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Histones are a major component of chromatin, the pro-
tein–DNA complex fundamental to genome packaging,
function, and regulation. A fraction of histones are non-
allelic variants that have specific expression, localiza-
tion, and species-distribution patterns. Here we discuss
recent progress in understanding how histone variants
lead to changes in chromatin structure and dynamics to
carry out specific functions. In addition, we review his-
tone variant assembly into chromatin, the structure of
the variant chromatin, and post-translational modifica-
tions that occur on the variants.

Supplemental material is available at http://www.genesdev.org.

Approximately two meters of human diploid DNA are
packaged into the cell’s nucleus with a volume of ∼1000
µm3. This compaction is achieved by protein-mediated
folding of DNA. Chromatin, the nucleoprotein com-
plex found in the nucleus, has approximately twice
the protein mass as DNA (Butler 1983), and half of this
mass is the highly basic histones, H1, H2A, H2B, H3,
and H4.

At the first level of packaging, the DNA is wrapped
around histones to form a beaded chain. Each bead is
referred to as a core nucleosome and contains an octamer
of two molecules of each of the core histones H2A, H2B,
H3, and H4 with two turns of DNA wrapped around the
proteins (for review, see Luger 2003; Khorasanizadeh
2004). These core histones all contain a conserved C-
terminal histone fold domain and unique N-terminal
tails. The four core histones interact in pairs via a “hand-
shake motif” with two H3/H4 dimers interacting to-
gether to form a tetramer, while the two H2A/H2B
dimers associate with the H3/H4 tetramer in the pres-
ence of DNA. Multiple electrostatic, hydrophobic, and
hydrogen bonds at the interface of these subcomplexes
are required for nucleosome formation. The N-terminal
tails of the histones do not significantly participate in
the nucleosome structure and instead are involved in
interactions with other proteins and nucleosomes. One
molecule of histone H1 associates at the position where
the DNA enters and exits the nucleosome core, thus

sealing the two turns of DNA. The nucleosome filament
is then folded into a 30-nm fiber mediated in part by
nucleosome–nucleosome interactions, and this fiber is
probably the template for most nuclear processes. Addi-
tional levels of compaction enable these fibers to be
packaged into the small volume of the nucleus.

The packaging of DNA into nucleosomes and chroma-
tin positively or negatively affects all nuclear processes
in the cell. While nucleosomes have long been viewed as
stable entities, there is a large body of evidence indicat-
ing that they are highly dynamic (for review, see Ka-
makaka 2003), capable of being altered in their compo-
sition, structure, and location along the DNA. Enzyme
complexes that either post-translationally modify the
histones or alter the position and structure of the nucleo-
somes carry out these functions. There are a wide variety
of post-translational modifications that occur on his-
tones, such as phosphorylation, methylation, acetyla-
tion, and ubiquitylation (Iizuka and Smith 2003), and
these modifications affect the properties of the histones.
Moreover, chromatin-remodeling complexes contain
ATPase subunits and are known to slide nucleosomes,
replace histones, or alter the histone–DNA interactions
(Tsukiyama 2002; Langst and Becker 2004). A third way
to modulate chromatin is via incorporation of histone
variants. Here we provide an overview of the best-char-
acterized histone variant functions and the ways that
they can alter chromatin to facilitate various cellular
processes.

An introduction to the variants

In most organisms, there are multiple copies of the his-
tone genes encoding for the major histone proteins.
These genes are highly similar in sequence, expressed
primarily during the S phase of the cell cycle, and code
for the bulk of the cellular histones. While histones are
among the slowest evolving proteins known, there are
nonallelic variants of the major histones that can have
significant differences in primary sequence. Some vari-
ants have distinct biophysical characteristics that are
thought to alter the properties of nucleosomes, while
others localize to specific regions of the genome. The
variants are usually present as single-copy genes that are
not restricted in their expression to the S phase but are
expressed throughout the cell cycle. Unlike the major
subtypes, the variant genes contain introns and the tran-
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scripts are often polyadenylated. These features are
thought to be important in the post-transcriptional regu-
lation of these proteins (Old and Woodland 1984). Some
variants exchange with the pre-existing histones during
development and differentiation, and are therefore re-
ferred to as replacement histones (Brandt et al. 1979;
Zweidler 1984; Wunsch et al. 1991; Bosch and Suau
1995). This replacement often results in the variants be-
coming the predominant species in the differentiated
cell (Pina and Suau 1987; Wunsch et al. 1991). These
observations have led to the suggestion that the histone
variants have specialized functions regulating chromatin
dynamics.

