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Centromeres of higher eukaryotes are epigenetically maintained; however, the mechanism that underlies centromere inheritance
is unknown. Centromere identity and inheritance require the assembly of nucleosomes containing the CenH3 histone variant
in place of canonical H3. Work from our laboratory has led to the proposal that epigenetic inheritance of centromeres evolved
as adaptations of CenH3 and other centromere proteins to resist drive of selfish centromeres during female meiosis. Our molecular studies have revealed that the Drosophila CenH3 nucleosome is equivalent to half of the canonical H3 nucleosome
and induces positive supercoils, as opposed to the negative supercoils induced by an H3 nucleosome. CenH3 likewise induces
positive supercoils in functional yeast centromeres in vivo. The right-handed wrapping of DNA around the histone core implied
by positive supercoiling indicates that centromeric nucleosomes are unlikely to be octameric and that the exposed surfaces
holding the nucleosome together would be available for kinetochore protein recruitment. The mutual incompatibility of nucleosomes with opposite topologies could explain how centromeres are efficiently maintained as unique loci on chromosomes.
We propose that the opposite wrapping of DNA around a half-nucleosome core particle facilitates a mode of inheritance that
does not depend on DNA sequence, DNA modification or protein conformation.

Centromeres, the chromosomal sites of attachment to
the mitotic spindle, have been familiar to cell biologists
for well over a century (Fig. 1). Centromeres were evident
to Walther Flemming in his landmark book published in
1882 (Flemming 1882), where he described in detail the
processes that result in a single nucleus dividing into two
daughter nuclei. Flemming coined the term “chromatin”
to describe the deeply staining bodies that were later called
“chromosomes” and the term “mitosis” to describe the dynamic process whereby chromosomes split into two. The
work of Flemming and his contemporaries provided the
groundwork for the immediate acceptance of Mendel’s
laws on their rediscovery in 1900, and thus the field of genetics was established with the understanding that genetic
inheritance is embodied in chromosomes. It therefore
might come as a surprise that although the segregation
function of centromeres was understood by Flemming, the
genetic identity of centromeres and how they are inherited
remains a subject of controversy to this day.
Centromeres are defining features of eukaryotic chromosomes and are essential for mitosis, leading to the expectation that they would be specified by DNA sequence. This
expectation was initially fulfilled by the discovery of precise
correspondences between genetic and molecular maps of
centromeres in the budding yeast Saccharomyces cerevisiae,
where each of its 16 centromeres occupies an ~120-bp sequence (Bloom and Carbon 1982). However, subsequent
work failed to identify a counterpart of genetic centromeres
in other organisms, not only in animals and plants, but also
in other fungi. For example, the budding yeast Candida albicans has centromeres that lack any common sequence elements (Baum et al. 2006). That C. albicans centromeres
are inherited epigenetically, i.e., independently of DNA se-

quence, is indicated by the fact that “neocentromeres” can
be made to form at arbitrary sites in the genome (Ketel et
al. 2009). Similarly, rare examples of neocentromeres arise
spontaneously in human genomes–-these are functionally
normal, sometimes persisting through multiple human generations without any detectable phenotypic defect (Warburton 2004). Almost 100 human neocentromeres have been
identified to date, and as far as can be determined, they arise
at unrelated locations in the genome. Sites of human neocentromere formation show no resemblance to the 171-bp
α satellite repeat arrays in which all of our native centromeres are embedded and, except for a weak A + T–rich
bias, have no sequence motifs in common. Although centromeres in the large majority of eukaryotes lie within highly
repetitive alphoid-like satellites, in rice and chickens some
centromeres almost entirely lack satellite repeats (Nagaki et
al. 2004; Shang et al. 2010). Like human neocentromeres,
these native centromeres show no evidence of sequence preference (Yan et al. 2008). Even satellite-rich natural centromeres may be inactivated and reactivated (Han et al.
2009), analogous to the epigenetic silencing of genes. Thus,
although centromeres are commonly located within DNA
satellites, there do not appear to be DNA sequence requirements for centromere formation in most eukaryotes.
If it is not DNA sequence, then what marks the locations
of centromeres and neocentromeres and specifies their attachment to the spindle at mitosis and meiosis, essentially
indefinitely? During the past decade, a consensus has
emerged in the centromere field that a specialized nucleosome defined by the presence of a distinct histone 3 variant
(CenH3; CENP-A in mammals) (Earnshaw and Rothfield
1985; Palmer et al. 1987) forms the obligatory foundation
of all centromeres (Bernad et al. 2009). CenH3 nucleo-
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Figure 1. Mitosis in salamander cells as depicted in drawings by Walther Flemming (1882). Note the evident attachment of mitotic
spindle fibers to darkly staining regions, later termed “heterochromatin,” present on each chromosome. The resulting segregation to
the poles indicated to Flemming that there is a single position present on every chromosome that is responsible for anaphase movement
of that chromosome to the poles. Flemming called the chromosomes “chromatin” and the process “mitosis.”

