
The canonical cell cycle is divided into interphase and 
mitosis (FIG. 1). During interphase, cells undergo growth 
(G1 phase) and DNA replication (S phase). After S phase, 
cells undergo another phase of growth (G2 phase) and 
prepare to enter mitosis (M phase). During mitosis, the 
sister chromatids need to be accurately segregated to 
each daughter cell, thereby ensurin g survival from one 
generation to the next. This is facilitated by a complex 
array of proteins that regulate the timing and accuracy of  
chromosome segregation. Chromosome segregation is 
directed by the centromere, a chromosomal locus that 
is required for mitosis and acts as the site of kinetochor e 
formation. The proteinaceous kinetochore (BOX 1) 

ensures proper segregation by linking the chromo-
some to dynamic microtubules (composed of tubulin 
dimer s), thereby forming the mitotic spindle. Because 
the centromere mediates chromosome segregation, it 
is essential that the cell forms only one centromere and 
associated kinetochore attachment per chromosome to 
prevent breakage, although organisms with holocentri c 
chromosomes, such as Caenorhabditis elegans, have 
attachment sites spread throughout the length of the 
chromosome.

Upon entry into mitosis, chromosomes condense, 
and the primary constriction forms at the centromere, 
the region of the chromosome defined by the incorpo-
ration of a histone H3 variant, centromeric protein A 
(CENPA)1,2. The kinetochore is recruited to the centro-
mere, and signalling proteins such as cyclin-dependent 
kinases (CDKs) signal to microtubules originating at the 

centrosomes to form a bipolar spindle and attach to the 
kinetochores. This links the microtubules and chromo-
somes mechanically and through signalling pro cesses 
that sense attachment and force to ensure that all chromo-
somes are bi-oriented and bound before anaphas e onset 
(for more details on mitosis, see REFS 3–6).

Although much is known about the organization and 
structure of the kinetochore, the physical structures of 
centromeric chromatin and pericentromeric chromatin, and 
their contribution to fidelity during chromosome segre-
gation, are not as clear. Recent studies have shed new 
light on a range of topics, including the composition of 
the centromeric nucleosome, the histone modifications 
and variants that are unique to the centromeric chroma-
tin, and the physical organization of this region during 
mitosis. These studies have expanded our understanding 
of how the centromere functions to ensure segregation 
fidelity and prevent errors that lead to aneuploidy, which 
can ultimately lead to cancer and diseases such as Down’s 
syndrome, Edwards’ syndrome and Patau’s syndrome.

In this Review, we describe the distinct properties that 
define centromeric chromatin, including associated pro-
teins, epigenetics and histone variants. We also examine 
the physical architecture of the chromatin and its spatial 
geometry, and discuss the mechanical and physical prop-
erties of the pericentric chromatin and the importance of 
maintaining the balance of forces during mitosis. From 
this work, it is evident that the centromere does not serve 
passively as a site (or ‘landing pad’) for kinetochore for-
mation, but that the underlying chromatin itself dictates, 
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Kinetochore
A multiprotein complex that 
assembles on centromeric 
DNA and mediates the 
attachment and movement  
of chromosomes along the 
microtubules of the mitotic 
spindle.

Holocentric chromosomes
Chromosomes lacking a 
localized centromere and 
primary constriction site. In 
holocentric chromosomes, 
kinetochores are diffuse  
and kinetochore microtubules 
attach along the length of  
the chromosome.

Centrosomes
Specialized organelles that 
duplicate during interphase 
and that constitute the centre 
of the mitotic spindle.

Centromeres: unique chromatin 
structures that drive chromosome 
segregation
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Abstract | Fidelity during chromosome segregation is essential to prevent aneuploidy.  
The proteins and chromatin at the centromere form a unique site for kinetochore attachment  
and allow the cell to sense and correct errors during chromosome segregation. Centromeric 
chromatin is characterized by distinct chromatin organization, epigenetics, centromere-
associate d proteins and histone variants. These include the histone H3 variant centromeric 
protein A (CENPA), the composition and deposition of which have been widely investigated. 
Studies have examined the structural and biophysical properties of the centromere and have 
suggested that the centromere is not simply a ‘landing pad’ for kinetochore formation, but has 
an essential role in mitosis by assembling and directing the organization of the kinetochore.

R E V I E W S

320 | MAY 2011 | VOLUME 12  www.nature.com/reviews/molcellbio

© 2011 Macmillan Publishers Limited. All rights reserved

mailto:kbloom@email.unc.edu


Centromeric chromatin
The chromatin where 
centromeric protein A  
is incorporated, underlying  
the kinetochore.

Pericentromeric chromatin
The chromatin flanking the 
centromeric chromatin.

Nucleosome
The basic structural subunit of 
chromatin, which consists of 
~147 base pairs of DNA 
wrapped ~1.7 times around 
an octamer of histones 
(2 copies each of H2A,  
H2B, H3 and H4).

in part, the geometry and function of the kinetochore 
and mitotic spindle and therefore has an essential role 
in mitosis. We do not focus on the kinetochore, which 
has been reviewed extensively elsewhere3,6,7.

The centromere
The centromere is a unique region on the chromosome 
that is required for attachment to the mitotic spindle and 
chromosome segregation. Simple eukaryotic organisms, 
such as budding yeast, have point centromeres, defined 
by a specific DNA sequence found on all chromosomes 
(see below), whereas more complex eukaryotes have 
larger regional centromeres that are defined by hierarchi-
cal arrays of satellite repeats. Many similarities between 
centromeres in different species have been observed that 
highlight the unique nature and essential functions of 
the centromere.

DNA at the centromere. The Saccharomyces cerevisiae 
centromere DNA was the first eukaryotic centromere to 
be isolated8 and is now known to have three conserved 
DNA sequences common to all chromosomes9, a feature 
not seen in higher eukaryotes (FIG. 2). These are termed 
centromere DNA element I (CDEI), CDEII and CDEIII, 
and together they form a 116–120 bp sequence that is 
suffi cient to confer mitotic stability when introduced into 
plasmids8,10,11. CDEI is 8 bp long and is required for high-
fidelity chromosome segregation; CDEII is a 78–86 bp 
AT-rich region that is required for chromosome seg-
regation; and CDEIII is 26 bp long and contains seven 
invariant nucleotides conserved across all chromosomes, 
the mutation of which abolishes centromere function12. 
Because they are small, not complex and have a single 
microtubule attachment per chromosome, the centro-
meres of budding yeast and of the yeast Kluyveromyces 
lactis have been termed point centromeres.