Who are the variants?

The similarity between the major histone subtypes and
the variants can range from almost no amino acid differ-
ences to extremely divergent changes. Because the phy-
logeny of the variants was comprehensibly reviewed re-
cently (Malik and Henikoff 2003), we refer the reader to
this review for an understanding of the evolution of the
variants.

Histone H1

Histone H1 has numerous sequence variants such as
H10, H5, and the sperm- and testis-specific variants.
Most of the sequence differences between the major his-
tone subtypes and the variants occur in the nonglobular
N- and C-terminal tail domains of these proteins. The
abundance of these variants fluctuates in different cell
types as well as during the cell cycle, differentiation, and
development (for review, see Cole 1987; Brown 2001;
Parseghian and Hamkalo 2001; Brown 2003). Further-
more, the major histones and variants have distinct bio-
physical properties (Cole 1987; Ramakrishnan 1997) and
different distribution patterns in the genome (Roche et
al. 1985; Parseghian and Hamkalo 2001). Based on these
observations, it has been suggested that the H1 variants
have specific functions, although tests of this prediction
have uncovered only subtle functional differences

(Brown et al. 1996; Shen and Gorovsky 1996; Steinbach
et al. 1997; Lin et al. 2000; Alami et al. 2003; Folco et al.
2003).

Histone H2A

Among the core histones, H2A has the largest number
of variants, including H2A.Z, MacroH2A, H2A-Bbd,
H2AvD, and H2A.X (Table 1; Fig. 1; (Ausio and Abbott
2002; Redon et al. 2002; Fernandez-Capetillo et al. 2004).
Some H2A variants, like H2A.Z, are conserved through
evolution (Jackson et al. 1996), while others such as
MacroH2A (Pehrson and Fuji 1998) and H2A-Bbd (Chad-
wick and Willard 2001) are restricted to vertebrates or
mammals. The H2A variants are distinguished from the
major H2A histones by their C-terminal tails that di-
verge in both length and sequence, as well as in their
genome distribution (Table 2). MacroH2A localizes pre-
dominantly to the inactive X-chromosome (Costanzi and
Pehrson 1998), while H2A-Bbd localizes to the active
X-chromosome and autosomes (Chadwick and Willard
2001). H2A.X and H2A.Z are constitutively expressed
and localize throughout the genome, although H2A.Z
shows some enrichment in intergenic regions. Interest-
ingly, the major H2A proteins in Saccharomyces cerevi-
siae and Schizosaccharomyces pombe are more similar
to the mammalian H2A.X variant than the mammalian
major H2A subtypes (Supplementary Fig. 1; Malik and
Henikoff 2003). In Drosophila, a single variant called
H2AvD has sequence characteristics of both H2A.X and
H2A.Z (Redon et al. 2002). Because the Drosophila pro-
tein likely encompasses the separate functions ascribed
to both H2A.Z and H2A.X in mammals, care needs to be
taken in comparing the functions of variants between
species.

Histone H2B

Histone H2B is markedly deficient in variants. The few
that have been documented completely replace the ma-
jor H2B subtypes and appear to have very specialized
functions in chromatin compaction and transcription re-

Table 1. Nomenclature of histone H2A and H3 variants

Histone variant Mouse Human Drosophila Tetrahymena S. cerevisiae S. pombe

H3.3 h3f3 H3.3 His3.3 hv2 H3 hht3
H3F3

CenH3 Cenpa CENPA Cid TetCENPA? Cse4 cnp1
sim2

H2A.Z H2afz H2A.Z H2AvD hv1 Htz1 pht1
H2afv H2AF/Z

H2A.X H2afx H2A.X H2AvD H2AX H2A H2A
H2AF/X

H2A-Bbd H2a-bbd H2ABbd
H2AF/B

MacroH2A H2afy MacroH2A
H2AF/Y

The names of various histone variants in a few representative species are listed.
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pression, particularly during gametogenesis (for review,
see Poccia and Green 1992; Green et al. 1995). Unlike the
major H2B subtypes, the sperm-specific H2B in sea ur-
chins has a long N-terminal tail that is highly charged.
This tail assists in the condensation of chromatin fibers,
suggesting that this variant may play a role in packaging
the chromatin in the sperm. There are additional H2B
variants that are developmental stage-specific, but their
specific role is unclear.

