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Abstract
Centromeres direct faithful chromosome inheritance at cell division but are not defined by a
conserved DNA sequence. Instead, a specialized form of chromatin containing the histone H3
variant, CENP-A, epigenetically specifies centromere location. We discuss current models where
CENP-A serves as the marker for the centromere during the entire cell cycle in addition to
generating the foundational chromatin for the kinetochore in mitosis. Recent elegant experiments
indicate that engineered arrays of CENP-A-containing nucleosomes are sufficient to serve as the
site of kinetochore formation and for seeding centromeric chromatin that self-propagates through
cell generations. Finally, recent structural and dynamic studies of CENP-A-containing histone
complexes—before and after assembly into nucleosomes—provide models to explain underlying
molecular mechanisms at the centromere.

Introduction
All eukaryotes share a common mechanism to achieve equal partitioning of genetic
information at cell division. Paired sister chromosomes are held together by protein tethers
called cohesins, and attach to a microtubule-based spindle via a locus called the centromere
[1,2]. Centromeres, except in some budding yeasts (e.g. S. cerevisiae and K. lactis), are not
defined by a specific DNA sequence. However, particular repeat sequences (e.g. α-satellites
in H. sapiens) can be common at the centromeres in a given species but are dispensable for
centromere function and identity [3]. In addition, while the centromere is the locus that
confers stable inheritance of all the conserved genes on the chromosome, centromere DNA
sequences are not well conserved between species [4]. In fact, centromere DNA is one of the
most rapidly evolving parts of the chromosome [5]. One aspect of centromeres that is now
clear is that their location on the chromosome is specified epigenetically.

The histone H3 variant, CENP-A (called Cse4 in yeast, CID in flies, and CenH3 in plants) is
the key to the epigenetic specification of centromeres [6]. In cases of chromosome fusion
creating a pseudo-dicentric (or centromere relocation on an intact chromosome; i.e. creating
a neo-dicentric), CENP-A is found at the active centromere but not at the location that
undergoes inactivation [7–9]. In this review, we discuss recent experiments that provide
compelling evidence that the presence of CENP-A is sufficient to form a functional
centromere de novo. This is a major advance for a key question in cell biology and genetics:
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understanding how the chromosome directs its own inheritance. These findings also add
important insight into the epigenetic basis of centromere specification, since the new studies
support the notion that, once seeded, CENP-A-containing chromatin directs its own
propagation in perpetuity in a manner that is independent of DNA sequence. In addition, we
will focus on other recent studies that have yielded major insight into the physical basis for
how CENP-A distinguishes centromeric chromatin from the rest of the chromosome, as well
as efforts that have uncovered a conserved cell cycle-coupled pathway for delivery of newly
expressed CENP-A to the centromere.

Two Roles for CENP-A: Persistent Centromere Marker and Chromatin
Foundation of the Mitotic Kinetochore

During the entire course of the cell cycle, the presence of CENP-A maintains the location of
the centromere [2,6] (Figure 1, top). CENP-A is also required in mitosis for nucleating the
kinetochore (Figure 1, bottom), the proteinaceous mega-complex that mediates spindle
microtubule attachment and generates a diffusible checkpoint signal to arrest cells if
attachments are not made [10]. Centromeres define the location of final chromosome
cohesion at metaphase and recruitment of the Aurora B-containing chromosome passenger
complex that selectively destabilizes erroneous microtubule attachments [8,9]. One key
question that remains unresolved is whether or not identical physical features of CENP-A
(modifications and/or organization within the nucleosome) are used for epigenetic marking
throughout the cell cycle and for its mitotic functions. Indeed, there are several proposed
forms of CENP-A containing nucleosomes, from conservative models where two CENP-A
molecules replace both copies of H3 within a nucleosome of conventional octameric
stoichiometry [11–14], to models where it alters the stoichiometry of histone subunits [15–
17], switches the handedness of DNA wrapping around the CENP-A-containing particle
[18,19], or replaces H2A/H2B dimers with a non-histone protein (e.g. Scm3 in budding
yeast; [20]). These diverse proposals have been discussed at length along with the idea that
they could be reconciled by a model of cell cycle-coupled centromere maturation [21].