By contrast, the regional centromeres of the fission 
yeast Schizosaccharomyces pombe are longer (40–100 kb)13,  
have multiple microtubule attachment sites per centro-
mere14 and do not contain a conserved DNA sequence 
common to all chromosomes15–17. Instead, these centro-
meres are composed of central core region 1 (cnt1), cnt2 
and cnt3 bordered on either side by inverted repeat 
sequence L (imrL) and imrR, which are flanked by 
outer repeat L (otrL) and otrR18. These regions do not 
show DNA sequence homology to the centromere of 
budding yeast.

Centromeres have been identified in Candida  
albicans19, Neurospora crassa20, Arabidopsis thaliana21, 
Drosophila melanogaster 22 and Homo sapiens23. The 
regional centromeres of higher eukaryotes are more diffi-
cult to study because they are large and contain arrays of 
tandem repeats. Indeed, human centromeres can be up 
to 5 Mb long and contain 1–4 Mb of 171-bp α-satellite 
repeats18,24,25.

Centromere-associated proteins. Despite large divergence 
in centromere DNA sequences across organisms, CENPs 
are highly conserved (see REF. 26 for a discussion of the 
evolutionary characteristics of centromeres). CENPs are 
not the only centromere-associated proteins; indeed, 
many others, for example the budding yeast proteins 
chromosome transmission fidelity 3 (Ctf3) and Mif2, 
were discovered and named before identifying their 
centromeric associations. However, we focus on CENPA 
and CENPC, as they have been extensively studied and 
shown to be required to form centromeres and associated 
kineto chores; other constitutively centromere-associate d 
network (CCAN) proteins are briefly described (TABLE 1). 
The CCAN proteins are generally classified as part of 
either the CENPA-containing nucleosome-associate d 
complex (NAC) or the CENPA-containing nucleosome 
distal (CAD) proteins27,28.

CENPA is a centromere-associated protein that acts 
as a histone variant29 and is required to build a fully 
functioning kinetochore30–32. CENPA was shown to co-
purify with nucleosome core particles33, which indicated 
that it probably forms a complex with the core histones. 
Homologues of CENPA have been identified in species 

Figure 1 | Chromosome segregation in the cell cycle. a | The various stages of the cell 
cycle are depicted. During interphase, the cell undergoes growth and replication of the 
DNA. Upon replication of the spindle pole body and DNA, the cell undergoes a second 
round of growth and subsequently enters mitosis. Mitosis is divided into prophase (when 
the chromatin is condensed), prometaphase (when kinetochore microtubules start to 
interact with kinetochores), metaphase (when chromosomes become bi-oriented), 
anaphase (when the sister chromatids segregate to opposite spindle poles) and telophase 
(when chromosomes decondense). In most eukaryotes, the nuclear membrane degrades 
during mitosis and reforms during telophase, but this does not occur in budding yeast.  
b,c | Images of metaphase (b) and anaphase (c) cells. Chromosomes are shown in red  
and microtubules forming the mitotic spindle are shown in green. The proteinacious 
kinetochore forms at the centromere and mediates attachment to the spindle. Image in 
part b is reproduced, with permission, from REF. 173 © (2010) The Rockefeller University 
Press. Image in part c is reproduced, with permission, from REF. 174 © (2010) Macmillan 
Publishers Ltd. All rights reserved.
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Satellite repeats
Specific DNA sequences that 
are repeated many times in 
long tandem arrays.

Dicentric chromosome
A chromosome that carries two 
centromeres, which arise from 
the aberrant fusion of ‘naked’ 
telomeres or interstitial 
double-strand breaks. These 
can also be experimentally 
generated by inserting a 
second conditional centromere 
into a chromosome.

Position effect variegation
Variable expression of DNA 
sequence based on temporal 
or quantitative effects from 
adjacent chromatin; for 
example, if an active gene is 
relocated to a heterochromatic 
region, it can randomly be 
silenced

from yeast to mammals. Complete loss of CENPA has 
been found to be lethal in every organism studied to date, 
although mammalian cells can tolerate a 90% reduction 
in the levels of CENPA.

CENPC is a DNA-binding protein that associates with 
the inner-kinetochore plate34. CENPC homologues have 
been identified in many model organisms, including 
yeasts, flies, plants and mammals, and it has been shown 
to be essential for proper progression through mitosis and 
chromosome segregation1,35–40. Indeed, loss of CENPC at 
the centromere has been shown in human cells to result 
in small or absent kinetochores39. CENPC localizes to 
CENPA-containing chromatin32, and this requires CENPA; 
reciprocally, CENPA localization requires CENPC40. 
CENPC binds two different groups of proteins that serve 
distinct functions: to the Mis12 complex41,42, which is part 
of the KMN network (which comprises the Knl1 complex, 
Mis12 complex and Ndc80 complex) of the outer kineto-
chore that is also needed for recruitment of checkpoint 
proteins41,42; and to other CCAN components, such as 
CENPH, CENPI, CENPK, and CENPT43. Furthermore, 
CENPC, together with CENPN, binds distinct domains 
in CENPA to direct the assembly of other centromere and 
kinetochore proteins43.

The CENPT–CENPW subcomplex is recruited to 
H3-containing centromeric chromatin and has been 
proposed to be an alternative to CENPC for the connec-
tion between the centromere and the kinetochore. The 
CENPT–CENPW subcomplex functions upstream of the 

CENPH subcomplex44, which comprises CENPH, CENPI 
and CENPK. These proteins are recruited to the centro-
mere by CENPC43. They are essential for kinetochore 
function in vertebrates and have been found to play a part 
in CENPA loading and the recruitment of other, more 
distal centromere complexes45. The CENPO subcomplex 
(made up of CENPO, CENPP, CENPQ and CENPR) and 
the similar CENPU protein (also known as CENP50) are 
needed to prevent premature separation upon spindle 
damage46. The CENPS subcomplex (comprising CENPS 
and CENPX) is required for proper and stable formation 
of the outer kinetochore, and localization of these proteins 
to the centromere requires CENPT or CENPK47.

Histones at the centromere
Histone modifications and histone variants serve to 
demarcate unique regions of the chromosome, includ-
ing the centromere. The centromeric DNA sequence is 
rapidly evolving and, as such, centromere function does 
not depend solely on primary DNA sequence but also on 
the presence of essential proteins, such as histone variants 
(including CENPA and H2A.Z), and on the local chromatin  
context as defined by distinct histone modifications.

Patterns of histone modifications at the centromere. The 
epigenetic specification of centromeres was first postu-
lated by Earnshaw and Migeon48, with the observation 
that the two centromeres placed on a dicentric chromosome 
differed in their ability to direct chromatid segregation 
by the presence or absence of centromeric proteins. This 
indicated that additional proteins at the centromere are 
required to facilitate segregation. Position effect variegation 
studies have shown that genes placed adjacent to centro-
meres lead to stochastic inheritance of gene expression49. 
Subsequent studies have identified epigenetic factors that 
are required for centromere function in S. cerevisiae50, 
C. albicans51, S. pombe52 and H. sapiens53.