Histone H3

There are two major histone H3 variants called H3.3 and
centromeric H3 (CenH3) (Ahmad and Henikoff 2002a;
Malik and Henikoff 2003), as well as a mammalian testis
tissue-specific histone H3 variant called H3.4 (Table 1;
Fig. 1; Albig et al. 1996; Witt et al. 1996). Because the
centromeric H3 variant has many names (see Table 1)
such as CENP-A in mammalian cells, we will use the
standardized name CenH3 throughout this review.
CenH3 is a conserved essential protein that binds to cen-
tromeres, the DNA locus that directs formation of the
kinetochore protein structure that mediates chromo-
some segregation in eukaryotes. Despite similarity in
the histone fold domain, all CenH3 proteins have highly
divergent N-terminal tails. H3.3 and H3.4 are the least
divergent variants, containing only four amino acid dif-
ferences compared to H3 in Drosophila (Supplementary
Fig. 2). However, unlike the major H3 histones, H3.3 is
expressed throughout the cell cycle and often localizes to
transcriptionally active regions of the chromosome (Ah-
mad and Henikoff 2002b). Similar to H2A.X, the major

H3 proteins in S. cerevisiae (Ahmad and Henikoff 2002b)
are more similar to mammalian H3.3 than H3.

Histone H4

Histone H4 is one of the slowest evolving proteins, and
there appear to be no known sequence variants of his-
tone H4. However, there are H4 genes that are constitu-
tively expressed throughout the cell cycle that encode
for proteins that are identical in sequence to the major
H4 (Akhmanova et al. 1996). The reason for a lack of
sequence variants is not clear.

Are variants deviant in behavior? Functions
of the variants

Most of the studies aimed at elucidating the functions of
the histone variants are based on the correlation between
the localization of the variant and the activity of the
locus, or on analyses of phenotypes associated with the
loss of the variant.

Transcriptional activation and repression

Several histone H1 variants appear to have roles in tran-
scription, particularly in repression (Table 2) during dif-
ferentiation (Poccia and Green 1992; Doenecke et al.
1994; Buttinelli et al. 1999). One example is histone H5
in chicken erythrocytes. This variant is deposited into
chromatin during the terminal stages of erythrocyte dif-
ferentiation, and its deposition coincides with global
transcriptional repression (Wagner et al. 1977). The H5
variant is depleted from active genes in vivo, and the

Figure 1. A schematic representation of the mouse histone H2A and H3 variant proteins. The predicted secondary structure of the
major histone subtype is shown in black. The bars indicate identity with the major histone subtype. The loops in the variants indicate
insertions (not to scale).

Histone variants

GENES & DEVELOPMENT 297

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


presence of this variant represses transcription initiation
in vitro (for review, see Paranjape et al. 1994). While
some of the H1 variants may be general repressors, oth-
ers may be more selective in their regulation of genes
(Roche et al. 1985; Shen and Gorovsky 1996; Steinbach
et al. 1997; Folco et al. 2003).

The MacroH2A variant is also thought to be involved
in transcriptional repression. This variant localizes to
the inactive X-chromosome (Costanzi and Pehrson
1998), and while binding does not initiate X inactivation
(Mermoud et al. 1999), some models suggest that the
C-terminal tail of MacroH2A represses transcription en-
zymatically (Ladurner 2003), while others suggest that it
sterically blocks access to transcription factors and co-
activators (Perche et al. 2000; Angelov et al. 2003; Abbott
et al. 2004).

In contrast, H2A-Bbd lacks a significant C-terminal
tail, and it has been postulated that the lack of such a tail
may destabilize the nucleosome, thus aiding in ease of
nucleosome displacement during transcription (Angelov
et al. 2004; Bao et al. 2004; Gautier et al. 2004). This role
is consistent with the localization of H2A-Bbd to the
active X-chromosome and autosomes (Chadwick and
Willard 2001).