An idea has been put forward that the kinetochore-forming function of centromeric
chromatin in most eukaryotic species is represented by a minor, specialized population of
CENP-A nucleosomes [20,22] (Figure 1, bottom, copies with a white star). Candidate
organisms where a ‘special’ pool of CENP-A nucleosomes may be particularly useful
include those like nematodes in which CENP-A nucleosomes are arranged in a subset of
chromatin that somehow discontinuously spans the entire length of the chromosome (i.e.
‘holocentric’ chromosomes), but where only a tiny fraction of CENP-A nucleosomes are
sites of kinetochore formation [23]. Even in more ‘regional’ centromeres (i.e. in mammals,
birds, many plants, etc.), there are typically thought to be more CENP-A-containing
nucleosomes than microtubule attachment sites [24,25]. Indeed, in human cells, reduction of
90-95% of CENP-A protein is required to eliminate the targeting of at least some
kinetochore and inner centromere components [25,26]. Perhaps this requirement for extreme
depletion of CENP-A indicates that, as in the worm, the CENP-A-containing nucleosomes
are in stoichiometric excess to the kinetochore formation proteins, and further that they are
the final pool to be removed upon knockdown of CENP-A expression. An equally attractive
possibility is that CENP-A nucleosomes are all equivalent to each other but in excess of
nucleation sites for microtubule attachments. In this scenario, the precise CENP-A-
containing nucleosome at the chromatin foundation of each microtubule attachment site
would then be determined stochastically. The “point” centromere of budding yeast is clearly
a unique type of centromere where there is likely to be a simplification of CENP-A-
containing chromatin. In these organisms, CENP-A does not mark centromere location but
rather centromere specification is determined by a particular DNA sequence [27]. Clearly
budding yeast CENP-ACse4 maintains its role at the foundation of the kinetochore [28,29],
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and by removing a role in epigenetic centromere specification it is possible that the physical
properties imparted by Cse4 have evolved solely for the purpose of nucleating kinetochore
components.

Generating New Centromeres From Scratch
Key data supporting the idea that the presence of an array of CENP-A-containing
nucleosomes is sufficient to seed new centromeres, and thus acts as the epigenetic
component that establishes centromere location, come from experiments where CENP-A is
directed to chromosome arms (Figure 2a,b,d). One approach to direct CENP-A to
chromosome arms is by its massive over-expression in mammalian tissue culture cells
[11,30]. Not surprisingly, spreading CENP-A nucleosomes throughout the genome does not
turn the entire chromosome into a centromere [30,31]. After an initial strong pulse of CENP-
ACID expression in fly cells, CENP-ACID is removed from most genomic locations, but
where it is retained, centromere activity (e.g. recruitment of centromere/kinetochore proteins
and interactions with the mitotic spindle) is occasionally detected [32,33] (Figure 2a). The
genomic locations where CENP-ACID is retained are not random, showing a distinct
preference for junctions between heterochromatic and euchromatic regions of the
chromosome [33]. This junction is similar to the telomere-proximal locations of new
centromere (neocentromere) formation in fission yeast that follow the engineered deletion of
endogenous centromeres [34]. It should be noted, however, that at the naturally-occurring
human neocentromeres that have been examined to date there is little or no detectable
classical heterochromatin at adjacent chromatin location [35].

Directed targeting of CENP-ACID to a specific genomic location, by fusing CENP-ACID to
the Lac repressor (LacI) to bring it to an array of Lac operator (LacO) sites is sufficient to
drive new centromere formation [36] (Figure 2b). This approach also extends to CENP-
ACid-LacI recruited to LacO-containing plasmids that gain centromere activity [36] (Figure
2c). Importantly, following an initial pulse of CENP-ACID-LacI targeting to the
chromosomal array, endogenous CENP-ACID is recruited locally, perpetuating centromeric
chromatin that spreads to locations adjacent to the LacO sites [36]. This observation shows
that once seeded with CENP-A, the artificial centromere successfully (self)propagates
through many cell cycles. Another attractive mode of targeting CENP-A to a new location in
the genome is to exploit its dedicated chaperone, HJURP (called Scm3 in yeast) [20,37–40].
Indeed, initial targeting to a LacO array by an HJURP-LacI fusion protein is sufficient to
recruit endogenous CENP-A [41] (Figure 2d). After HJURP-LacI is removed from the locus
by addition of the LacI allosteric effector molecule, IPTG, CENP-A is retained, presumably
integrated in the chromatin. Taken together these experiments provide strong evidence that
CENP-A chromatin is sufficient to form a new centromere.