Chromatin can be flagged up for transcriptional acti-
vation (euchromatin) or repression (heterochromatin) 
through the modification of the amino-terminal tails 
of canonical histones by methylation, acetylation and 
phosphorylation13,54. Heterochromatin surrounding the 
centromere is known to contribute to sister chromatid 
cohesion and condensation55–60. At regional centromeres 
in organisms such as humans, mice, flies and fission 
yeast, the nucleosomes containing the canonical H3 his-
tone (as opposed to the variant CENPA discussed below) 
are dimethylated at Lys4 (H3K4me2) (FIG. 2), a modifica-
tion associated with euchromatin. This modification is 
thought to be important for the physical organization 
of the centromere61; indeed, depletion of H3K4me2 has 
been shown to result in a lack of recruitment of Holliday 
junction recognition protein (HJURP; see below), 
leadin g to failed incorporation of CENPA62.

The pericentric chromatin can also be defined by 
methylation63,64. For example, H3 and H4 in hetero-
chromatic regions surrounding the centromere can be 
methylated at Lys9 (H3K9me2 and H3K9me3)2,63 and 
Lys20 (H4K20me3)65,66, and these modifications serve 
to recruit proteins such as cohesin67 and to maintain the 
structure of pericentric chromatin. The formation and 

 Box 1 | The kinetochore

The kinetochore is a large, multiprotein complex that is needed to link the sister 
chromatids to the mitotic spindle during chromosome segregation. The physical 
organization of the kinetochore into a trilaminar structure170,171 is visible in electron 
microscopy images of vertebrate kinetochores, and the molecular composition follows 
this three-layer organization3,5,14,147,148,172. The kinetochore forms on the microtubule 
plus end as a ‘basket’ of elongated molecules (namely Ndc80) that recruit the outer- 
kinetochore components of the KMN network (which comprises the Knl1 complex, the 
Mis12 complex and the Ndc80 complex) (see the figure). These outer-kinetochore 
proteins dangle from the expanded basket surface generated by Ndc80 and can interact 
with the chromatin and proteins of the constitutively centromere-associated network 
(CCAN). The purpose of the basket is to allow the outer-kinetochore components to 
move over a greater distance and increase the likelihood of encountering an unattached 
centromere. The geometry of the centromeric protein A (CENPA)-containing chromatin 
predisposes CENPA to be at the surface (see main text) and to recruit the 
CENPA-containing nucleosome-associated complex (NAC) (TABLE 1). The two halves  
of the kinetochore can then interact and form a stable attachment, connecting 
the chromosome to the microtubule. The kinetochore serves several important roles 
during chromosome segregation: it links chromosome movement to microtubule 
dynamics, monitors chromosome bi-orientation and serves as a site of catalysis for 
synchronizing chromosome segregation with cell cycle events.

CAD, CENPA-containing nucleosome distal; H3, histone H3.
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α

Tetrasomes
(Homotypic tetramers). 
Proposed nucleosome 
structures found at the 
centromere and composed of 
two copies each of centromeric 
protein A and H4.

Hemisome
(Heterotypic tetramer). 
A proposed nucleosome 
structure found at the 
centromere and composed of 
one copy each of H2A, H2B, 
centromeric protein A and H4.

Homotypic octamers
In the context of nucleosome 
composition, octamers in 
which both copies of H3 have 
been replaced by centromeric 
protein A.

Heterotypic octamer
In the context of nucleosome 
composition, an octamer in 
which only one copy of H3 has 
been replaced by centromeric 
protein A.

maintenance of heterochromatin in pericentric chro-
matin has recently been shown to require the nucleolar 
remodelling complex in mice68. Interestingly, loss of the 
heterochromatic modification H4K20me3 is thought to 
result in aberrant centromere function, as in humans it 
has been associated with the presence of cancer cells69, 
which are characterized by a high degree of aneuploidy.

In addition to methylation (correlating with silenced 
chromatin), centromeric histones lack acetylation, which 
denotes actively transcribed chromatin. The hypoacetyla-
tion of the histones and the methylation of the DNA at 
the centromere70 alter the chemical interactions of the 
histones and DNA and define a region distinct from 
traditional euchromatin and heterochromatin2,61. These 
modifications maintain the heterochromatic nature of 
centromeric chromatin, which is thought to contribute 
to the physical structure of the centromere, as well as to 
sister chromatid cohesion and condensation55–60. Histone 
modifications are also essential for defining and main-
taining the centromeric region. Recent evidence has 
shown that it is possible to engineer a human artificial 
chromosome (HAC) to assess the contribution of chro-
matin state adjacent to the centromere without perturbin g 
all the centromeres of the cell71,72. These experiments 
reveal that altering the chromatin to a more closed state 
results in loss of essential centromere proteins as well as 
depletion of the H3K4me2 modification and accumula-
tion of H3K9me3 (found in heterochromatin adjacent 
to the centromere)71. The loss of centromere function 
is not solely due to loss of CENPA; instead, the authors 
observed a hierarchical loss of various components of the 
inner centromere (including CENPC and CENPH)72.

CENPA, an H3 variant unique to the centromere. 
CENPA is a variant of histone H3, and the homol-
ogy is found mainly at the α-helical carboxy-terminal 
histone-fold domain73. The N-terminal tail of CENPA 
is highly variable between species74 and is required to 
recruit kinetochore proteins to the centromere75. The 
CENPA centromere-targeting domain (CATD) within 
the histon e-fold domain is known to be required for 
centro mere targeting and function76,77. Work in S. cer-
evisiae has shown that specific residues within the CATD 
are required for the interaction of CENPA with suppres-
sor of chromosome missegregation 3 (Scm3)78. At point 
centromeres, such as those of budding yeast, a single 
CENPA-containing nucleosome forms the basis for 
kinetochore formation and microtubule attachment79. 
Larger regional centromeres have multiple CENPA-
containing nucleosomes interspersed between canonica l 
H3-containing nucleosomes80. Tetrasomes of CENPA and 
H4 have been found to be more rigid than the H3–H4 
tetramer, a feature inherent in the structure of the 
histones76. Furthermore, CENPA-containing nucleo-
somes are more prone to unwrapping81 and releasing 
the H2A–H2B dimer81,82, which suggests that CENPA 
nucleosomes may be pliable, possibly to allow for easier 
removal from non-centromeric chromatin. These find-
ings indicate that CENPA-containing nucleosomes are 
structurally distinct from canonical H3–H4-containing 
nucleosomes, and that they may facilitate the exposure 
of CENPA-containing nucleosomes on the outer sur-
face of  the centromere, as opposed to becoming buried 
within the bulk chromatin.