somes comprise the most fundamental unit of centromere
identity, regardless of whether these centromeres are genetic, as in S. cerevisiae, are epigenetic, as in most other
eukaryotes, or are neocentromeres. CenH3 nucleosomes are
essential for mitosis in almost all organisms studied and at
least in Drosophila are both necessary and sufficient for organizing the kinetochore (Heun et al. 2006), the complex
proteinaceous structure that attaches to spindle microtubules. Therefore, the question of how centromeres are epigenetically inherited becomes a question of how CenH3
nucleosomes are assembled and propagated.
In this chapter, we first address the question of why
nearly all eukaryotes have evolved an epigenetic mode of
centromere inheritance. We then briefly outline other
modes of epigenetic inheritance in eukaryotes as background for considering how CenH3 nucleosomes might
be inherited. This is followed by a review of our studies
of CenH3 nucleosome assembly and on biochemical features of CenH3 nucleosomes. Finally, we describe our
more recent work which shows that CenH3 nucleosomes
are fundamentally different from canonical nucleosomes,
in that they wrap DNA in a right-handed, rather than a lefthanded, orientation. This discovery leads us to propose a
novel mode of epigenetic inheritance that does not rely on
either covalent modification of DNA or protein or protein
inheritance per se, but rather on DNA topology.

Schueler et al. 2010). Recurrent positive selection implies
genetic conflict, and there is one situation, female meiosis,
in which centromeres would be expected to compete against
one another. That is because only one of the four products
of female meiosis is included in the egg nucleus, whereas
the other three products are lost as polar bodies. This creates
a win-or-lose situation for chromosomes, and thus a centromere that achieves a favorable position relative to the egg
pole is more likely to survive to the next generation (Fig.
2). A centromere might achieve an advantage simply by
satellite expansion to make a larger CenH3 domain, al-

WHY ARE MOST CENTROMERES
EPIGENETIC?
The astonishing variety of DNA sequences that harbor
centromeres and neocentromeres, even within the same organism, presents a paradox (Henikoff et al. 2001). Loss of
a single centromere means loss of the chromosome and
dominant lethality, and such strong selection should have
led to selection for an optimal centromeric sequence. Yet
centromeric DNA satellites are among the most rapidly
evolving sequences in a genome. We were led to a possible
resolution of this paradox with the discovery that CenH3s
in Drosophila are evolving under positive selection (Malik
and Henikoff 2001), and this finding was subsequently extended to CENP-C, a large centromere-specific DNA-binding protein (Talbert et al. 2004) and to other eukaryotes with
rapidly evolving centromeres (Malik and Henikoff 2009;

