partners of 

CENP-A nucleosomes, whereas CENP-T and CENP-W show a preference for H3 

nucleosomes (Carroll et al. 2009, 2010; Hori et al. 2008). Despite the fact that the identity of 

most centromeric proteins is known, the organizing principle driving their orderly 

association has not yet been elucidated. A recent advance comes from three-dimensional 

views of mitotic chromosomes obtained by electron microscopy (EM), which revealed a 

precise arrangement of centromeric fibers, so that CENP-A domains are extruded to the 

surface of the constriction, whereas H3 domains are buried deeper inside (Fig. 1b; Blower et 

al. 2002; Marshall et al. 2008). However, recent data derived from super-resolution 

microscopy and field emission scanning EM have challenged this model (Fig. 1c; Ribeiro et 

al. 2010; Schroeder-Reiter et al. 2012). According to the alternative model, chromatin 

folding leads to planar sinusoidal layers of centromeric fibers, forming a boustrophedon, 

which results in the exposure of both, CENP-A and H3 nucleosomes, at the surface of the 

constriction. This model highlights the fact that both histones are involved in the recruitment 

of kinetochore proteins (Carroll et al. 2009, 2010; Hori et al. 2008). Thus, chromatin 

organization at the centromere is elaborate, and structural differences between H3 and 

CENP-A nucleosomes, and their respective chromatin fibers, may contribute to the basal 

level of such complexity.

CENP-A: a histone variant with a panel of potential nucleosome structures

The conservative view of the CENP-A nucleosome: the octamer

The smallest unit of canonical H3 chromatin is an octamer. Consequently, this structure has 

also been proposed as a model for the CENP-A nucleosome, and has been confirmed in vitro 

using purified proteins from several species in the presence or the absence of histone 

chaperones, such as nucleosome assembly protein 1 (NAP1) and HJURP/Scm3 (Holliday 

junction recognition protein; Black et al. 2004; Camahort et al. 2009; Dechassa et al. 2011; 

Kingston et al. 2011; Sekulic et al. 2010; Tachiwana et al. 2011; Yoda et al. 2000). These 

studies also revealed specific characteristics of the CENP-A nucleosome (Conde e Silva et 

al. 2007; Kingston et al. 2011; Yoda et al. 2000). First, the hypothesis of a hybrid octamer, 

i.e., containing one copy of H3 and one copy of CENP-A, has been excluded. Mixing both 

histones in chromatin reconstitution assays in vitro leads to the formation of either CENP-A- 

or H3-containing nucleosomes, but not a mixture containing both (Kingston et al. 2011). The 

basis for this selectivity is unclear, and in vivo, the consequences of such exclusivity have 

not yet been explored. Second, CENP-A complexes migrate slower than canonical 

nucleosomes in sucrose or glycerol gradient and electromobility shift assays, suggesting a 

larger volume (Dechassa et al. 2011; Yoda et al. 2000). In addition, small-angle X-ray 

scattering suggests an elongated CENP-A nucleosome structure (Dechassa et al. 2011). 

However, DNA digestion stud-ies seemingly contradict this finding. Whereas the 

Quénet and Dalal Page 3

Chromosome Res. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



micrococcal nuclease (MNase)-protected DNA fragment of the H3 nucleosome is 147 bp, 

the CENP-A nucleosome protects only 120–125 bp (Dechassa et al. 2011; Kingston et al. 

2011). Reduced interaction of DNA with the CENP-A octamer, and reduced binding at the 

entry and exit of the centromeric nucleosome, have both been observed by EM. These data 

suggest that the slower migration does not result from an increased octameric volume, but 

rather from unbound DNA protruding off the edges of the CENP-A nucleosome (Tachiwana 

et al. 2011). Third, an unanticipated instability of the CENP-A nucleoprotein complex has 

been revealed. Within in vitro-reconstituted CENP-A octamers, the dissociation of one H2A-

H2B dimer in the presence of the chaperone NAP1 is faster than in the H3 octamer, and the 

(CENP-A-H4)2 tetramers are more easily destabilized than (H3-H4)2 tetramers (Conde e 