Since the structure of the canonical nucleosome 
octamer was published73, much work has been done 
to determine the structure of the centromeric nucleo-
some. A wide range of possibilities for the structure of 
the centromeric protein in vivo have been proposed, 
including an octamer in which histone H3 is replaced by 
CENPA27,80,81,83–85, a nucleosome with only four histones 
(tetrasome86 or hemisome87–89) or an alternative structure 
containing the non-histone protein Scm3 (REFS 88,90) 
(FIG. 3a). These different theories have been proposed in 
various model organisms, and more work will be needed 
to further understand differences in centromeric struc-
ture and to develop a cohesive model to reconcile these 
observations. For example, human centromeric nucleo-
somes are thought to be composed of eight histones, and 
most are homotypic octamers containing two copies of 
CENPA83. More recent work, however, has shown that 
about 10% of human centromeric nucleosomes form a 
heterotypic octamer containing one CENPA-containing 
histone and one canonical H3-containing histone27. 
Furthermore, work in D. melanogaster has found that dif-
ferent compositions of the centromeric nucleosome are 
present: a nucleosome containing at least two copie s of 
Centromere identifier (CID; the D. melanogaster homo-
logue of CENPA)40 and a hemisome structure composed 
of one copy each of H2A, H2B, H4 and CID87,89. These 
experiments found that purified crosslinked centro meric 
nucleosomes had a molecular mass equal to half of an 
octamer, and were calculated by atomic force micro-
scopy to be half as high as would be expected for an 

Figure 2 | Characteristics of point and regional centromeres. The point centromeres 
of budding yeast form a single microtubule attachment per chromosome, whereas larger 
regional centromeres form multiple attachments. The budding yeast centromere DNA is 
composed of the conserved centromere DNA element I (CDEI), CDEII and CDEIII. Larger 
regional centromeres do not contain DNA sequences, but the presence of a centromeric 
protein A (CENPA)-containing nucleosome is conserved. H3K4me2, histone H3 
dimethylated at Lys4; H3K9me, histone H3 methylated at Lys9; H3K20me3, histone H3 
trimethylated at Lys20; imr, inverted repeat sequence; otr, outer repeat.
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octamer87,89. It is possible that these represent different 
stages of assembly or variations found at different stages 
of the cell cycle.

More controversial is the recent work in S. cerevisiae 
that has revealed a new hexameric nucleosome structure 
at the centromere that lacks H2A and H2B and instead 
contains Scm3 (REF. 90). This protein was first identified 
in a screen for suppressors of chromosome segregation 4 
(Cse4; the S. cerevisiae homologue of CENPA, which is 
known as Cnp1 in S. pombe) mutants and it was found 
to interact with the histone-fold domain of Cse4, but not 
the essential N-terminal domain84. Various recent stud-
ies in both budding and fission yeast have shown that 
Scm3 is a kinetochore protein that is needed to targe t 
Cse4 to the centromeric DNA and to ensure kineto-
chore function85,86,91–93. As such, it seems likely that the 
observed hexameric nucleosome represents a trans-
itional state during assembly. Alternatively, it is possible 
that Scm3 is associated with, but not part of, the centro-
meric nucleosome, especially in light of recent work 
in budding yeast suggesting that binding of DNA to a 
Cse4-containing nucleosome is incompatible with Scm3 
binding78. A homologue of Scm3 has not been identi-
fied in species other than S. cerevisiae and S. pombe, but 

functional and sequence analyses have shown that the 
mammalian HJURP and yeast Scm3 are orthologues that 
share the same functional domain and are required for 
proper deposition of CENPA94–98. Interestingly, Scm3 was 
shown to prevent the ubiquitylation of CENPA by Psh1 
(POB3 and SPT16 histone-associated 1), an E3 ubiquitin 
ligase that is thought to control the level of CENPA and 
remove misincorporated protein99,100.

The physical properties of centromeric nucleo-
somes are starting to emerge. Intriguing findings were 
obtained from the crystallization of a protein fragment 
of CENPA81. These experiments found that CENPA 
nucleosomes formed canonical octameric nucleosomes 
that wrapped DNA in a left-handed manner (FIG. 3a), 
resulting in negative supercoiling. However, the region 
of CENPA cleaved before crystallization was the flexible, 
and highly variable, N-terminal region, and it is unclear 
what effect the removal of this portion of the protein 
has on the subsequent structure of the nucleosome81. 
Furthermore, these experiments were carried out using 
a plasmid lacking a centromeric DNA sequence and 
without any histone chaperones. Histone chaperones, 
such as RBAP48 (also known as RBBP4) or Scm3, are 
needed to assemble CENPA-containing nucleosomes 

Table 1 | Centromere-associated proteins 

Subunit Complex Subcomplex Homologues

Saccharomyces 
cerevisiae

Schizosaccharomyces 
pombe

Caenorhabditis 
elegans

Drosophila 
melanogaster

CENPA NA NA Cse4 Cnp1 HCP-3 CID

CENPB* NA NA Unknown Abp1, Cbh1, Cbh2 Unknown Unknown

CENPC‡ CCAN|| NA Mif2 Cnp3 HCP-4 CENPC

CENPM*‡ CCAN NA Iml3 Mis17 Unknown Unknown

CENPN‡ CCAN NA Chl4 Mis15 Unknown Unknown

CENPU*‡ 
(CENP50)