Figure 2. Model for centromere drive during female meiosis. (A)
An expanding centromere drives to high frequencies in the population by accumulating more foundation proteins such as CenH3
and CENP-C (green) and making more microtubule connections,
causing it to orient toward the egg pole (curved arrow) even when
it starts out in an unfavorable position. Such biased orientation during male meiosis might trigger a checkpoint and result in sterility,
which would limit drive. (B) Normal segregation would be restored
if the driving centromere encounters a mutant CENP-C (blue) with
reduced DNA-binding specificity that binds to previously noncentromeric sequence. Meiotic parity results, providing an advantage
for the gene encoding the mutant foundation protein, which sweeps
to fixation. (Adapted, with permission, from Dawe and Henikoff
2006 [©Elsevier].)
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though the mechanistic basis for preferential orientation on
the meiotic spindle is unknown.
Centromere meiotic drive can account for the well-established advantage of human Robertsonian translocations
(centromeric fusions of two acrocentric chromosomes to
yield a metacentric) in female but not in male meiosis
(Daniel 2002) and for anomalous segregation distortion
in monkey flower hybrids (Fishman and Saunders 2008).
These unusual situations make it possible to detect the
consequences of centromere competition; however, we expect that competition between maternally and paternally
derived centromeres occurs during every female meiosis
but without consequence except to favor one chromosome
more often than another. Centromere drive can also be
harmful, in that a successfully driving centromere with a
deleterious mutation can reduce the fitness of a population
(Malik 2009). In addition, centromere drive seems to result in male meiotic defects, likely resulting from misorientation on the meiotic spindle and checkpoint arrest
(McKee et al. 1998). For example, although human Robersonian translocations are preferentially transmitted during
female meiosis, they cause low fertility of male carriers
of this fusion chromosome (Daniel 2002). Therefore, host
genomes will have evolved mechanisms to combat centromere drive, and we suppose that CenH3 and CENP-C,
which directly interact with centromeric sequences, have
been evolving adaptively to neutralize centromere drive
and thus to help the host genome achieve parity among
competing homologous centromeres.
Avoidance of deleterious centromere drive might have
resulted in the evolution of epigenetic centromeres in
plants and animals (Dawe and Henikoff 2006). A mutant
centromeric DNA satellite sequence that expands and
drives to high frequency in a population will eventually
encounter a mutant centromere protein that has reduced
specificity such that it binds to an existing satellite adjacent to a wild-type centromere (Fig. 2). Restoring balance
between the mutant and wild-type homologous centromeres can relieve the male sterility defect, and both the
mutant centromere and the gene encoding the mutant centromere protein will drive toward fixation in the population. In this way, the tendency for a selfish centromere to
favor its own sequence will be resisted by a centromere
protein that reduces sequence specificity. Thus, epigenetic
centromeres would have evolved as a successful strategy
to resist centromere drive.
Such a process of centromere competition followed by
restoration of parity with mutation of a centromere protein
represents a Dobzhansky–Muller two-component system,
in which two interacting loci evolve together in an isolated
population while becoming incompatible with the original
population (Presgraves 2010). Crosses between populations would result in renewed drive and deleterious effects
on male fertility. In this manner, centromere drive can result in hybrid sterility, providing a molecular explanation
for postzygotic reproductive isolation. Recent studies
demonstrating that hybrid sterility genes are under positive
selection (Oliver et al. 2009; Phadnis and Orr 2009; Presgraves 2010) and that they may involve interactions with
centromeric regions (Bayes and Malik 2009) suggest that
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centromere drive is a common mechanism of speciation.
To the extent that speciation leads to successful new forms
of life, centromere drive and epigenetic centromeres will
persist and thrive.
THREE MODES OF EPIGENETIC
INHERITANCE
Epigenetic inheritance is central to the biology of higher
organisms, including developmental biology and stem cell
biology. Different cells in an individual inherit the same
DNA but have different developmental fates that are propagated through multiple rounds of cell division. One mode of
epigenetic inheritance, maintenance DNA methylation, is
simple and well understood (Goll and Bestor 2005). DNA
methylation occurs primarily on cytosines of CG dinucleotides. If a CG site is methylated on both DNA strands,
replication will result in a hemi-methylated site. After encountering such a site, the enzyme Dnmt1 completes the
methylation, thus restoring the fully methylated configuration. As long as Dnmt1 methylates only hemimethylated
sites, and methylation is irreversible, the methylation pattern
will be faithfully inherited from one cell generation to the
next. In many eukaryotes, DNA methylation is a mechanism
for silencing of parasitic transposable elements and viruses.
In addition, the phenomenon of genomic imprinting represents an example of epigenetic inheritance that relies in part
on DNA methylation in both plants and animals (Edwards
and Ferguson-Smith 2007; Gehring and Henikoff 2007). A
gene is imprinted if there is a difference in expression of an
allele of a gene depending on whether it was inherited from
the mother or the father, and the activity of Dnmt1 is required to stably maintain the silent state of imprinted genes
throughout development (Hirasawa et al. 2008).
Other developmental processes do not appear to depend
on DNA methylation, and the mechanistic basis for inheritance of gene activity states from the zygote through to
the mature adult remains a subject of intense interest. One
theory posits that epigenetic inheritance involves a positive-feedback loop (Margueron and Reinberg 2010). An
alternative theory is that epigenetic inheritance involves
the maintenance of epigenetic marks during replication,
by analogy with maintenance DNA methylation (Hansen
et al. 2008). A common problem in the literature is that
epigenetics is often defined in terms of one or the other
theory, a situation that has led to unnecessary confusion
(Ptashne 2007). For example, DNA methylation is not
maintained by a positive-feedback loop but rather by enzymatic action of the Dnmt1 methyltransferase, which acts
in a semiconservative manner to replicate the methylation
state of a cytosine. Some popular models for epigenetic
inheritance posit that methylation of a histone lysine has
a similar role during development (Hansen et al. 2008).
We have recently tested whether histone modifications are
capable of transmitting an epigenetic state by directly
measuring the turnover of nucleosomes genome wide in
a Drosophila cell-line system (Deal et al. 2010). We found
that sites of epigenetic regulation, including those bound
by Polycomb-group proteins, turn over much too rapidly
for any histone modification to itself be inherited from one
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cell cycle to the next. This implies that epigenetic inheritance is maintained by a feedback loop, perhaps one that
involves nucleosome turnover.
DNA methylation is also a component of a third mode
of epigenetic inheritance that is common in bacteria. Dam
methyltransferase methylates the adenine bases of nearly
all of the ~20,000 GATC sites present in the Escherichia
coli genome; however, it is excluded at some of them because it is blocked by a sequence-specific DNA binding
protein (Casadesus and Low 2006). For example, the
leucine-response regulatory protein (Lrp) binds to unmethylated GATC sites at the pap operon, thus both blocking methylation by Dam and activating expression of the
operon. In this way, mutual exclusion of Dam by Lrp and
of Lrp by Dam methylation from pap regulatory sequences
maintains either of two stable states of expression.
Below, we ask whether any of these modes of epigenetic
inheritance–-semiconservative replication as in maintenance DNA methylation, a feedback loop, as in developmental memory, or mutual exclusion, as in Dam/Lrp
antagonism–-can explain the epigenetic inheritance of
centromeres. We find evidence for a novel epigenetic
mechanism based on structural differences between nucleosomes with mutually exclusive DNA topology states.
ASSEMBLY OF CENH3 NUCLEOSOMES
The bulk of nucleosomes is assembled immediately behind the replication fork, although some nucleosomes are
deposited outside of replication. Of the four canonical core
histones–-H2A, H2B, H3, and H4–-only H3 is deposited
exclusively during replication, and the H3.3 replacement
variant is the exclusive substrate for replication-independent nucleosome assembly on chromosome arms (Ahmad
and Henikoff 2002). H3.3 preferentially incorporates at active genes and regulatory elements, and this replacement
occurs during histone turnover (Deal et al. 2010). The other
sites of conspicuous replication-independent nucleosome
assembly are on centromeres, where CenH3 deposits
(Ahmad and Henikoff 2002). Replication-independent assembly of CenH3 nucleosomes is nearly universal (Shelby
et al. 2000; Ahmad and Henikoff 2001; Malik and Henikoff
2009), and in Drosophila early embryos, it occurs during
anaphase of mitosis (Schuh et al. 2007). The fact that
CenH3 nucleosomes do not deposit behind the replication
fork would seem to exclude semiconservative replication
models for CenH3 nucleosome inheritance.
Alternatively, CenH3 nucleosomes might maintain their
localization to centromeres via some sort of targeting mechanism (Cleveland et al. 2003; Du et al. 2010). To help understand how CenH3 nucleosomes become localized to
centromeres, we looked for components of the CenH3 preassembly complex that might mediate targeting (Furuyama
et al. 2006). Conventional chromatin is maintained in part
by histone chaperone complexes. The CAF-1 complex deposits H3, whereas other complexes, including HirA, deposit H3.3 (Tagami et al. 2004). These soluble complexes
had been purified from human cell lines, and we used a similar approach to purify the corresponding complex for CID,
the Drosophila CenH3, from S2 cells (Furuyama et al.