Silva et al. 2007). More intriguingly, DNA binding to the (CENP-A-H4)2 tetramer is 

unfavorable compared to the corresponding (H3-H4)2 tetramer, leading to a low efficiency of 

(CENP-A-H4)2 tetramer reconstitution (only 0.05 % of the total input protein; Camahort et 

al. 2009; Conde e Silva et al. 2007). Yet, octamer reconstitution using purified histones from 

yeast is more efficient for CENP-A than for H3 (Camahort et al. 2009). Adding to the 

confusion, analysis of reconstituted CENP-A chromatin after prolonged storage highlights 

the lack of stability of octameric CENP-A nucleosomes in vitro. Whereas H3 and CENP-A 

particles are equally stable when reconstituted on generic DNA (601 sequence or fragment 

of pBR322 plasmid), CENP-A nucleosomes (but not H3 nucleosomes) on centromeric DNA 

are completely destabilized (Dechassa et al. 2011). The discrepancy between the efficiency 

of CENP-A nucleosome reconstitution and its subsequent stability suggests that even though 

the CENP-A octamer can be formed, this structure is inherently unstable on centromeric 

DNA. This implies that, in vivo, CENP-A octamers either exist only transiently or require 

non-histone factors for stability.

To better understand the differences between CENP-A and H3, several groups have analyzed 

the atomic structure of CENP-A complexes. Confirming previous results (Black et al. 2004), 

the crystal structure of the DNA-free (CENP-A-H4)2 tetramer, compared to computational 

modeling of the (H3-H4)2 tetramer, shows a more compact and rigid complex (Fig. 2a; 

Sekulic et al. 2010). Compaction of the tetramer results from a rotational difference between 

CENP-A/H4 dimer pairs, leading to a stronger contact between residues at their interface. A 

key difference appears to be a positively charged bulge in the N-terminal part of loop1, 

where aspartate residues of H3 are replaced by lysine and arginine in CENP-A (at positions 

77 and 80, respectively). Other areas present differences in hydrophobicity, particularly at 

the extremities of the interface between CENP-A and H4, potentially contributing to the loss 

of flexibility. In contrast, the recently solved crystal structure of the entire CENP-A octamer 

did not confirm either the subtle rotation at the CENP-A/CENP-A interface or the rigidity of 

the (CENP-A-H4)2 tetramer (Tachiwana et al. 2011). Surprisingly, the CENP-A nucleosome 

was super-imposable with the H3 octamer (Fig. 2b). Still, the αN helix, which contributes to 

DNA stability around the octamer, is shorter in CENP-A than in H3, resulting in an unfixed 

conformation of the 13 bp at both entry and exit of the nucleosome. Consequently, only 121 

bp of DNA are observed in the crystal structure. Tachiwana et al (2011). extend an attractive 

hypothesis for the potential usefulness of the exposure of DNA ends in the CENP-A 

nucleosome. They propose that the binding of the CENP-B protein to its centromeric DNA 

motif (CENP-B box) is enhanced by the proximity of this motif to the entry or exit of the 
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CENP-A nucleosome (Tanaka et al. 2005). Consequently, the flexible entry/ exit DNA could 

participate in the spatial organization of centromeric DNA-binding proteins such as CENP-B 

and CENP-C. In addition, CENP-A loop1 projects outside the nucleosome, thus maintaining 

its accessibility to centromeric factors, but is less flexible than the corresponding region in 

the (CENP-A-H4)2 tetramer crystal (Fig. 2a; Sekulic et al. 2010, Tachiwana et al. 2011). The 

importance of loop1 is illustrated by the fact that two residues in loop1, Arginine80 and 

Glycine81, are required for stable CENP-A maintenance at centromeres (Tachiwana et al. 

2011). Factors which bind loop1 remain unknown. Finally, in the octamer, the C-terminal 

domain of CENP-A also remains unstructured, suggesting a potential role as a docking site 

for non-histone proteins.

The liberal view of the CENP-A nucleosome: the heterotetramer

An alternative tetrameric structure for CENP-A nucleosomes was proposed based on 

findings in Drosophila, subsequently leading to an energetic debate in the field (Dalal et al. 