CCAN NA Unknown Fta4 Unknown Unknown

CENPT*‡ CCAN CENPT–CENPW Unknown SPBC800 Unknown Unknown

CENPW CCAN CENPT–CENPW Unknown Unknown Unknown Unknown

CENPH*‡ CCAN CENPH Mcm16 Fta3 Unknown Unknown

CENPI§ CCAN CENPH Ctf3 Mis6 Unknown Unknown

CENPK§ CCAN CENPH Unknown Sim4 Unknown Unknown

CENPL§ CCAN NA Unknown Fta1 Unknown Unknown

CENPO§ CCAN CENPO Mcm21 Mal2 Unknown Unknown

CENPP§ CCAN CENPO Ctf19 Fta2 Unknown Unknown

CENPQ§ CCAN CENPO Unknown Fta7 Unknown Unknown

CENPR§ CCAN CENPO Unknown Unknown Unknown Unknown

CENPS§ CCAN CENPS YOL86-A Unknown Unknown Unknown

CENPX§ CCAN CENPS Unknown Unknown Unknown Unknown

CENPD CCAN NA Unknown Unknown Unknown Unknown

CENPG CCAN NA Unknown Unknown Unknown Unknown

Proteins and protein complexes associated with the centromere in various species6,7,27,28,47,177. Abp1, actin-binding protein 1; Cbh, CENPB homologue;  
CCAN, constitutively centromere-associated network; CENP, centromeric protein; Chl4, chromosome loss 4; CID, Centromere identifier; Cnp, centromere 
protein 1; Cse4, chromosome segregation 4; Ctf, chromosome transmission fidelity 3; HCP, holocentric chromosome-binding protein; Iml3, increased 
minichromosome loss 3; Mcm, minichromosome maintenance; NA, not applicable; Sim4, silencing in the middle of the centromere 4. *Proteins that have been 
shown to be recruited directly by CENPA-containing nucleosomes27. ‡Proteins that are proposed to be part of the CENPA-containing nucleosome-associated 
complex. §CENPA-containing nucleosome distal proteins27,28. ||Known as Ctf19 complex in S. cerevisiae or Sim4 complex in S. pombe.
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in vitro87,101,102, and this assembly is known to induce 
positive supercoiling88. Thus, it is likely that the struc-
ture of the centromeric nucleosome is not exclusively 
dictated by the histone particles themselves, but by the 
underlying DNA and histone chaperones as well.

By contrast, other studies have indicated that CENPA-
containing nucleosomes induce positive supercoils87,88, 
which result from right-handed wrapping of the DNA 
around the nucleosome. Positive supercoiling would 
serve to differentiate the centromere from the negatively 
supercoiled bulk chromatin. The experiments exam-
ining the effects of CENPA-containing nucleosomes 
on chromatin were carried out by in vitro reconstitu-
tion of D. melanogaster proteins using circular mini-
chromosomes. DNA wrapping around nucleosomes can 
be detected by changes in plasmid supercoiling follow-
ing protein removal. The supercoiling is topologically 
defined by linking number, which is the sum of twist and 
writhe. In this study, the linking number was changed 
in the presence of CENPA, which could be explained 
by altered supercoiling; however, this could also be 
explained by loss of a nucleosome. If the centromeric 
nucleosome is positively supercoiled, under tension it 
may split into two hemisomes88 or become more tightly 

wrapped in response to the applied force102. The positive 
supercoiling of this nucleosome would focus the spindle 
tension on the centromere, and could serve as a place for 
the checkpoint to monitor attachment (FIG. 3b).

The H2A.Z variant at the centromere. CENPA-
containing nucleosomes contain canonical H2A, whereas 
the variant H2A.Z is associated with nucleosomes con-
taining H3K4me2 (and to a smaller extent H3K9me3) 
in the centromere of human and mouse cells64 (although 
the H2A.Z variant is not unique to the centromere). 
H2A.Z is one of the most studied histone variants, and 
the structure of the H2A.Z-containing nucleosome has 
been solved by X-ray crystallography103 and was found 
to be similar to the canonical H2A-containing nucleo-
some73. Interestingly, however, the interaction between 
H2A.Z and the H3–H4 tetramer is destabilized owing 
to the differences in amino acid sequence between 
H2A and H2A.Z. Furthermore, an acidic region on the 
surface of the H2A.Z-containing nucleosomes allows 
inter actions with non-histone proteins103 and serves 
as a signpost to direct chromatin-remodelling factors. 
H2A.Z also functions as a boundary between hetero-
chromatin and euchromatin by antagonizing silencing. 

Figure 3 | The CENPA-containing nucleosome. a | Work in different organisms on the composition and physical properties 
(direction of DNA wrapping and supercoiling induction) of the centromeric nucleosome has given rise to a range of different 
possibilities: homotypic octamer (Saccharomyces cerevisiae84,85, Drosophila melanogaster80 and human cells27,80,81,83), 
heterotypic octamer (human cells27), reverse octamer (molecular dynamics102,175), homotypic tetramer or tetrasome 
(Schizosaccharomyces pombe86) and heterotypic tetramer or hemisome (S. cerevisiae88 and D. melanogaster87,88). Furthermore, 
two alternative structures that contain the non-histone protein suppressor of chromosome missegregation 3 (Scm3) have 
been proposed: hexasomes (S. cerevisiae90) and trisomes (S. cerevisiae and D. melanogaster88). b | Tension on the right-handed 
reverse-wrapped centromeric protein A (CENPA)-containing nucleosome may cause it to split into two hemisomes (histone 
H2A, H2B, CENPA and H4), and could serve as a site for the spindle assembly checkpoint to monitor attachment. 
HJURP, Holliday junction recognition protein. Images in part a are modified, with permission, from REF. 176 © (2011) Elsevier.
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The H2A.Z-containing nucleosomes are more resistant 
to condensation104–107 and form a boundary between 
heterochromatin and euchromatin. Indeed, loss of the 
H2A.Z homologue in yeast (Htz1) leads to spreading of 
the silencing factors silent information regulator 2 (Sir2), 
Sir3 and Sir4, which affects centromere function by per-
turbing the structural organization of the chromatin and 
aberrant gene expression throughout the genome.

Assembling the centromere
Various hypotheses have been proposed to explain 
how the cell identifies and maintains the centromeric 
region, including the presence of CENPA on the 
parental chromatid83, chromatin tension and confor-
mation108, and hetero chromatin modifications in the 
pericentromere52,109.

CENPA loading. The timing of CENPA loading varies 
across different species. In animals such as humans and 
D. melanogaster, CENPA is loaded between anaphase 
and G1 (REFS 38,110–112), plants load CENPA in late 
G2 (REFS 113,114), and fission and budding yeast load 
CENPA in S–G2 (REFS 115,116). Much work recently 
has centred on identifying the proteins responsible for 
loadin g and maintaining CENPA at the centromere117.

In addition to the CATD, various proteins have 
known roles in CENPA loading, including the human 
proteins RBAP46 (also known as RBBP7) and RBAP48 
(which is similar to S. pombe Mis16 (REF. 118)), CENPH 
and CENPI45,119. Furthermore, Scm3 and its mamma-
lian orthologue, HJURP (which is part of the CENPA 
prenucleosomal complex27,120), are also thought to have 
a role in CENPA loading. Work in S. pombe has shown 
that Scm3 localization to the centromere requires Mis16 
and Mis18 (REFS 86,93), and it is thought that Scm3, 
Mis16 and Mis18 act as assembly factors to bring and 
load CENPA at the centromere. These data have led to a 
multistep model for centromere histone loading, distin-
guishing between licensing and loading117,121. Licensing 
is proposed to occur in humans by the recruitment of 
MIS18 (Mis16–Mis18 in S. pombe), CENPH, CENPI, 
RBAP46 and RBAP48 (REFS 98,119), followed by the 
recruitment of loading factors, such as KNL2 (REF. 60) 
and HJURP (Scm3 in yeast)95,98, to load new CENPA 
into centromeric chromatin, and proper spacing is main-
tained by the remodelling and spacing factor complex121. 
Further work into the targeting, loading and proper 
incorporation of CENPA will continue to develop our 
understanding of this field.