In budding yeast, de novo centromere experiments have been performed for more than three
decades, a feature that is routinely exploited by investigators of budding yeast because the
small (∼125 bp) CEN sequence confers mitotic stability to plasmids [27,42]. While
biochemical evidence strongly argues for CENP-ACse4-containing chromatin that is
restricted to the genetically defined ∼125 bp budding yeast centromere [29,43,44], recent
fluorescence-based approaches indicate additional copies of CENP-ACse4 [45,46].
Regardless of the size of centromeric chromatin in this species, CENP-ACse4 is required but
not sufficient for (neo)centromere formation and function in budding yeast. Nonetheless, de
novo kinetochore activity that is sufficient to direct chromosome segregation can be
generated by tethering the Dam1 outer kinetochore complex to an ectopic chromosome
locus [47,48] (Figure 2e). Unlike the de novo centromere experiments involving CENP-A or
HJURP (Figure 2a-d), these approaches require the persistent, engineered tethering of a
Dam1 component to the locus, that, in turn, recruits other components of the spindle
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microtubule binding machinery (Figure 2e). Likewise, two members of the so-called
constitutive centromere associated network (CCAN), CENP-C and CENP-T, are sufficient
in mammalian and avian cells to confer robust kinetochore function to a LacO array site by
recruiting other constitutive centromere components that nucleate the assembly of
kinetochore components in mitosis [31] (Figure 2f).

Another approach for nucleating new kinetochores is biochemical. The nucleosome arrays
with sites available for 19 nucleosomes containing human CENP-A are sufficient, when
attached to beads, to nucleate the formation of functional kinetochores in frog egg extracts
[49] (Figure 2g). It is important to emphasize that these functional arrays are entirely
comprised of recombinant components assembled through traditional nucleosome
reconstitution approaches, supporting the notion that the octameric nucleosome form
underlies the kinetochore formation function of CENP-A.

Recent Progress in Defining the Physical Features of Octameric CENP-A-
containing Nucleosomes

While proposals for diverse alternative forms of CENP-A nucleosomes are now being
considered, as mentioned above, there has been nonetheless recent major progress in the
detailed understanding of the octameric form (i.e. [CENP-A/H4/H2A/H2B]2) where CENP-
A replaces the two chains of canonical H3 (Figure 3). Human (CENP-A/H4)2
heterotetramers that spontaneously form upon co-expression in bacteria [50] self-assemble
with H2A/H2B dimers and DNA into octameric nucleosomes that wrap DNA in a left-
handed manner [13] (the strategy used to form the functional arrays [Figure 2g; [49]]) and
similar findings have been reported with CENP-A proteins from other species [12,51,52]. It
is also notable that CENP-ACID/CENP-ACID is readily crosslinked through opposing
cysteine residues [53], and in both fly and human versions of CENP-A, mutations that
disrupt the CENP-A/CENP-A interface eliminate centromere targeting [53,54], supporting
models where CENP-A replaces both histone H3 chains in an octameric nucleosome.

The first high-resolution structure of CENP-A from any species came in the form of the
human (CENP-A/H4)2 heterotetramer [13]. One clear structural feature coming from this
analysis and unique to CENP-A, is a bulged loop L1 where local side-chains generate a
positive surface charge [13]. This is in contrast to the negative surface charge that exists at
this location on H3-containing nucleosomes [55]. Another observed feature, unique to
(CENP-A/H4)2 heterotetramers, is a rotated CENP-A/CENP-A interface that makes them
∼10 Å more compact at their largest dimension than (H3/H4)2 heterotetramers. This
compaction is clearly measured in solution relative to the flexible and ‘open’ (H3/H4)2
heterotetramers by small-angle x-ray scattering (SAXS) experiments [13]. The crystal
structure also identified hydrophobic stitches, patches of highly hydrophobic residues on α2
helix and loop L1 unique to CENP-A that directly contact hydrophobic residues on H4 [13],
providing an explanation for how CENP-A confers conformational rigidity to centromeric
nucleosomes [56].

The structure of a nucleosome containing CENP-A was recently reported [14] and revealed
four important features (Figure 3a):

• It confirmed the earlier reports [13,51,52] of left-handed DNA wrapping.