2007). In vivo chromatin cross-linking experiments of the CENP-A nucleosome in fly 

detected a tetrameric complex, whereas in vitro, both CENP-A octamers and tetramers were 

observed. Further experimental dissection of fly centromeric nucleosomes shed more light 

on these findings. Biochemical purifications demonstrated one copy of each H2A, H2B, H4, 

and CENP-A within the nucleosome, nuclease protection assays showed less than 1.5 turns 

of DNA, and native polyacrylamide gel electrophoresis analysis supported the existence of a 

smaller or more compact particle than the H3 octamer. Two biophysical approaches, EM and 

atomic force microscopy (AFM), demonstrated that purified CENP-A nucleosomes were 

smaller than, and half the height of, H3 octamers (Dalal et al. 2007). Subsequent AFM 

studies coupled with recognition imaging using a specific antibody against CENP-A 

demonstrated that single CENP-A epitopes could be detected with the tetrameric structures, 

confirming previous results (Wang et al. 2008). These results indicate that, in vivo, fly 

CENP-A nucleosomes can exist in a non-canonical tetramer form, which was also recently 

found to exist in human cells under varying salt conditions (Dimitriadis et al. 2010). In 

addition, immuno-EM experiments confirmed the heterotetrameric composition of this 

nucleosome by detecting H2B and CENP-A within these tetrameric nucleosomes, 

subsequently called “hemisomes” (Dimitriadis et al. 2010; Tatchell and Van Holde 1979; 

Lavelle and Prunell 2007).

In yeast, MNase digestion of centromeric DNA generates a ~130 bp product, too short to 

wrap around an octamer and too long for a tetramer (Bloom and Carbon 1982). A hypothesis 

proposed by Cole et al. (2011) is that centromeric proteins CBF1 and CBF3 (centromere 

binding factors 1 and 3, respectively), which interact directly with centromeric DNA and 

promote the formation of a loop in vitro, might be tightly associated with the tetramer to 

form a bigger centromeric complex. This model has been supported by recent 

crystallographic data showing that Ndc10, a subunit of CBF3, binds as a dimer and protects 

50 bp of centromeric DNA, leaving only ~80 bp DNA—i.e., a single turn—to wrap around 

the CENP-A nucleosome (Cho and Harrison 2012).

Finally, in vitro and in vivo studies highlight an alternative topology induced by the presence 

of yeast CENP-A nucleosome, consistent with right-handed DNA wrapping (Furuyama and 
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Henikoff 2009; Huang et al. 2011). This positive supercoiling was previously described in 

vitro for the (H3–H4)2 tetramer, which can wrap DNA in either direction (Hamiche et al. 

1996). However, the (CENP-A–H4)2 tetramer cannot be positively wrapped by DNA 

efficiently, suggesting that such wrapping in vivo might occur only around the (CENP-A–

H4–H2A–H2B) tetramer or require additional factors (Conde e Silva et al. 2007). If right-

handed nucleosomal wrapping were discovered for other species’ CENP-A nucleosomes in 

vivo, it would change not only the orientation of the nucleosome on chromatin, exposing 

novel sites for specific centromeric partners, but also the folding of the chromatin fiber.

The moderate view of the CENP-A nucleosome: the dynamic model

The observation of different structures for CENP-A nucleosomes is controversial and has not 

yet been resolved. It has been suggested that different techniques in different studies could 

generate artifacts. However, this hypothesis is not satisfying because studies described 

herein combine various approaches using CENP-A from more than one species to arrive at 

their conclusion. The octamer has been mainly observed in vitro, whereas the tetramer has 

been shown preferentially in vivo. One attractive possibility is that in the cell, the 

microenvironment (chaperones, protein partners, posttranslational modifications) may 

regulate CENP-A nucleosome structure and stability, contributing to a potential switch 

between stable octamers and tetramers. Mimicking the cellular context in vitro is difficult 

and may favor one configuration over another. Sample fixation method may also contribute 

to the confusion, as might be the case with two conflicting studies examining CENP-A 

nucleosome structure and stability in Drosophila cells (Dalal et al. 2007; Zhang et al. 2012). 