H2A.Z has been linked to both transcriptional repres-
sion and activation. Recent results indicate that H2A.Z
may be involved in heterochromatin organization. In
Drosophila, H2A.Z is present at heterochromatic loci in
addition to euchromatin (van Daal et al. 1988; Leach et
al. 2000). Similarly, immunofluorescence analyses in
mammalian cells indicate that H2A.Z localizes to foci
containing the heterochromatic protein HP1� and un-
acetylated histones H3 and H4 present on chromosomal
arms, though not the centromeric heterochromatin or
facultative heterochromatin (Rangasamy et al. 2003,
2004). The heterochromatic protein HP1 has a modest
preference for binding to H2A.Z-containing nucleo-
somes in vitro (Fan et al. 2004), and depletion of H2A.Z
is accompanied by the loss of HP1� from the arms. In
addition, mutations in H2A.Z affect repression mediated
by HP1 and the homeotic repressor protein, polycomb,
leading to the mislocalization of both proteins in the

nucleus (Swaminathan et al. 2004). Taken together,
these data suggest that H2A.Z plays a role in transcrip-
tion repression (Fig. 2).

In budding yeast, H2A.Z is a nonessential gene that
was isolated as a suppressor of silencing and activation
defects (Dhillon and Kamakaka 2000; Santisteban et al.
2000) and was subsequently shown to be necessary for
transcriptional activation and repression of genes (Me-
neghini et al. 2003). H2A.Z localizes to the transcription-
ally active macronucleus in Tetrahymena, (Allis et al.
1986) and while in yeast and Drosophila it is generally
distributed throughout the genome (Dhillon and Ka-
makaka 2000; Leach et al. 2000), it is depleted from si-
lenced regions and elevated in the intergenic regions of
inducible genes (Leach et al. 2000; Santisteban et al.
2000; Adam et al. 2001; Krogan et al. 2003a; Kobor et al.
2004; Mizuguchi et al. 2004). H2A.Z is necessary for the
recruitment of the transcription machinery to the pro-
moters of these genes, and induction of these genes is
affected in mutant cells (Larochelle and Gaudreau 2003;
M. Santisteban and M. Smith, pers. comm.). Further-
more, both genetic and biochemical interactions have
been observed between H2A.Z and factors involved in
transcription activation (Santisteban et al. 2000; Adam
et al. 2001; Hwang et al. 2003; Krogan et al. 2003a,b;
Zhang et al. 2004). Curiously, H2A.Z localizes to the
promoters of genes when they are inactive and is subse-
quently lost from these promoters upon induction (Fig.
2; Leach et al. 2000; Santisteban et al. 2000; Krogan et al.
2003a; Larochelle and Gaudreau 2003; Kobor et al. 2004).
It is thus likely that the presence of the variant enables
promoters to be rapidly induced, while the deposition of
H2A.Z at promoters probably occurs as transcription ter-
minates and nucleosomes reform at the promoter (Fig. 2;
Boeger et al. 2004; Lee et al. 2004). Whether its deposi-
tion at the promoters plays a role in switching off of
genes has not yet been explored.

Given that the major histone subtypes affect transcrip-
tion activation and silencing, the observed differences in
the function of H2A.Z could simply reflect the different
assays used and loci analyzed or could be due to funda-
mental differences between organisms. The vast number

Table 2. Histone variants and their functions

Variant Species Chromatin effect Function

H10 Mouse Chromatin condensation Transcription repression
H5 Chicken Chromatin condensation Transcription repression
SpH1 Sea urchin Chromatin condensation Chromatin packaging
H1t Mouse Open chromatin Histone exchange, recombination?

MacroH2A Vertebrate Condensed chromatin X-chromosome inactivation
H2ABbd Vertebrate Open chromatin Transcription activation
H2A.X Ubiquitous Condensed chromatin DNA repair/recombination/transcription repression
H2A.Z Ubiquitous Open/closed chromatin Transcription activation/repression, chromosome segregation

SpH2B Sea urchin Chromatin condensation Chromatin packaging

CenH3 Ubiquitous Kinetochore formation/function
H3.3 Ubiquitous Open chromatin Transcription

The species distribution and likely functions of major histone variants are shown.
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of phenotypes associated with H2A.Z also raises the pos-
sibility that some of its effects may be mediated through
global changes in chromatin architecture, rather than di-
rect effects at specific loci, given that many chromatin
factors act globally as well as locally.