• The αN helix of CENP-A is shorter [14] than the corresponding helix in H3 in the
conventional nucleosome [55]. In both types of nucleosomes this helix is
juxtaposed to the final turn of DNA at each nucleosome terminus (also called the
nucleosome ‘entry/exit’ DNA). As opposed to the conventional nucleosome, where
the entire ∼146 bp of nucleosomal DNA is visible in the crystal structure [55], the
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terminal 13 bp of DNA are not visible in the CENP-A-containing nucleosome
structure [14]. While nucleosomes containing human CENP-A were previously
reported to wrap ∼146 bp of DNA [13], this apparent ‘disorder’, resulting in more
open conformations (Figure 3b, left), is likely due to increased flexibility in the
interaction of CENP-A with the terminal DNA fragment, consistent with previous
results from the topological analysis of CENP-A mononucleosomes assembled on
DNA mini-circles [57] as well as the analysis of CENP-A polypeptide backbone
dynamics in folded nucleosome arrays [58]. The flexibility is probably
consequence of a substitution of a single Arg→Lys at the position corresponding to
Arg49 in conventional H3 [57,58]. The side-chain of H3R49 intercalates the
terminal DNA in conventional nucleosomes [55] in a manner that is not possible
with a Lys side-chain. Interestingly, this same position in budding yeast CENP-
ACse4 is a Tyr, which would be predicted to highly disrupt local DNA binding, and,
indeed, octameric nucleosomes assembled with CENP-ACse4 wrap only ∼120 bp of
DNA with no apparent ability to fully wrap the conventional 145 bp [51,52].

• It confirmed that positively-charged loop L1, [13] is bulged and exposed on the
surface of the nucleosome [14].

• In the nucleosome crystal structure, the CENP-A/CENP-A four-helix bundle
rotates to a conventional rotation so that the sub-nucleosomal (CENP-A/H4)2
heterotetramer and the entire nucleosome has very similar overall shape and
dimensions to canonical nucleosomes [14].

This final finding is in contrast to (our) earlier proposal that the CENP-A/CENP-A interface
would maintain its rigid, ‘closed’ conformation after incorporation into nucleosomes and
concomitantly force the sub-nucleosomal H2A/H2B heterodimers to rotate away at the H4/
H2B four-helix bundle, generating a differently shaped nucleosome with altered radius of
DNA resulting in more exposed histone H2A and wider separated DNA gyres [13] (Figure
3b, right). Since this does not occur in the CENP-A-containing nucleosome crystal structure
[14], it calls into question if, or to what extent (Figure 3b), CENP-A uses its rotated CENP-
A/CENP-A interface that is an intrinsic feature of isolated (CENP-A/H4)2 heterotetramers.
On the other hand, the C-terminal ∼45 a.a. of the H2A subunit of CENP-A-containing
polynucleosome arrays undergoes rapid hydrogen/deuterium exchange relative to in arrays
assembled with conventional H3 [58]. Whether or not this increased local flexibility
accompanies a structural rearrangement of H2A/H2B dimers in CENP-A polynucleosome
arrays—the functional context of centromeric chromatin of most eukaryotes [49,58,59]—
awaits further investigation. The so-called CENP-A targeting domain, or CATD, is
comprised of 22 amino acids substitutions relative to histone H3 in its loop L1 and α2 helix
within its histone fold domain [50]. In some biological contexts the CATD appears to be
functionally important before and after nucleosome assembly [25,60,61], while other studies
have led to the proposal that the CATD may only be relevant for steps preceding
nucleosome incorporation [49,62]. While further functional tests are clearly warranted, the
CATD harbors both the bulged L1 that is exposed before and after nucleosome assembly
[13,14] and the residues important for the CENP-A/CENP-A rotation that has only been
directly observed in the heterotetramer context [13]. The CATD also contains six buried
residues at the H4 interface [13] in nearly identical orientation before and after nucleosome
assembly [13,14], that generate hydrophobic stitches and confer rigidity to CENP-A-
containing nucleosome [50,56]. Hydrophobic stitching seems to be a required feature of
centromeric nucleosomes. Indeed, a version of CENP-A in which the six residues that
constitute the stitches are swapped with their counterpart residues in conventional H3 is
unable to accumulate at centromeres [54]. The apparent functional importance of the rigid
interior of CENP-A nucleosomes reveals a potentially rich area of future investigation to
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examine the role of such deviations in sub-nucleosomal dynamics to generate local, physical
diversity within the chromatin fiber of eukaryotic chromosomes.