When the classical intranucleosomal cross-linker dimethylsuberimidate (DMS) was used for 

fixing CENP-A nucleosomes, octameric structures were observed in vitro; both octamers 

and tetramers were detected in mitotic cells, but only tetramers were observed in 

asynchronous cells (Dalal et al. 2007). DMS cross-linking relies on the availability of 

primary amines (lysines), thus trapping cross-wise interactions between H4, H2A, H2B, and 

H3 or CENP-A within nucleosome (Thomas and Kornberg 1975a, b). In contrast, a recent 

study inferred the presence of CENP-A octamers in asynchronous fly cells using the 

cysteine cross-linking agent copper phenanthroline (Zhang et al. 2012). Cysteines are found 

in H3 (position 110) and CENP-A (position 75), but not in H2A, H2B, or H4 (Zhang et al. 

2012). Therefore, this approach cannot directly discriminate between tetrameric (CENP-A–

H4–H2A–H2B) or octameric configurations, but can inform on CENP-A/CENP-A 

interactions. Interestingly, cysteine/cysteine CENP-A interactions were detected in non-

physiological salt (50 mM NaCl), but not in physiological salt (150 mM NaCl), leading to 

the interpretation that the CENP-A octamer is unstable under physiological conditions found 

in vivo. An important implication of this result is that CENP-A nucleosomes could 

interconvert between hemisomes and octamers in vivo depending on environmental cues. 

Two caveats exist to temper this interpretation with caution. The first is that copper 

phenanthroline has long been used in the chromatin field as a chemical nuclease (Brogaard 

al. 2012; Jessee et al. 1982), leaving open the possibility that non-nucleosomal/solubilized 

CENP-A could contribute to the results obtained above. The second is that the stability of 

human CENP-A octamer was shown to remain unchanged under varying salt conditions in 

vitro (Sekulic et al. 2010). Thus, additional factors might be necessary to contribute to 

potential CENP-A dynamics in situ.
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The possibility that the CENP-A nucleosome can interconvert between two forms, and the 

physiological relevance of such bistability, is an exciting new avenue of research that is 

being actively pursued (Fig. 3; Dalal and Bui 2010; Probst et al. 2009). CENP-A domains 

are replicated in late S phase in human cells, a time at which no new CENP-A is available, 

leading to the dilution of this centromeric mark (Shelby et al. 2000). To maintain centromere 

identity, it has been proposed that disassembled CENP-A nucleosomes may be recycled as 

heterotetramers after the replication fork has passed (Probst et al. 2009; Dalal and Bui 

2010). Consequently, it is feasible that following its synthesis during G2, when new CENP-

A is incorporated in the early G1 phase of the next cell cycle (Hemmerich et al. 2008; Jansen 

et al. 2007), it forms an octamer in advance of the next replication (Dalal and Bui. 2010). If 

such dynamics do exist, the histone chaperone HJURP likely plays a pivotal role in this 

process. It has been shown that HJURP accumulates at centromeres at the late telophase–

early G1, the time of CENP-A incorporation, and remains for a couple of hours (Dunleavy et 

al. 2009; Foltz et al. 2009). It is currently unknown whether HJURP could return after the S 

phase to recycle CENP-A. If correct, such a model reconciles specific properties of CENP-A 

and could potentially explain why laboratories have obtained different data, while pointing 

to an entirely novel mechanism involved in epigenetic inheritance.

Potential physiological roles for a dynamic CENP-A nucleosome

If the CENP-A octamer is unstable in vivo, as has been demonstrated experimentally in 

vitro, such a structure may be disrupted at mitosis, leading to kinetochore instability, 

centromere fragility, and segregation defects. Consequently, evolutionary selection for a 

stable CENP-A tetramer may have occurred to avoid accidental dissociation of the 

nucleosome. We speculate that the CENP-A tetramer might be flexible to deformation 

during mitosis. Indeed, evidence pointing to this possibility comes from recent analysis of 

kinetochore–microtubule interactions, which reveals large distortions of the inner, but not 

outer, kinetochore when bound to microtubules (Fig. 4; Suzuki et al. 2011).