The H3.3 histone variant also plays a role in transcrip-
tion. One of the distinguishing features of this variant is
that it is constitutively expressed during the cell cycle
(though there is increased expression during S phase) and
can be deposited into chromatin outside of S phase. In
dividing cells, H3.3 is present at genes that are either
poised for transcription, or are actively transcribed. It is
widely accepted that nucleosome disruption occurs dur-
ing nuclear processes such as transcription and DNA re-
pair, and the consequent loss of histones need to be re-
placed. Because the Drosophila H3.3 variant is deposited
at transcriptionally active loci like the rDNA, outside of
S phase (Ahmad and Henikoff 2002b), H3.3 may serve to

replace H3 at active genes as nucleosomes reform behind
the transcribing polymerase (Fig. 3).

In this context, it is significant to note that in yeast,
where the major histone is H3.3, the vast majority of its
genome is packaged in a transcriptionally active or com-
petent state (Lohr and Hereford 1979). It has been pro-
posed that replacement of the major H3 with the variant
could potentially mark active genes and aid in future
rounds of transcription initiation, as well as allow his-
tone modifications to be changed due to removal of the
histone. However, in Drosophila, there are only four
amino acid differences between the major H3 subtype
and the H3.3 variant, and these changes do not affect the
structure of nucleosomes. Furthermore, in Tetrahy-
mena, constitutive expression of the variant appears to
be critical, rather than the precise sequence of the H3
protein being expressed (Yu and Gorovsky 1997). It is
therefore possible that replacing the major subtype with
the variant may not mark the locus or change the activ-
ity of that locus, and it needs to be addressed whether
genes that are “marked” by variants are more likely to be
recognized by transcription factors and be transcribed.

Heterochromatic barriers

Some regions of the chromatin are transcriptionally in-
active, or “silenced.” In yeast, silencing is achieved by
the binding of a complex of repressor proteins that
spreads along the chromatin that is silenced. The si-
lenced chromatin domains are restricted from spreading
along the DNA by the presence of barrier elements
(Donze and Kamakaka 2002). H2A.Z, which was initially
isolated as a weak suppressor of a silencing defect in
budding yeast (Dhillon and Kamakaka 2000), was subse-
quently shown to be enriched in regions adjacent to the
silenced domains and function in parallel with barrier
elements to block the spread of silencing (Meneghini et
al. 2003). Consistent with its role in transcription acti-
vation, in S. cerevisiae, current models suggest that
H2A.Z-containing chromatin is an unfavorable substrate
for the binding of silencing proteins (Kimura et al. 2002;
Suka et al. 2002; Krogan et al. 2003a; Meneghini et al.
2003; Kobor et al. 2004; Zhang et al. 2004).

Genome stability

Some histone variants contribute to genome stability by
regulating the fidelity of chromosome segregation or the
efficiency of DNA replication and repair. The CenH3
variant is required for accurate chromosome segregation
in every organism examined (Stoler et al. 1995; Figueroa
et al. 1998; Howman et al. 2000; Takahashi et al. 2000;
Blower and Karpen 2001; Oegema et al. 2001; Goshima
et al. 2003). There are two major functions that CenH3 is
likely to fulfill at centromeres: First, it has been pro-
posed that CenH3 is the epigenetic mark that specifies
the site of kinetochore formation. This is supported by
the observation that all active centromeres contain
CenH3, whereas inactive centromeres do not (Warbur-

Figure 2. Speculative models for the function of H2A.Z in
transcription. (A) Activation of transcription in yeast: H2A.Z-
containing nucleosomes (red circles) are enriched at the pro-
moter of the gene when it is inactive and are lost from the
promoter upon activation. Simultaneously H2A.Z facilitates
the recruitment of TFIID and RNA pol II as well as the Ser 2
phosphorylation of the CTD of Pol II. (B) HP1-mediated silenc-
ing in Drosophila: Recruitment of H2AvD is followed by
changes in histone modifications and the recruitment of HP1,
resulting in silencing.
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ton et al. 1997; Ouspenski et al. 2003). However, CenH3
does not appear to be sufficient for centromere identity,
because mistargeting of CenH3 to euchromatin causes
some, but not all kinetochore proteins to mislocalize
with it (Van Hooser et al. 2001). Therefore, additional
mechanisms must assist CenH3 in specifying the site of
kinetochore formation. An idea that was recently pro-
posed is that histone modifications specific for centro-
meric chromatin could also aid in propagating centro-
mere identity (Sullivan and Karpen 2004). Alternatively,
the mistargeting of CenH3 to euchromatin may not re-
sult in a chromatin structure that is permissive for ki-
netochore assembly.