2006). We used two different affinity-tag methods for purification and obtained the same result for both. In addition
to tagged CID, we found its obligate histone-folding partner H4 and a single protein chaperone RbAp48, a highly
abundant component of various chromatin assembly, remodeling, and modification complexes. We found that
RbAp48 makes direct contact with both H4 and CID in the
soluble complex. We also confirmed that this soluble complex is sufficient for nucleosome assembly by showing that
RbAp48-CID-H4 reconstituted in vitro is sufficient for
chromatin assembly activity, without requiring additional
components. The simplicity of the CenH3 assembly complex contrasts with multisubunit complexes previously described for H3 and H3.3. This result implied that CenH3 is
not targeted to centromeres as part of the nucleosome assembly process.
More recent studies have reported the isolation of
human CENP-A assembly complexes (Dunleavy et al.
2009; Foltz et al. 2009; Shuaib et al. 2010). Regarding
Drosophila, RbAp48 was found to be a stoichiometric
component of the soluble complex in two of the studies,
and another highly abundant histone chaperone, nucleophosmin, was found in all three studies. A major difference from the Drosophila complex was the presence of a
centromere-specific protein, HJURP, which does not exist
in flies. HJURP is essential for CENP-A incorporation at
centromeres, and in one study, it was shown to facilitate
nucleosome assembly (Shuaib et al. 2010). Interestingly,
HJURP was shown to be a distant homolog of the yeast
CenH3-associated protein Scm3 (Sanchez-Pulido et al.
2009). Therefore, it is possible that CENP-A nucleosome
assembly involves some degree of targeting in mammals,
perhaps an adaptation to the uniform alphoid character of
human centromeres. For instance, a single yeast CenH3
(Cse4) protein is centered over a sequence that is ~90% A
+ T (Meluh et al. 1998; Furuyama and Biggins 2007), and
α satellite is ~65% A + T, whereas Drosophila centromeres are embedded in sets of short repeat units with
diverse base composition, including AATAT, GAGAA,
and CCCGTACTCGGT. Although further studies are
needed to determine the roles of HJURP and Scm3 in localizing CenH3 to human and yeast centromeres, the lack
of any potential targeting component in the Drosophila
preassembly complex led us to search for features of
CenH3 nucleosomes that might help to account for the apparently untargeted deposition of Drosophila CID.
NATIVE DROSOPHILA CENH3
NUCLEOSOMES ARE “HEMISOMES”
CenH3s tolerate a high degree of sequence divergence relative to H3s and H3.3s, which are nearly invariant (Henikoff
et al. 2001). Even closely related Drosophila species have
quite dissimilar amino-terminal tails, and by swap experiments, we had shown that there is a single critical region for
CID localization that encompasses Loop 1 of the histonefold domain (Vermaak et al. 2002). By changing each of the
critical residues within this region to alanine or glycine, we
were able to show that single amino acid residues within this
critical region of the histone core are essential for targeting

EPIGENETIC INHERITANCE OF CENTROMERES
to centromeres, as opposed to promiscuous assembly
throughout the genome. This observation led us to test the
possibility that centromere localization is attributable to
some structural features of CenH3 nucleosomes. We purified endogenous CID nucleosomes from Drosophila S2
cells under physiological ionic conditions and subjected
them to a variety of analyses (Dalal et al. 2007b). Classical
cross-linking within the native particles indicated that they
are tetramers; affinity purification of the particles showed
that they contain equimolar amounts of CID, H4, H2A, and
H2B; nuclease digestion experiments showed that they wrap
much less DNA than H3 octamers; and electron microscopy
(EM) showed that they are beads on a string separated by
long linkers and that they resist ionic condensation. Most
importantly, atomic force microscopy (AFM) showed that
CID nucleosomes are stable particles with half the volume
of bulk nucleosomes, which provides completely independent evidence from the cross-linking that CenH3 nucleosomes are tetrameric. Additional experiments using AFM
with recognition imaging on histone core particles released
from bulk chromatin confirmed that tetramers are by far the
predominant CenH3-containing particle (Fig. 3) (Wang et
al. 2008), consistent with a half-nucleosome or “hemisome”
structure. The loose packaging of hemisomes suggested a
model for the kinetochore in which they are extruded to the
surface when chromosomes condense into a quasicrystalline
structure at mitosis, making them available to recruit kinetochore structural proteins (Dalal et al. 2007a).
The surprising discovery that native Drosophila CenH3
nucleosomes are hemisomes stands in contrast to results of
in vitro reconstitution studies, in which octameric nucleo-