Propagating Centromere Identity Every Cell Cycle: HJURPScm3 and CENP-A
Chromatin Assembly

A particular challenge to propagating centromeric chromatin is the delivery of newly
expressed CENP-A to centromeres each cell cycle so that it is not diluted through replication
of the underlying DNA. The recent discovery of HJURPScm3 [20,37–40] and its subsequent
characterization as the chromatin assembly factor specific for generating new CENP-A
nucleosomes [41,52,63,64] represent landmark achievements for the field in understanding
this aspect of epigenetic centromere propagation. While HJURPScm3 is present at yeast
centromeres for much [65] or all [22,66] of the cell cycle, it is present at mammalian
centromeres for a small portion of the cell cycle consisting of several hours following
mitotic exit and the subsequent G1 phase of the cell cycle [37,38]. This time window in the
cell cycle overlaps with new CENP-A deposition at centromeres in insects and mammals
[67,68]. The cell cycle timing of CENP-A deposition appears to be primarily dictated in
mammalian and bird cells by conventional cell cycle machinery (i.e. Cdk1 and Cdk2) that
restrict to mitotic exit a ‘centromere licensing’ event [69], presumably mediated by a
complex containing Mis18 and associated factors [41,64,65,70]. Using purified components,
HJURPScm3 assembles CENP-A-containing nucleosomes [41,52,71], and on the extremely
AT-rich centromere sequences in budding yeast HJURPScm3 can co-assemble with CENP-A
and H4 into non-nucleosomal particles [22]. In mammalian cells, HJURPScm3 is detectable
at centromeres for several hours every cell cycle, so perhaps it forms a similar non-
nucleosomal particle as an intermediate in a stepwise centromere maturation program that is
coupled to the cell cycle [21].

Three atomic resolution structures are now available of the ternary HJURPScm3/CENP-
ACse4/H4 complex, two fungal complexes (from S. cerevisiae [72] and K. lactis [62]) and
one H. sapiens complex [73] (Figure 4). The K. lactis and H. sapiens structures are from
crystallographic studies, and in both cases binding of HJURPScm3 occurs along a surface of
an otherwise intact CENP-ACse4/H4 histone fold [62,73]. The S. cerevisiae structure from
NMR studies, however, showed major perturbations of the histone fold, notably the
separation of the long α2 helices of CENP-ACse4 and H4 by the insertion of the αA helix
from HJURPScm3, as well as breakage of the C-terminal ∼one-third of the CENP-A α2 helix
[72]. Cho and Harrison have called the NMR structure into question, chiefly on the basis
that the construct lacked the α1 helix of H4 [62]. Given the intertwined helical fold of the
histones and the essential contacts therein by all three helices of each histone [55], this
criticism must be strongly considered. Bai and colleagues have countered that there is no
strong evidence that the α1 helix is structured in solution prior to nucleosome formation,
and that the αB helix of HJURPScm3, absent in the construct used for the K. lactis crystal
likely takes the place of an unstructured H4 α1 helix [74].

While each of the three studies were of proteins originating from different species, all of the
resulting structures agree on several points (Figure 4c):

• HJURPScm3 binds CENP-ACse4/H4 dimer and prevents (CENP-ACse4/H4)2

heterotetramer formation as observed in the absence of HJURPScm3 [13] and within
nucleosomes [14].

• HJURPScm3 obstructs DNA binding of CENP-ACse4 as it occurs within the
nucleosome [14]. On the other hand, some of the positively charged DNA-binding
ridges remain accessible (Figure 4a and 4c, grey spheres), leaving open the
possibility that the ternary complex could bind to DNA in a non-nucleosomal form.
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Indeed, this type of binding could account for HJURPScm3/CENP-ACse4/H4
complexes that bind to yeast CEN sequences, and are proposed to represent the
centromeric CENP-ACse4-containing particle at the foundation of the budding yeast
kinetochore [22].

• HJURPScm3 uses as a major binding surface electrostatic and hydrophobic contacts
with CATD region of CENP-ACse4.