Histone chaperones serve many functions, including 
recruiting, loading and removing histone proteins from 
chromatin, but do not form part of the chromatin itself. 
The histone chaperone complexes chromatin assembly 
factor 1 (CAF1) and histone regulator (HIR) are known to 
be required for H3 and H4 deposition and to affect chro-
matin structure at silent and centromeric loci in budding 
yeast122,123. Recently, CAF1 and HIR have been implicated 
in preventing extra-centromeric incorporation of CENPA 
by regulating histone eviction124 (the removal of inappro-
priately incorporated histones). Another histone chaper-
one, anti-silencing function 1 (ASF1), works together with 

CAF1 and HIR to deposit H3 variants in human cells125, 
although it is not clear whether this interaction is needed 
for CENPA loading. Interestingly, Sir1 has been found to 
be present at budding yeast centromeres and to bind to a 
component of CAF1, helping retain it there126. This role 
for Sir1 in budding yeast indicates that, although point 
and regional centromeres have different mechanisms for 
forming and maintaining hetero chromatin, both form 
unique chromatin architectur e to maintain fidelity in 
chromosome segregation.

Chromatin remodelling at the centromere. Various chro-
mosome-remodelling complexes function at the cen-
tromere to maintain the unique chromatin architecture 
that underlies the proper functioning of the centromere. 
Topoisomerase II is thought to function at the centro-
mere in an ATP-dependent manner to remove topo-
logical linkages (decatenation), to create these linkages 
so that sister chromatids stay together (catenation) and 
to maintain chromatin packaging when the pericentric 
chromatin is under tension to provide balancing inwards 
force (discussed below)127. The CCAN (TABLE 1) has been 
shown to affect chromatin structure in the pericentro-
mere independently of CENPA44. The RSC (remodels 
the structure of chromatin) complex in budding yeast is 
known to localize to the pericentromere and to maintain 
the chromatin structure flanking the centromeric nucleo-
somes128. The loss of this remodelling activity results in 
loss of fidelity in chromosome segregation and suggests 
that the architecture found at the centromere is needed 
to facilitate chromosome segregation. This activity is 
also observed in humans: the switch–sucrose nonfer-
mentable (SWI–SNFB) remodelling complex is related 
to the RSC complex of budding yeast and also localizes 
to kinetochores during mitosis129. Further research into 
the roles of remodelling and chromatin-modifying com-
plexes at the centromere will advance our understanding 
of the structure of the centromeric chromatin and how 
this is maintained.

Architecture of centromeric chromatin
The physical organization of the chromatin plays an 
important part in preventing aneuploidy during mito-
sis. The cohesin and condensin complexes, which are 
enriched in the pericentric region130, have been identi-
fied as major contributors to the physical organization 
and packaging of the mitotic chromosome.

Tension and bi-orientation of centromeric chromatin. 
Packaging proteins, including cohesin and condensin, 
serve to organize the large amounts of DNA inside the 
nucleus into manageable and discrete units that can be 
successfully segregated. In addition, these proteins allow 
the cell to sense bi-orientation of the chromosomes and 
generate tension across the centromeric DNA. Cohesin is 
composed of structural maintenance of chromosomes 1 
(SMC1), SMC3, SCC1 and SCC3, and is needed to main-
tain sister chromatid cohesion. Condensin is composed 
of SMC2, SMC4 and other non-SMC proteins, and is 
needed to compact the chromosome and prevent tangles 
of duplex DNA, termed catenations, which can impede 
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Amphitelic attachment
Connection of sister 
kinetochores to microtubules 
that emanate from opposite 
spindle pole bodies.

Intramolecular loop
A loop of chromatin formed by 
bringing distant regions of the 
same sister chromatid 
together, as opposed to 
intermolecular interactions 
between sister chromatid pairs. 
It is the proposed structure of 
the pericentromeric chromatin 
in budding yeast.

accurate chromosome segregation. Cohesin and con-
densin have been extensively reviewed recently131–133, 
so we focus on the contributions of these proteins to 
organizin g the centromeric chromatin.

Cohesin and condensin are enriched at the pericen-
tric region130, a fact that confused researchers for years, 
as sister centromeres are separated during metaphase 
when visualized in vivo. How could proteins that spe-
cifically bind DNA together be enriched in a region 
where they seem to be both separated and transiently 
together? Two models have been proposed to reconcile 
these observations: transient disassociation of cohesin 
from pericentric chromatin134, and the formation of 
intramolecular loops in the pericentromere, as shown 
in S. cerevisiae135.

Bi-orientation of sister chromatids during mitosis 
and tension generation by the mitotic spindle are both 
thought to require cohesin. It is essential that the chro-
matin does not break when under tension from the 
mitotic spindle, and this tension is accommodated by 
cohesin, together with the chromatin itself 136,137. In addi-
tion to balancing tension, cohesin is important to organ-
ize the geometry of the centromere, ensuring that sister 
centromeres (and associated kinetochores) face opposite 
spindle poles and bi-orient138. Proper bi-orientation is 
essential for survival to ensure that the sister chromatids 
are equally segregated to daughter cells. Two probably 
overlapping methods have been proposed to promote 
amphitelic attachment: error correction and geometric 
bias139,140. However, the relative contributions of these 
mechanisms remain unclear.

Error correction promotes detachment in the 
absence of tension, and this is accomplished by Aurora B 
(increase-in-ploidy 1 (Ipl1) in S. cerevisiae). It is thought 
that Aurora B is spatially confined and that phosphoryl-
ation by Aurora B facilitates detachment of incorrect 
attachments, whereas the tension generated across 
correct attachments physically separates them from 
Aurora B activity5,141,142.

The underlying geometry of the centromere (see 
below) is thought to facilitate segregation by exposing 
the centromere on the outer surface of the chromosome. 
Given the high level of conservation of proteins across 
different species, it is likely that this geometry displays 
similar conservation.

Geometric organization of the centromere. Various 
model s have been proposed for the geometric organiza-
tion of the eukaryotic centromere, including the looping 
model87,135,143, the solenoid model2,80,144 and the sinusoidal 
patch model145 (FIG. 4a). The looping model proposes that 
the pericentric chromatin is looped out from the bulk 
chromatin towards the spindle pole, whereas the solenoid 
model proposes that the pericentric chromatin forms a 
coil with the CENPA-containing nucleosomes facing the 
spindle pole. The sinusoidal patch model attempts to 
explain the observed location of various CCAN proteins 
and the unfolding of the vertebrate kinetochore145.