Figure 3. Hydroxylapatite-bound chromatin was purified from
interphase cells to enrich for histone core particle complexes immunoprecipitated using an anti-CenH3 antibody and visualized
by AFM. The unbound material contains predominantly canonical histone core particles and provided a control. Only particles
>1.65 nm high and >6 nm in radius in the samples were measured
to exclude small nonnucleosomal particles and debris. Heights
were measured for an equal number of particles for CenH3 (red)
and unbound (green) particles. (Insets) Sample images. Bar, 100
nm. The Z range is shown at the bottom of the inset images.
(Reprinted, with permission, from Wang et al. 2008.)
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somes are readily assembled using dialysis against 2 M NaCl
(150 mM salt is physiological) (Conde e Silva et al. 2007;
Camahort et al. 2009; Visnapuu and Greene 2009). Indeed,
we found that a variety of large CID-containing particles, including those of octameric size, can be formed during 2 M
salt treatment, although we did not detect them in native
preparations (Dalal et al. 2007b). Clues from other studies
question the in vivo relevance of reconstituted octamers
using conditions that have been developed to fold octameric
nucleosomes. For example, the dimerization domain of
CENP-A octamers is more easily dissociated than that of H3
octamers, and distinct (CENP-A/H4)2 tetrasomes fail to form
during salt dialysis with DNA, despite the fact that such particles are readily formed using H3 (Conde e Silva et al.
2007). Cse4 octamers could be assembled by salt dialysis
onto DNA with the 601 nucleosome-positioning sequence
(Lowary and Widom 1998), but these nucleosomes ran as
multiple species in native gels, unlike H3 octameric nucleosomes, which ran as a single species (Camahort et al. 2009).
Furthermore, Cse4 octamers reportedly failed to assemble
on native yeast centromeric DNA under any tested conditions
(Camahort et al. 2009). Direct measurements of native particles isolated under physiological ionic conditions will be
needed to ascertain the structure of Cse4 nucleosomes.
CENH3 NUCLEOSOMES INDUCE
POSITIVE DNA SUPERCOILS
Our studies of CenH3 nucleosome assembly have led to
the discovery of another unexpected difference between
centromeric and conventional nucleosomes. Using the classical plasmid supercoiling assay for nucleosome assembly,
we found that RbAp48-mediated assembly of reconstituted
CenH3 nucleosomes induces positive DNA supercoils in
vitro, whereas canonical nucleosomes induce negative supercoils (Furuyama and Henikoff 2009). Using randomly
cloned segments of Drosophila DNA, we confirmed that
positive supercoiling by reconstituted CenH3 cores is independent of DNA sequence (Fig. 4). We then extended this
observation in vivo, using wild-type and mutant budding
yeast minichromosomes maintained in the presence of temperature-sensitive mutations in kinetochore components.
Using a series of tandem dicentric minichromosomes, we
found that progressive loss of centromeres resulted in progressive loss of positive supercoiling and that positive supercoiling depended on the presence of Cse4 but not on
kinetochore attachment (Fig. 4). We concluded that positive
supercoiling by Cse4 nucleosomes is an intrinsic property
of functional yeast centromeres at mitosis.
The most direct interpretation of positive supercoiling
induced by CenH3 nucleosomes is that they wrap DNA in
a right-handed orientation, the opposite of the left-handed
wrapping by H3 nucleosomes. Alternatively, positive supercoiling might arise by overtwisting of DNA as it wraps
around the particle. However, the degree of overtwisting
that would be necessary to account for the in vivo topology
changes that we measured exceed the plausible limits for
B DNA. Moreover, H3 octamers wrap DNA with approximately the same (~10 bp/turn) twist as found for B DNA
in free solution (Luger et al. 1997), and we have used
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Figure 4. Drosophila CID chromatin assembled in vitro induces positive supercoils in closed circular plasmids. An ~7-kb plasmid
containing an ~3-kb Drosophila satellite DNA insert (Furuyama et al. 2006) electrophoreses as negatively supercoiled species in an
agarose gel after isolation from E. coli (S). The plasmid DNA was relaxed by topoisomerase (R), and H3 (left) or Drosophila CenH3
(CID, right) chromatin was assembled in vitro in the presence of the Drosophila RbAp48 chaperone and histones H4, H2A, and H2B
(34AB or C4AB), as previously described. (Top panels) Topoisomer separation on an agarose gel without chloroquine, (bottom panels)
topoisomer migration in the presence of 1 µg/mL chloroquine. To visualize DNA, gels were stained with ethidium bromide after separation. The slower migration of topoisomers induced by H3-containing nucleosome relative to the migration of relaxed DNA (R) indicates that H3 nucleosomes induce negative supercoils (red bracket). The faster migration of topoisomers induced by CID-containing
nucleosomes relative to the migration of relaxed DNA (R) in the presence of chloroquine indicates that CID nucleosomes induce
positive supercoils in vitro. (B) Cse4 nucleosomes induce positive supercoils in vivo. Yeast minichromosomes containing 2, 1, or no
functional centromeres (# of CENs) that were derived from wild-type (WT), ndc10-1, or ndc80-1 strains were allowed to go through
S phase at either 25°C or 37°C. Total DNAs were isolated and electrophoresed on an agarose gel containing 0.3 µg/mL chloroquine
to resolve topoisomers. Southern blot analysis was performed to detect the minichromosomes. At the restrictive temperature (37°C),
ndc10-1 mutants lose Cse4 from centromeres and lose positive supercoils, whereas ndc80-1 mutants no longer attach centromeres to
kinetochore microtubules but, instead, retain positive supercoils. The numbers correspond to the value of net writhe in this chloroquine
gel. (N) Nicked, relaxed circles. (Reprinted, with permission, from Furuyama and Henikoff 2009 [©Elsevier].)