A central question in understanding the propagation mechanism that replenishes CENP-A at
the centromere each cell cycle is how it is recognized and sorted away from bulk H3
destined for other locations in the genome. For example, HJURPScm3 binds CENP-ACse4/H4
in a dimer form generating trimeric 1:1:1 complex of chaperone and two histones, the same
stoichiometry as the ternary complex of the histone chaperone Asf1 with conventional H3
and H4 [75,76]. Since the contact region on H3/H4 for Asf1 [75,76] is not strongly
distinguished from the corresponding portion of CENP-A/H4 [13], bulk histone chaperones
may not be excluded from binding to CENP-A/H4. Indeed, RbAp46/48 and nucleophosmin
can co-purify with CENP-A/H4 out of mammalian cells [37,38], the former presumably
through its interactions with the N-terminus of H4 [77,78]. Thus, it seems most likely that
HJURP uses distinguishing features encoded by CENP-A to sort it away and sequester it
from bulk H3.

While the atomic-level structural studies have added important insight to HJURP binding to
CENP-A/H4, divergent findings from the three structures [62,72,73] did not generate a
unified view as of how is specificity actually achieved. The fungal complex structures have
partially overlapping residues proposed to be important for CENP-ACse4 binding specificity
(Figure 4c,d) [62,72]. For instance, two Met residues within the N-terminal portion of the
CENP-ACse4 α2 helix were highlighted in both studies [62,72]. The K. lactis structure finds
another key interaction towards the C-terminal end of the CENP-ACse4 α2 helix: His155 of
the CENP-ACse4 interacts electrostatically with His67 and Asp71 on HJURPScm3 [62]. The
S. cerevisiae structure, however, does not involve capture of this amino acid contact due to
bending of αA helix of HJURPScm3 away form C-terminal end of the α2 helix of CENP-
ACse4 [72]. Instead, the authors highlight residues in the central portion of α2 helix of
CENP-ACse4 (Ala189 and Ser190), as they were identified as important in other functional
studies for growth defects (e.g. mutation of Met184, Ala189 and Ser190 in CENP-ACse4 to
the corresponding H3 residues [39]) and cell viability (e.g. Ile110Asp and Ile117Asn
mutations [79]). However, it is not immediately clear from the structure how these residues
provide specificity over analogous residues in conventional H3 histone (Figure 4c). In H.
sapiens CENP-A, there is a histidine (His104), located one turn up the α2 helix relative to
His155 in K. lactis CENP-ACse4 [73]. The authors of the human ternary complex study have
concluded, however, that neither His104 nor any other residues encoded by the CATD of
CENP-A (i.e. in CENP-A loop L1 and α2 helix) are likely candidates to confer specificity
by CENP-A. Instead, they proposed Ser68 within the α1 helix of CENP-A as the primary
specificity determinant for HJURP-binding [73]. This view should be tempered, though, by
functional approaches in cells as well as experiments to monitor HJURP/CENP-A/H4
ternary complex formation by size exclusion chromatography where the critical specificity
determinants map to surface residues within the CATD, and not to Ser68 [54]. Indeed, as
few as three contact residues within the CATD suffice for HJURP recognition [54].