A second advantage to an unstable octamer is the prevention of non-centromeric 

incorporation. Secure CENP-A nucleosomes may require the presence of another 

centromeric protein whose recruitment depends not only on CENP-A, but also on other 

centromeric cues. The strongest such candidate is CENP-C, which interacts with H3 and 

CENP-A nucleosomes at the centromere, binds centromeric DNA, is recruited by 

centromeric RNA, and whose depletion causes CENP-A loss (Du et al. 2010; Erhardt et al. 

2008; Hori et al. 2008; Moree et al. 2011; Orr and Sunkel 2011). Indeed, recent data have 

shown that CENP-C directly binds the C-terminus of CENP-A (Carroll et al. 2010). Finally, 

as for other histones, the loading of CENP-A is dependent on its histone chaperone HJURP, 

which plays an important role in its targeting and retention at the correct location, as 

discussed below.

CENP-A assembly

A soluble CENP-A–H4–HJURP complex for targeted loading

A series of studies compared the crystal structure of the CENP-A nucleosome alone and in 

complex with its histone chaperone HJURP/Scm3 (Cho and Harrison 2011; Hu et al. 2011; 
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Zhou et al. 2011). These studies help better understand how CENP-A is assembled upon 

DNA in vivo. Since HJURP/Scm3, CENP-A, and H4 form a stochiometric complex, it was 

initially suggested that a hexamer composed of two copies of each might be associated with 

centromeres (Mizuguchi et al. 2007). Indeed, the addition of HJURP replaces histone H2A–

H2B dimers from pre-assembled CENP-A octamers in vitro, suggesting the dissociation of 

the nucleosome into two complexes: HJURP–CENP-A–H4 hexamer/trimer and H2A–H2B 

dimers (potentially associated with HJURP; Camahort et al. 2009; Mizuguchi et al. 2007). 

However, in fission yeast and human cells, after chromatin extraction, CENP-A remains 

associated with H2A, H2B, and H4 in a nucleosomal form without HJURP (Camahort et al. 

2009; Pidoux et al. 2009). This observation suggests that HJURP might not be a stable 

component of centromeric nucleosomes (Xiao et al. 2011).

Crystallographic studies support this interpretation because HJURP and Scm3 binding to 

their cognate CENP-As is incompatible with octamer formation (Cho and Harrison 2011; 

Hu et al. 2011; Zhou et al. 2011). HJURP binds to the CENP-A–H4 dimer with its N-

terminal α-helix, an irregular loop and a β-sheet domain at the C-terminus (Fig. 2c). Both 

CENP-A and H4 display several contact points with HJURP, including through its conserved 

residues within the N-terminal α-helix, such as Arginine32, Lysine39, and Tyrosine40. A 

corresponding important residue in CENP-A is Serine68 in the α1-helix, which is localized 

in a hydrophobic pocket and whose mutation results in loss of specific interaction with 

HJURP (Hu et al. 2011). However, the primary HJURP-binding motif is located within the 

α2-helix of the CENP-A histone fold domain, which is placed in an anti-parallel fashion to 

the N-terminal α-helix of HJURP. Crystalographic and mutation analyses confirm the 

existence of an HJURP–CENP-A–H4 trimer, but disfavor the possibility of a hexameric 

structure (Cho and Harrison 2011; Hu et al. 2011; Zhou et al. 2011). Indeed, the 

superimposition of HJURP–CENP-A–H4 and (CENP-A–H4)2 crystals reveals that HJURP 

would block the CENP-A/CENP-A four-helix bundle interface, involving CENP-A C-

terminal α2-helix. In addition, HJURP would prevent CENP-A-H4 association with DNA 

by blocking DNA wrapping near the Serine68 region. Altogether, these data suggest that 