DNase I mapping to show that reconstituted CID particles
also wrap DNA with an ~10-bp/turn twist (Furuyama et al.
2006). Thus, the only plausible interpretation of positive
supercoiling is that CenH3 nucleosomes wrap DNA in a
right-handed orientation, which is opposite to the direction
of wrapping found in conventional nucleosomes.
Tetramers of (H3/H4)2 can wrap DNA in either a left- or
right-handed orientation (Hamiche and Richard-Foy 1998),
but the addition of two H2A/H2B dimers results in a lefthanded ramp around which the DNA wraps tightly (Fig.
5A,B). Extensive interaction surfaces between the central
tetramer and flanking dimers prevent the nucleosome from
springing apart (Luger et al. 1997). These include contacts
between the surface formed by the amino-terminal helix of
H3 and the carboxyl terminus of H4 with the carboxy-terminal docking domain of an H2A and a dimerization interaction between the two H2As through their Loop 1 regions
(Luger et al. 1997). In a right-handed nucleosome, these interaction surfaces would face away from one another (Fig.
5C,D) and thus, the existence of stable right-handed octamers is unlikely.
The presence of key residues at the H3/H3 dimerization
interface that are invariant in CenH3s suggests that it is
sometime occupied. CENP-A is recruited to sites of double-strand breaks without accompanying H2A/H2B dimers
(Zeitlin et al. 2009), and one can envision conservation of
the dimerization surface to form homotypic (CENP-A/H4)2
tetramers that would compete with and evict resident H3

nucleosomes to facilitate repair. Another possibility is that
this interface has been retained to permit CenH3/H3 hybrid
formation (Foltz et al. 2006), which would result in left/right
core particles that should be unable to stably wrap DNA.
CenH3 incorporation into chromosome arms occurs under
many circumstances (Henikoff et al. 2000; Blower and
Karpen 2001; Van Hooser et al. 2001; Talbert et al. 2002;
Tomonaga et al. 2003; Cervantes et al. 2006; Lefrancois et
al. 2009; Zeitlin et al. 2009) yet is potentially catastrophic,
causing dicentric formation, chromosome loss, and dominant lethality (Tomonaga et al. 2003; Heun et al. 2006). By
retaining the ability to dimerize with H3, misincorporated
CenH3s would predominantly form structurally defective
left/right CenH3/H3 hybrid particles in chromosome arms.
Misincorporated CenH3s are degraded by proteolysis
(Collins et al. 2004; Moreno-Moreno et al. 2006), and we
suggest that these are hybrid CenH3/H3 hexamers or lefthanded CenH3/CenH3 octamers formed from CenH3 misincorporation during conventional nucleosome assembly on
chromosome arms. This process would prevent the formation of dicentrics and thus result in retention of the dimerization interface during CenH3 evolution.
CONTROVERSIES SURROUNDING
RIGHT-HANDED HEMISOMES
Whether right-handed hemisomes are the universal form
of CenH3 nucleosomes remains an open question (Dechassa
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A H3 octamer

B H3 octamer

90º

C Left-handed octamer

D Right-handed octamer

E 1/2 of octamer (left-handed) F CenH3 hemisome
(right-handed)

Figure 5. Structures and model of a right-handed hemisome. (A)
Crystal structure of a nucleosome (Luger et al. 1997). One H3/H4
dimer is shown in light blue, the second H3/H4 dimer in light red,
both H2A/H2B dimers are shown in gray, and DNA is shown in
brown wrapping around the histone octamer. Close-up view of
the amino-terminal helix of H3 (red stick) and H2A docking domain (magenta) with their side chains shown (top inset). (Bottom
inset) Interaction between two H2A molecules at the bottom of
the octameric structure through their Loop 1 (green). (B) Structure
in A rotated 90° to emphasize the spiral of four histone dimers
wrapping DNA in the left-hand orientation. (C) and (D) Images
of left-handed and putative right-handed octamers. The two
H3/H4 dimers were differentially colored (light blue and magenta), and the two H2A/H2B dimers are shown in gray. The DNA
double helix is shown as a black line. Black ovals in C depict the
interaction between the amino-terminal helix of H3 and the docking domain of H2A. (Blue dots ) H2A Loop1. In the right-handed
octamer, which does not exist, the indicated interaction surfaces
would face away from one another. (E) Half of the left-handed
structure shown in B, illustrating exposed surfaces in the absence
of the other half. (F) Image of how a right-handed structure might
look. (F) Produced using Abobe Photoshop, maintaining the approximate orientation of H4/H2B four-helix bundle. (Reprinted,
with permission, from Furuyama and Henikoff 2009 [©Elsevier].)