Concluding Remarks and Future Challenges
Over the last ∼two years, the centromere field has seen major progress in two key areas:
tests that confirm the notion that arrays of CENP-A-containing nucleosomes are sufficient to
generate functional centromeric chromatin [31-33,36,41,47–49] and structural findings that
finally give atomic resolution snapshots [13,14,62,72,73] of the histone variant ∼25 years
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after its initial discovery [80,81]. Major questions remain, however, and effort is needed
now to define the precise nature of the CENP-A-containing particle at natural centromeres,
as well as the nature of potential intermediate forms accompanying CENP-A chromatin
assembly reactions. In addition, it will be important to test whether or not the interphase
epigenetic centromere specifying function of CENP-A is mediated by a nucleosomal form
that is the same as the kinetochore-building form.
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Figure 1. Epigenetic marking and kinetochore nucleating functions of CENP-A-containing
nucleosomes
Diagram showing that CENP-A (red dots in the green interphase nucleus and on the mitotic
chromosome) marks centromere location throughout the cell cycle. Two key points during
interphase that are currently under investigation are S-phase when centromere DNA is
replicated but no new CENP-A is deposited and early G1 when new CENP-A protein
incorporates at centromeres and results in doubling the number of CENP-A nucleosomes.
Throughout the cell cycle, CENP-A nucleosomes are associated with the constitutive
centromere-associated protein network (CCAN) (represented by a yellow rectangle). In
mitosis, CENP-A nucleosomes are (re)organized on the face of the chromosome.
Connections are made between the CCAN and the so-called KMN network (orange
rectangle) that is directly involved in attaching to spindle microtubules [82]. As detailed in
the text, one untested possibility is that specialized and somehow modified subset of CENP-
A nucleosomes (denoted with white stars) serve as the key connection point, linking the
chromosome to a spindle microtubule through the CCAN and KMN network.
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Figure 2. Summary of various experimental approaches used to seed a new epignetic centromere
(a-d), to generate an ectopic kinetochore (e-f) and a synthetic kinetochore (g)
See text for details. Dark green segments with black line boundaries on chromosome arms
denote the location of integrated LacO arrays. Red stars denote location of the new
centromere in panels a, b and d. Yellow denotes kinetochore activity in panels e-g.
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Figure 3. Unique physical properties of the mammalian CENP-A-containing nucleosome
(a) Distinguished physical properties of CENP-A nucleosome are highlighted in black
circles. Clockwise from the top left, these include transient unwrapping/flexibility of the
final helical turn of DNA at each nucleosome terminus [14,57,58], hydrophobic stitches that
rigidify the CENP-A/H4 interface [13,50,54,56], a bulged loop L1 that is of opposite charge
as on H3 in the conventional nucleosome [13,14], and the unstructured C-terminus that
mediates recognition of CENP-A nucleosomes by CENP-C [83]. (b) Dynamic properties of
CENP-A nucleosome indicate potential sampling between distinct conformations.
Mammalian CENP-A containing nucleosomes wrap ∼145 bp of DNA at steady-state
(center; [13,58]), but sample unwrapping at the terminal DNA to a greater extent than
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conventional nucleosomes with canonical H3 [57,58]. The crystal form of the nucleosome
includes only 120 bp of DNA that is visible in the structure (left; [14]), supporting the notion
of increased flexibility at nucleosome termini. Another potential alternate form under
investigation is one where rotation at the CENP-A/CENP-A is maintained as in the isolated
sub-nucleosomal (CENP-A/H4)2 heterotetramer [13], leading to a smaller radius of
curvature of DNA wrapping near the nucleosomal dyad (right, top) and wider spacing of
H2A/H2B heterodimers and the two strands of nucleosomal DNA (right, bottom).
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Figure 4. Structures of HJURPScm3/CENP-ACse4/H4 ternary complexes
(a) The sub-nucleosomal (CENP-A/H4)2 structure [13] is shown with cylindrical helices as a
reference point for how CENP-A and H4 are affected by binding to HJURPScm3. Positively
charged residues making DNA contacts [14] are depicted as grey spheres. (b) Ribbon
diagram of CENP-A/H4 tetramer (PDB ID 3NQJ) with the CATD of CENP-A colored black
[13] shown for easier comparison with complexes in panel c. (c) Structure of HJURPScm3

(yellow)/CENP-ACse4 (red)/H4 (blue) complexes [62,72,73] with cylindrical helices (right
column) and details of specific interactions in each of the structures (middle and right
columns). The middle column includes ribbon diagrams of complexes with sites of specific
interactions circled in black and accompanying enlargements. For easier comparison
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between each other and the tetramer in panel b, all structures were overlaid using residues
within α2 helix of CENP-A (labeled black). (d) Linear diagram of constructs used in the
three HJURPScm3/CENP-ACse4/H4 ternary complex structural studies. In constructs used for
crystal structures, the residues present in the construct but lacking order in the corresponding
structure are made transparent. The shared contact surfaces in each structure are contained
within the dashed boxed regions of CENP-ACse4 (red) and HJURPScm3 (yellow), with α-
helices indicated by small solid boxes and β-strands indicated by arrows. The S. cerevisiae
study used a single-chain fused polypeptide with a 6 a.a. linker sequence between CENP-
ACse4 and HJURPScm3 (green) and no linker between HJURPScm3 and H4. Sequence
overlays are presented underneath the scheme with conserved residues between all structures
labeled with boxes of solid colors (red for CENP-ACse4 and yellow for HJURPScm3). The
CATD of CENP-A is boxed with a black rectangle. The interacting residues (listed in panel
c) proposed as determinants of specificity between CENP-ACse4 and HJURPScm3 are shown
in black. For easier analysis, the corresponding region of human histone H3 sequence
(green) is placed underneath CENP-ACse4 sequences. Six residues differ between human
H3.1 and fungal H3 proteins and the matching amino acids in fungal H3 are shown below
the human H3 sequence.

Sekulic and Black Page 17

Trends Biochem Sci. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