HJURP disfavors CENP-A association with chromatin by preventing DNA binding and 

CENP-A/CENP-A interactions. Therefore, the HJURP–CENP-A–H4 trimer may be 

considered as an intermediate structure for CENP-A loading before its incorporation and the 

addition of H2A–H2B dimers. This hypothesis is in harmony with fission yeast studies 

showing the release of HJURP from chromatin in early mitosis when CENP-A is stably 

associated with centromeres (Pidoux et al. 2009; Williams et al. 2009). In addition, in vitro 

CENP-A nucleosome reconstitution on centromere sequences is inefficient in the absence of 

HJURP, suggesting the essential role of this histone chaperone in CENP-A loading (Xiao et 

al. 2011). It is possible that HJURP plays a comparable role to the histone chaperone NAP1 

(Torigoe et al. 2011). Using purified histones and NAP1, the in vitro study of nucleosome 

assembly kinetics revealed a sequential mechanism. First, a non-canonical histone–DNA 

intermediate is formed and the histone chaperone is released. Then, the DNA is stably 

wrapped around the octamer in an ATP-dependent mechanism. HJURP may similarly play a 

dual role of loading and regulating the kinetics of CENP-A nucleosome formation.

However, the exact molecular mechanism for the targeted loading of CENP-A and 

conversion from a soluble complex to an octameric structure needs to be investigated further 
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in the context of chromatin. The microenvironment at centromeres, such as H3K4me2 and 

centromeric factors Mis18BP1 (MIS18 binding protein 1) and CENP-C, likely contributes to 

HJURP recruitment in a manner not well understood, but which presumably involves the 

reorganization of centromeric chromatin (Barnhart et al. 2011; Bergmann et al. 2011; Moree 

et al. 2011; Pidoux et al. 2009; Williams et al. 2009).

Outside the centromeric box: rogue CENP-A

Despite all these complexes regulating CENP-A assembly, this histone variant can be 

incorporated easily outside of centromeres (Camahort et al. 2009; Van Hooser et al. 2001; 

Lefrancois et al. 2009; Heun et al. 2006). Low levels of endogenous or overexpressed 

CENP-A have been detected at euchromatin, at Ty-transposable elements, at telomeres, and 

at ribosomal DNA elements (Camahort et al. 2009; Van Hooser et al. 2001; Lefrancois et al. 

2009; Heun et al. 2006). In fly, a genome-wide map of ectopically expressed CENP-A 

location revealed the preferential deposition and maintenance of this histone at 

euchromatin–heterochromatin boundaries (Olszak et al. 2011). An accumulation of this 

histone variant has also been shown at DNA double-strand breaks (Zeitlin et al. 2009).

In yeast, a specific mechanism restricts ectopic accumulation of CENP-A. The E3 ubiquitin 

ligase Psh1 ubiquitinates CENP-A, leading to its proteolysis (Hewawasam et al. 2010; 

Ranjitkar et al. 2010). Interestingly, CENP-A ubiquitination is blocked in the presence of 

HJURP because both HJURP and Psh1 recognize and interact with the CATD (Hewawasam 

et al. 2010; Foltz et al. 2009). Thus, HJURP plays a dual role by targeting CENP-A at 

centromeres, and by protecting the histone from ubiquitin-dependent proteolysis. Still, how 

HJURP specifically protects incorporated CENP-A from Psh1 activity at centromeres, but 

not at ectopic loci, remains mysterious.

Challenging the role of CENP-A nucleosome as the sole epigenetic mark of 

centromere

As we described previously, the centromere is a complex domain composed of nucleosomes 

and centromeric proteins whose integrity is essential for kinetochore formation. CENP-A is 

important for the recruitment of kinetochore proteins. Indeed, either CENP-A or HJURP is 

sufficient to seed centromeres when tethered to ectopic loci (Barnhart et al. 2011; 

Mendiburo et al. 2011). However, at native centromeres, CENP-A is not sufficient by itself 

for the establishment of a functional complex (Gascoigne et al. 2011; Van Hooser et al. 

2001). Therefore, the importance of CENP-A as a sole epigenetic mark of centromeres has 

been questioned. Several laboratories have expanded their investigation to kinetochore 

proteins such as CENP-C, CENP-N, and the CENP-T/CENP-W complex (Hori et al. 2008). 