et al. 2009), and various arguments have been put forward
that have challenged the generality of our results (Mizuguchi
et al. 2007; Black and Bassett 2008; Marshall et al. 2008;
Camahort et al. 2009; Hill and Williams 2009). One challenge is the ease with which reconstituted CenH3 octameric
nucleosomes can be produced using conditions that were developed for reconstituting H3 nucleosomes, although as
pointed out above, direct in vivo evidence for the existence
of octamers is lacking. Another challenge comes from the
criticism of using cross-linking as evidence for tetrameric
CID nucleosomes, because CID lacks cross-linkable lysines
in the dimerization domain (Black and Bassett 2008). However, this argument overlooks the fact that the classical crosslinking reageant that we used, dimethylsuberimidate, was
chosen because it has an 11Å linker and is known to crosslink only H2A, H2B, and H4 lysines far away from one an-
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other across the solvent-accessible surface of the H3 nucleosome (Kornberg and Thomas 1974; Suda and Iwai 1979).
In any case, the lysines in the H3 dimerization domain are
evidently not solvent accessible in the nucleosome core particle (Lambert and Thomas 1986; Davey et al. 2002). This
criticism also overlooked the fact that we were indeed able
to cross-link CenH3 octamers reconstituted in vitro, although we never observed these forms in native CenH3
chromatin from nuclei (Dalal et al. 2007b). Imaging of native CenH3 particles in solution by AFM provided direct evidence that CenH3 nucleosomes are tetrameric, confirming
the most straightforward interpretation of the cross-linking
results. Our additional AFM study of CID nucleosomes
using recognition imaging provided further direct evidence
that they are tetrameric (Wang et al. 2008), and thus far, no
other single-molecule determinations of in vivo CenH3 nucleosomal features have appeared that contradict our findings. A Förster resonance energy transfer (FRET) study of
CENP-A nucleosomes was interpreted in terms of an octameric nucleosome (Hemmerich et al. 2008), and this interpretation was cited as contradicting the existence of
CENP-A hemisomes (Marshall et al. 2008). However, the
analysis in question was completed before our study appeared, and we believe that hemisomes are equally consistent
with the FRET data.
Another challenge to the existence of right-handed hemisomes at centromeres comes from a study showing that immunoprecipitation of epitope-tagged Drosophila CID
nucleosomes led to the recovery of untagged endogenous
CID (Erhardt et al. 2008). Although the authors did not explain how they might have obtained such different results
from ours, we note that they digested with micrococcal nuclease (MNase) in the standard manner for obtaining mostly
mononucleosomes, whereas we used very light MNase digestion, because even slightly higher levels of digestion led
to complete loss of hemisome particles (Dalal et al. 2007b).
Under the high MNase digestion conditions used in this
study, we expect that the only surviving particles will be misincorporated tagged CenH3 from chromosome arms that
might well be present in the form of octamers. In support of
this interpretation, we note that when tagged Cse4 replaces
endogenous Cse4, it incorporates promiscuously throughout
the genome and very prominently at promoters of the most
highly active genes (Lefrancois et al. 2009). This mapping
was performed using Cse4 ChIP-seq (chromatin immunoprecipitation sequence), where the large majority (95%) of
sequence reads were derived from outside of centromeres.
This suggests that misincorporation of tagged CenH3 expressed under the normal Cse4 promoter can be extensive
even when the cells grow normally with no evidence of aberrant chromosome segregation. One way to distinguish bona
fide CenH3 chromatin from noncentromeric material is to
examine by EM or AFM (Dalal et al. 2007b), because centromeric nucleosomes are found in long arrays (Blower et
al. 2002), whereas misincorporated CenH3 particles should
be interspersed with canonical nucleosomes.
Two other challenges to the generality of right-handed
hemisomes have appeared since publication of our CenH3
topology study. Lavelle et al. (2009) accepted our evidence
for right-handed DNA topology but argued that our findings
might still be consistent with a right-handed tetrasome as
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opposed to a hemisome. They based this model on in vitro
evidence that torsional strain induced by RNA polymerase
transit through H3 nucleosomes can cause the left-handed
octamer to unwind and to then rewind into an open righthanded “reversome” (Bancaud et al. 2007). Although we do
not doubt that this interesting process might sometimes
occur in vivo during transcription, we find it difficult to accept this interpretation of our studies. Reversomes are transient structures that require sustained high torsional stress in
order to flip a left-handed octamer into a right-handed configuration. Lavelle and coworkers proposed that such an unstable intermediate might become stabilized following loss
of H2A/H2B dimers via unknown protein–protein interactions. However, our ability to induce positive supercoils
using purified histones, RbAp48, and relaxed plasmid circles, without the addition of any machinery for generating
torsional stress, demonstrates that no such elaborate mechanism is required to obtain CenH3 nucleosomes that wrap
DNA in a right-handed orientation.
A more direct challenge to the existence of right-handed
hemisomes at centromeres comes from a study that
claimed to demonstrate that yeast Cse4 nucleosomes are
octamers (Camahort et al. 2009). These authors described
a variety of in vitro and in vivo experiments that led them
to this conclusion, although the use of the 601 sequence
for their in vitro studies would strongly favor the formation
of octamers, insofar as this sequence was derived by in
vitro selection for octameric nucleosomes that are more
stable than any found in nature (Lowary and Widom 1998).
One line of evidence was their ability to assemble octameric Cse4 nucleosomes in vitro using dialysis from 2 M
NaCl, which we do not consider convincing, as detailed
above. A second line of evidence that Cse4 nucleosomes
are octamers was that alanine scanning mutagenesis of the
entire protein produced only six lethal mutations, five of
which lie within the carboxy-terminal portion that encompasses the H3 dimerization surface that mediates octamer
formation. However, as pointed out above, there are alternative explanations for maintenance of this dimerization
surface, and in any case, all six of these sites are among
the 10 sites at which both H3s and CenH3s have the same
invariant amino acid (Talbert et al. 2008). A more parsimonious interpretation of their mutagenesis data is that the
mutations that they recovered are necessary for the folding
of all histone 3 variants. Camahort et al. (2009) argued that
if these residues are important for dimerization, they
should prevent both octamer formation in vitro and interactions in vivo. Although some of the mutations do indeed
cause such effects, there was no correlation between the
efficiency of a mutant Cse4 to assemble in vitro and to be
recovered in vivo (R2 = 0.02).
The results described above are at least as consistent with
hemisomes as they are with octamers. However, Camahort
and coworkers also described one series of experiments that
led them to specifically argue against Cse4 hemisomes.
Using two Cse4 constructs labeled with different epitope
tags, they showed that immunoprecipitation of one tag resulted in recovery of a portion of the other tag, although
abundant noncentromeric incorporation of tagged Cse4
(Lefrancois et al. 2009), also evident in their experiments