These models all propose an organization that 
would favour CENPA-containing nucleosomes (and 
therefore kinetochore formation) facing the spindle 

pole to facilitate microtubule attachment to the kineto-
chore at the centromere. The sinusoidal patch model 
also allows for H3-containing nucleosomes to be 
present on the surface of the centromeric chromati n, 
where they have been shown to interact with the 
CENPT–CENPW subcomplex44. The heterochroma-
tin would face inwards towards the sister chromatid, 
which would provide the physical basis for generating 
tension across chromosomes and serve as a geometric 
bias for bi-orientation. 

Although geometric orientation increases the likeli-
hood of correct amphitelic attachment, it is not essential 
and is dispensable for bi-orientation136,140. By contrast, 
tension is needed to correct erroneous microtubule–
kinetochore attachments136. Tension is generated across 
the centromeres of sister chromatids when they are 
attached to opposite sides of the mitotic spindle, and 
this tension allows the cell to sense and correct erro-
neous attachments. Several lines of evidence show that 
CENPA is interspersed with canonical H3 and hetero-
chromatin, and that CENPA must be aligned outwards 
towards the spindle pole bodies to allow kinetochore 
formation and microtubule attachment, which supports 
the three models mentioned above.

We propose that the whole budding yeast mitotic 
spindle serves as a model for a single regional centro-
mere with multiple microtubule attachments per chro-
mosome143, and that the cruciform structure found at 
budding yeast centromeres is analogous to the looping 
model for more complex centromeres (FIG. 4b). The cru-
ciform structure of the pericentromere places the centro-
meres at the apex of the intramolecular loop loaded with 
cohesin, maximizing the distance between sister centro-
meres and thus reconciling increased cohesin and maxi-
mal spot separation during mitosis135. Further work has 
revealed that the formation of this structure is promoted 
by the DNA-binding components of the kinetochore146. 
This function is likely to be inherent in the structure of 
the proteins. For example, the S. cerevisiae protein Ndc10 
(also known as Cbf3a) is needed to form the looping 
cruciform structure; it is thought to bind as a dimer, and 
it is possible that these dimers serve to bring two regions 
of chromatin together to form a loop. Given the high 
level of conservation in composition between yeast and 
higher eukaryotic kinetochores14,147–150, one view is that 
multiple binding site kinetochores of regional centro-
meres are repeats of the basic kinetochore of budding 
yeast, as proposed by the repeated subunit hypothesis143. 
However, electron microscopy work has suggested 
that the mammalian kinetochore is disorganized and 
lacks the recurring subunits proposed by the repeated 
subunit hypothesis151,152. A view that reconciles these 
perspectives is that the inner-kinetochore–centromere 
interface resembles a woven fabric, rather than two 
separat e fixed structures.

In addition to the effects of the kinetochore, his-
tone variants at the centromere also contribute to the 
geometry of the centromere. Work in human cell lines 
has shown that the incorporation of H2A.Z and epi-
genetic modifications contribute to the spatial organi-
zation of the centromere, although the authors do not 
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distinguish between a solenoid and a looping model64. 
Furuyama and Henikoff 88 showed that reconstituted 
CENPA-containing nucleosomes from D. melanogaster 
wrap DNA in a right-handed manner, opposite to that 
of canonical H3-containing nucleosomes (FIG. 3a). The 
reverse-wrap nucleosome and the proposed hemisome 
structure87,89 combine to suggest that centromeric chro-
matin is packaged in a manner that is fundamentally 
different from underlying heterochromatin, promoting 
the idea that these regions are excluded from the nor-
mal packaging of the chromosome144. This exclusion 
would serve to separate the centromere from the bulk 
chromatin to allow the formation of the kinetochore and 
increase the likelihood of microtubule capture. In addi-
tion, the relative enrichment of cohesin and condensin 
at the centromere suggests a unique physical architecture 
that allows stable attachment to the mitotic spindle and 
movement to maintain force balance during metaphase. 
As the microtubules exhibit dynamic instability and 
are always in a state of lengthening or shortening, the 
pericentric chromatin must allow this movement while 
remaining attached. The geometry of the centromere 
would promote interactions between the centromere and  
kinetochore, beyond serving simply as a fixed site of 
attachment.

Genome-wide assays for chromatin looping have 
uncovered a high level of nuclear organization and 
have shown that centromeric regions tended to not inter-
act over longer ranges and formed a cluster of centro-
meres lasting throughout, and facilitating progression of, 
the cell cycle153. Visualization experiments correspond 
to these results and have shown that centromeres cluster 
together throughout the cell cycle. These data all sug-
gest that centromeric chromatin forms geometry that 
promotes clustering of the centromeres at the surface 
of the chromosome, which reduces the region that the 
microtubule s must ‘search’ to attach to the centromeres.

Polymer physics at the centromere
The molecular architecture of the centromere — the ‘parts 
list’ — and the in vivo interactions between the many  
protein complexes that function to load and remodel the 
centromere, as well as aid in chromosome segregation, 
continue to be comprehensively studied. In additio n to 
the valuable data these studies provide, polymer phys-
ics can be applied to the mitotic spindle to understand 
chromo some segregation154. Often these concepts 
seem counterintuitive, and it is essential to remember 
that the scale and forces at work inside the cell are not 
immediatel y obvious to us in our everyday lives.

Figure 4 | Chromatin geometry at the centromere. a | Three models for the organization of the regional centromere 
have been proposed: the looping model87,135,143, the solenoid model2,80,144 and the sinusoidal patch model145. The looping 
model proposes that the pericentric chromatin is looped out from bulk chromatin towards the spindle pole. The solenoid 
model proposes that the pericentric chromatin forms a coil with centromeric protein A (CENPA)-containing nucleosomes 
facing the spindle pole. The sinusoidal patch model attempts to explain the observed location of various constitutively 
centromere-associated network (CCAN) proteins and the unfolding of the vertebrate kinetochore. b | The budding yeast 
pericentromere adopts a cruciform structure, which serves to place the centromere (and therefore the kinetochore) on 
the poleward-facing side of the chromosomes135. We equate the multiple loops of the looping model in part a to the whole 
mitotic spindle of budding yeast. H3, histone H3.
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Entropy
A thermodynamic property 
related to the state of disorder 
of a system.

Thermal motion
The random motion and 
collision of particles owing  
to temperature.

Young’s modulus
(Also known as elastic 
modulus). A measure of  
the stiffness of a polymer, 
measured as stress divided  
by strain.