Recent studies reveal that the ectopic tethering of CENP-C and CENP-T, in the absence of 

CENP-A, triggers the assembly of a functional kinetochore (Gascoigne et al. 2011). In 

addition, CENP-C localization to the centromere is partially independent of CENP-A. 

CENP-C serves as an intermediary complex between inner and outer kinetochores through 

the direct recruitment of several kinetochore proteins in the KMN network (KNL1/Spc105, 

the Mis12 complex, and the Ndc80 complex; Milks et al. 2009; Przewloka et al. 2011; 

Tanaka and Tanaka 2009).
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As for CENP-C, CENP-N depletion affects the recruitment of centromeric proteins, such as 

CENP-H CENP-I, CENP-K, and partially CENP-C and CENP-A, leading to kinetochore 

assembly defects (Carroll et al. 2009). CENP-N recognizes and interacts with CENP-A 

nucleosomes, but is stably associated with centromeres only in S and G2 phases, probably 

for re-establishing kinetochore (Hellwig et al. 2011). These data suggest that CENP-C, and 

CENP-N are also crucial for the establishment of a functional kinetochore (Carroll et al. 

2009, 2010). Similarly, in Drosophila, the protein CAL-1, which may potentially serve as the 

CENP-A chaperone, interacts strongly with CENP-A and CENP-C, and they are mutually 

dependent on each other for their localization at centromeres (Mellone et al. 2011). In 

worms, the protein KNL-2 (kinetochore-null) is essential for CENP-A incorporation, and 

both proteins localize at centromeres in an interdependent manner and cooperate for the 

formation of the kinetochore and correct chromosome segregation (Maddox et al. 2007).

Another important complex is the CENP-T/ CENP-W dimer whose ectopic tethering 

triggers kinetochore formation in the absence of CENP-A (Gascoigne et al. 2011). Similar to 

CENP-A, the CENP-T/CENP-W complex binds DNA through a histone fold domain and 

interacts with the outer kinetochore via its N-terminal domain (Gascoigne et al. 2011). The 

CENP-S/CENP-X complex also contains a histone fold domain, which allows it to interact 

with DNA (Amano et al. 2009). Recent crystallographic studies performed by Nishino et al. 

(2012) reveal the existence of a novel “kineto-chore nucleosome.” (Fig. 5). CENP-T and 

CENP-W form a dimer via their histone fold domains, whereas the CENP-S/CENP-X 

complex prefers a tetrameric (CENP-S/CENP-X)2 structure. However, CENP-T and CENP-

S interact together through their histone fold domains and form with CENP-W and CENP-

X, a stable particle with dimensions similar to a heterotetrameric nucleosome. This ki-

netochore heterotypic tetrameric nucleosome binds ~100 bp of DNA in vitro. However, 

unlike CENP-A, CENP-T and CENP-W are not inherited by daughter cells, suggesting that 

this complex assembles after replication and persists until chromosome segregation 

(Prendergast et al. 2011). Finally, in CENP-S or CENP-T tetramer-defective mutant cells, 

kinetochore formation is impaired, leading to mitotic defects and apoptosis. Thus, these 

complexes are essential for kinetochore formation and probably provide key structural cues 

for defining centromere domains.

Conclusion and future perspectives

Cell integrity depends in part on the cell’s ability to maintain faithful chromosome 

segregation during mitosis. This process is dependent on the centromere, wherein the histone 

variant CENP-A was long assumed to be the sole epigenetic mark. However, studies have 

revealed a more elaborate organization with alternating domains of H3- and CENP-A-

nucleosomes, both essential for centromere function. In addition to the potential for an 

oscillating structure for the CENP-A nucleosome itself, novel kinetochore complexes may 

be essential for maintaining centromere identity. Why so many different soluble and 

chromatin-associated complexes and regulatory pathways are necessary for the correct 

function of the centromere remains mysterious. Expanding studies into organisms with 

smaller centromere complexes, and devising strategies for intact centromere purification, 

will allow for the establishment of a minimal spatial and temporal map of the centromere 