(Camahort et al. 2009), complicates interpretation of this result. Therefore, it is unclear whether the coimmunoprecipitated complexes were derived from centromeres or were
nonfunctional particles from elsewhere in the genome. To
obtain centromere-specific information, Camahort et al.
(2009) used sequential ChIP to show that the tags are in proximity of one another at a yeast centromere that had previously
been shown to have only a single CenH3 nucleosome (Furuyama and Biggins 2007). However, one limitation of this
approach is that by using cross-linking and sonication, which
yields fragments that span multiple nucleosomes, it is not
clear that both tags were on a single nucleosome. In addition,
their experiment was not accompanied by a positive control
that would reveal whether the material recovered in the second immunoprecipitation was derived from true centromeric
nucleosomes or was experimental background. Such a control is crucial, because hemisomes are predicted to yield
nothing in the second affinity purification of sequential ChIP.
Experimental issues aside, no explanation was provided for
how to fit an octamer, which wraps ~150 bp of DNA, into
the confines of a functional centromere that is known to be
occupied by two sequence-specific DNA-binding protein
complexes: Cbf1, which sits over the conserved 8-bp CDEI
motif, and Cbf3, which sits over the conserved 26-bp CDEIII
motif. This would seem to leave only the ~80-bp 90% ATrich CDEII sequence available for wrapping around the Cse4
nucleosome, which is just enough room to wrap a tetramer.
CONCLUSIONS
The surprising properties of CenH3 nucleosomes that we
have uncovered fit neither the semiconservative replication
nor the feedback loop modes of epigenetic inheritance.
Semiconservative replication is unlikely, both because
CenH3 is not deposited following replication and templating
on a hemisome would yield an octamer, not another hemisome. Furthermore, a self-perpetuating feedback loop does
not account for the many cases in which CenH3 nucleosomes deposit outside of centromeres and yet do not propagate themselves. Rather, we propose that right-handed
wrapping of CenH3 particles, and their presence at centromeres in uncondensed arrays with long linkers (Dalal et
al. 2007a), is sufficient to ensure that new CenH3s assemble
into nucleosomes only in gaps between resident CenH3 nucleosomes. These gaps might be just large enough to accommodate new hemisomes but not octamers. Exclusion of H3
and H3.3 octamer assembly from the highly unconventional
CenH3 chromatin, and incorporation of mislocalized CenH3
into defective hybrid CenH3/H3 and CenH3/H3.3 on chromosome arms where H3 and H3.3 assembly machineries
dominate, would lead to perpetual maintenance of centromeres as the exclusive sites of CenH3 hemisome assembly. How this mutual exclusion might be accomplished is
unknown, but it is attractive to think that the quiescence of
centromeric heterochromatin excludes active processes that
would otherwise disrupt CenH3 arrays (Yan et al. 2008). The
mutual incompatibility of nucleosome cores that wrap DNA
around either left-handed octamers or right-handed hemisomes suggests a novel mechanism for the self-perpetuation
of centromeric chromatin.
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