Stress
In the context of polymer 
physics, stress is defined as  
the force per unit area and 
measures how a material 
responds to external force.

Chromosome segregation by entropy. Entropy (S) is a 
measure of the distribution of energy in a system, and 
can be defined by the equation S = kB ln(W), in which kB is 
Boltzmann’s constant (4.1 pN × nm at room temperature), 
ln is the natural logarithm and W is the number of poss-
ible ways that the molecule or polymer can occupy the 
space155. From this equation, we see that, as the number 
of possible conformations for a polymer increases, 
the entropy will also increase, which is energetically 
favourabl e and pushes the system in that direction.

Entropy has been proposed to drive segregation of 
molecules such as chromatin (for example, in bacte-
ria156,157). This may seem counterintuitive. However, if one 
considers two long connected chains (such as chromatin) 
in a confined space (such as the nucleus), the mixing of 
these chains will reduce the number of possible entro-
pic states, whereas chain segregation will increase the 
number of possible conformations for each chain, making 
this an entropically favourable process. It is possible that 
the mitotic spindle serves to direct chromosome segre-
gation during mitosis, ensuring that the proper comple-
ment of chromosomes goes to each daughter cell, but that 

entropic forces are responsible for segregation of the bulk 
chromatin (FIG. 5a).

Furthermore, entropy is thought to have a role in 
removing entanglements between larger eukaryotic 
chromosomes before anaphase onset158,159. Even though 
sister chromatids are proposed to form two distinct 
structures, cohesin continues to hold these together until 
anaphase, so entropy resolves topological entanglements 
between chromosomes to ensure that chromosomes can 
segregate faithfully. Modelling of larger eukaryotic chro-
mosomes has also shown that a force, termed depletion-
attraction, results in looping of chromosomes160,161 (for 
example, during transcription or in a proposed centro-
meric structure135), which in turn increases the entropic 
segregation of chromosomes owing to the increased 
repulsive forces between them162. Depletion-attraction 
force is generated when two large particles (in this case, 
separated chromosomal regions) are brought together 
and interact, which results in an increase in the space 
available for other smaller particles to occupy.

At the size scale inside the nucleus, forces such as vis-
cosity and thermal motion dominate, whereas weight and 
inertia are less relevant. The maximal forces generated by 
microtubules on chromosomes have been measured to be 
47 pN of force per microtubule163,164. This number repre-
sents the stall force, and the force required to segregate 
the chromosome is thought to be much lower (~5 pN). 
Assuming that the mitotic spindle directs chromosome 
segregation and serves to harness thermal motion to 
drive segregation, the forces generated by the mitotic 
spindle on the chromatin must exceed the forces gener-
ated by thermal motion. To explain this concept, chromo-
some movement in thermal motion can be compared to 
pulling a boat in the ocean. A person (the mitotic spindle) 
must generate enough force on the boat (the chromo-
somes) to exceed the forces of the waves (thermal motion) 
to pull the boat in a certain direction, and the waves will 
continue to push the boat in that direction.

Maintaining chromatin–spindle force balance. 
Although much work has been done to examine the 
roles of packaging complexes, such as cohesin165–167 in 
maintaining chromosome packaging under tension 
from the mitotic spindle, the contribution of the chro-
matin itself in maintaining the balance of forces during 
mitosis is not well studied (FIG. 5b). Chromatin must be 
able to resist the forces applied by the microtubules by 
stretching instead of breaking, and it has been shown 
that reduction of the chromatin packaging (by deplet-
ing histones) is needed to maintain spindle length in 
response to spindle tension in budding yeast168. The 
effects of pulling or pushing a material are quantified 
in its Young’s modulus (E), which represents the rela-
tionship of stress to strain and is measured in pascals 
(1 Pa = 1 N/ m2 = 1 kg/m × s2). DNA and microtubules 
have a similar Young’s modulus, in the order of 1–2 GPa, 
which is similar to that of hard plastics. Although it 
has been more challenging to determine the Young’s 
modulus of the whole chromosome because it is not 
readily reconstituted outside of the cell, experiments 
have measured it to be between 40 Pa and 400 Pa164,169. 

Figure 5 | Applying the principles of polymer physics to chromosome segregation.  
a | Entropic forces drive the segregation of bulk chromatin. This is because it is 
energetically favourable for the polymers to segregate, as this allows them to adopt 
higher entropic states. The mitotic spindle apparatus provides directionality for this 
segregation and ensures that sister chromatids are equally segregated to daughter cells.  
b | It is important that the forces present at the mitotic spindle remain balanced to  
prevent breakage of the chromatin while maintaining tension along the chromatin  
(to sense bi-orientation). The microtubules exert an outwards force (towards the spindle 
pole), whereas the chromatin maintains an inwards force and is flexible enough to 
accommodate microtubule-based tension. CENPA, centromeric protein A; H3, histone H3.
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Strain
In the context of polymer 
physics, strain measures the 
deformation of the material, 
measured as change in length 
over length (ΔL/L).

Thus, it seems that the relative flexibility of chro-
matin could be acting as a buffer or ‘shock absorber’ 
to temper the forces generated by the spindle on the 
chromatin to prevent DNA breakage but still allow 
for tension-sensing mechanisms to correctly establish 
bi-orientation. Further work into the geometry and 
packaging of the pericentric chromatin will elucidate the 
role of the chromatin spring in balancing the outward s 
forces of the microtubules.

The future
The centromere is an essential site on every eukaryotic 
chromosome, and errors in this can lead to a wide range 
of diseases, including cancer and aneuploidy-related 
disorders such as Down’s syndrome, and to death. 
Although the level of complexity and underlying chro-
matin sequence varies across model organisms, a funda-
mental group of proteins, including the histone variant 
CENPA, is needed for attachment and function of the 

centromere. The structure, deposition and regulation of 
the centromeric nucleosome continue to be studied in 
great detail. CENPA variants have been identified in a 
wide range of eukaryotic organisms, but the structure of 
the nucleosome seems to vary by organism, and it will 
be important to understand the effects and implications 
of these differences. The geometry and physical prop-
erties of the pericentric chromatin are essential to our 
understanding of how chromosome segregation occurs, 
and we must continue to expand our understanding of 
the forces involved. Future work will incorporate the 
contributions of various fields to develop a comprehen-
sive model of centromere–kinetochore attachment and 
the nature of the centromeric and pericentromeric chro-
matin. Approaching chromosome segregation from an 
interdisciplinary viewpoint — by combining the molec-
ular and the mechanical properties of the centromere 
and kinetochore — will allow a better understanding of 
how fidelity in segregation is maintained.
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