(Akiyoshi et al. 2010).
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Another unexplored avenue is the role of ectopically localized CENP-A. Even though 

several mechanisms police CENP-A targeting to the centromere, ectopic CENP-A 

localization has been observed. Since two types of CENP-A particles might conceivably 

exist at centromeres, a logical question that has not yet been investigated is the structure of 

CENP-A nucleosomes at non-centromeric sites. Can CENP-A form hybrids with other 

histone variants that might alter the properties of chromatin in ectopic regions? Do special 

characteristics exist at ectopic locations that prevent such CENP-A from seeding 

centromeres? Such studies will become important in determining the potential role of 

CENP-A in cancer cells, where it is has long been noted that CENP-A is overexpressed 

(Tomonaga et al. 2003). Despite the difficulty in specifically isolating non-centromeric 

subpopulations of CENP-A nucleosomes, such structural studies will be crucial in 

determining the potential contribution of CENP-A to chromosome fragility. Indeed, 

comparing the differences between CENP-A at centromeres and at ectopic sites may reveal 

not just distinctive centromere-specific interactions and particular functions of this histone 

variant but also how neocentromeres are established de novo.
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HJURP Holliday junction recognition protein

Mis18BP1 MIS18 binding protein 1
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Fig. 1. 
Models of spatial organization of centromeres during chromosome segregation. a Schematic 

of the CENP-A and H3 (dimethylated on lysine 4—H3K4me2) alternating domains at 

centromeres. b Model of CENP-A domain exposure at the surface of the mitotic centromere. 

c Model of boustrophedon organization of the mitotic centromere
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Fig. 2. 
Crystal structure of human CENP-A complexes. a Superimposition of the (CENP-A-H4)2 

tetramer (PDB 3NQJ; Sekulic et al. 2010) and H3 (PDB 1AOI; Luger et al. 1997). b View in 

the axis of the DNA helix of the CENP-A octamer (PDB 3AN2; Tachiwana et al. 2011). c 
Structure of the HJURP-CENP-A-H4 trimer (PDB 3R45; Hu et al. 2011). Important residues 

for the interaction between these three proteins are localized: Serine68 (Ser68) on CENP-A, 

Arginine32 (Arg32), Lysine39 (Lys39), and Tyrosine40 (Tyr40) on HJURP. All ribbon 
diagrams were generated in Pymol (CENP-A in red, H4 in orange, H3 in green, H2A and 

H2B in gray, and HJURP in blue)
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Fig. 3. 
Model of CENP-A nucleosome dynamics over the cell cycle. In the S phase, centromeric 

domain replication is accompanied by the dilution of CENP-A proteins and potentially its 

distribution as a heterotetramer, whereas H3 nucleosomes conserve their octameric structure 

within the centromere. Then, kinetochore proteins are recruited at the centromere, such as 

the complex composed of CENP-T, CENP-W, CENP-S, and CENP-X, for the formation of 

the kinetochore and the correct chromosome segregation. At the exit of mitosis–early G1, 

newly synthesized CENP-A is incorporated into the chromatin to form an octameric 

nucleosome. This remodeling process requires the histone chaperone HJURP (Holliday 

junction recognition protein); still, the exact mechanism is not known
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Fig. 4. 
Deformation of the inner kinetochore after microtubule attachment during mitosis. a For the 

correct chromosome segregation, kinetochore is formed at the centromeric locus. b The 

correct attachment of microtubules to the outer kinetochore leads to produce a tension, 

which will trigger structural changes of the inner kinetochore (oval red structure in b), but 

not the outer kinetochore (gray rectangle in b). The stretch of the inner kinetochore involved 

constitutive centromere-associated network (CCAN) proteins, composed for example of 

CENP-A, CENP-C, CENP-N, CENP-T, CENP-W, CENP-S, or CENP-X

Quénet and Dalal Page 20

Chromosome Res. Author manuscript; available in PMC 2018 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Frontal view of the crystal structure of the CENP-T-W-S-X heterotetramer (PDB 3VH6; 

Nishino et al. 2012). Ribbon diagram was generated in Pymol
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