The other major function for CenH3 is in directing
assembly of the proteinaceous kinetochore structure. In
worms, CenH3 depletion leads to a kinetochore null
phenotype where most kinetochore proteins examined
were mislocalized (Oegema et al. 2001). Consistent with
this, CenH3 depletion experiments and CenH3 null
mice exhibited altered localization of many kinetochore
proteins (Howman et al. 2000; Blower and Karpen 2001).
CenH3 is essential for the specialized centromeric chro-
matin structure in budding and fission yeast (Meluh et
al. 1998; Takahashi et al. 2000), and directly or indirectly
interacts with many kinetochore proteins (Fig. 4; Van
Hooser et al. 2001). Taken together, these data suggest
that the kinetochore protein-binding sites in CenH3
combined with the underlying chromatin structure cre-
ated by CenH3 nucleosomes create an environment fa-
vorable for kinetochore assembly. In addition, a centro-
meric nucleosome may also assist in specifying the ge-
ometry of kinetochores to aid in microtubule binding, or
in resisting the strong pulling forces that microtubules

exert during mitosis. CenH3 may also have additional
functions that have not yet been fully explored, such as
recruitment of the cohesion complex that holds sister
chromatids together, positioning of the mitotic spindle,
and a role in cytokinesis (Tanaka et al. 1999; Glowc-
zewski et al. 2000; Zeitlin et al. 2001b).

Histone H2A.Z also regulates genomic integrity. It is
present in pericentric chromatin in numerous organisms
(Rangasamy et al. 2003, 2004; Krogan et al. 2004), and
H2A.Z mutant cells exhibit defects in DNA repair and
genome instability in all organisms tested (Carr et al.
1994; Madigan et al. 2002; Krogan et al. 2003a; Ran-
gasamy et al. 2003; N. Dhillon and R. Kamaka, unpubl.).
Genetic and biochemical interactions have also been ob-
served between H2A.Z and proteins involved in chromo-
some segregation, replication, checkpoint control, and
repair (Uetz et al. 2000; Ito et al. 2001; Krogan et al.
2003a; Rangasamy et al. 2003; N. Dhillon and R. Ka-
maka, unpubl.), and the role of H2A.Z in these processes
is just beginning to be explored.

Genome stability also requires the H2A.X variant.
Double-strand breaks that occur during replication, re-
combination, or DNA rearrangement must be repaired.
While H2A.X is expressed throughout the cell cycle and
deposited all over the chromosomes, it is preferentially
phosphorylated by the ATM and ATR kinases at sites
that flank double-stranded breaks (Rogakou et al. 1999),
and this phosphorylation is essential to recruit many
components of the DNA damage response to these sites
(Paull et al. 2000). Although H2A.X has not been shown
to directly mediate DNA repair, it is important for sup-
pressing oncogenic translocations and tumor formation
(Celeste et al. 2003). It is possible that H2A.X phosphory-

Figure 3. A schematic diagram of the different modes of incorporating variant (red) nucleosomes into chromatin. The shaded circles
represent variant histone-containing nucleosomes.
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lation helps retain repair proteins at the site of damage,
or facilitates interactions between chromosomes that are
important for DNA repair.

How do variants find their way home? Assembly
of variant nucleosomes

The variety of localization patterns and functions exhib-
ited by the histone variants leads to the question of how
the variants assemble into the proper chromosomal loci.
In dividing cells, the synthesis and deposition of the ma-
jor histone subtypes occurs during S phase and is coupled
with replication (Fig. 3). The deposition of these histones
is dependent upon CAF-1, a chromatin assembly factor
that deposits histones H3 and H4 during replication (for
review, see Loyola and Almouzni 2004). Other proteins
like Nap1, Spt4, HIRA, and Hif1 can also deposit his-
tones into chromatin, though they do so independent of
DNA replication. The expression of some histone vari-
ants like H3.3, H2A.X, and H2A.Z is constitutive, and
until quite recently, very little was known about the
factors required for the assembly of these histone vari-
ants into chromatin. However, new studies in several

labs isolated the histone variants H2A.Z and H3.3 as
components of separate soluble complexes that are most
likely involved in depositing these variants into chroma-
tin outside of S phase. None of the other variants have
been purified with chromatin remodeling factors that as-
sist in their assembly, so future studies will be aimed at
determining whether these factors use known modes of
assembly or new ones.

H2A.Z assembly

H2A.Z is deposited into chromatin during and outside of
S phase and has been identified in two complexes: One
contains the H2A/H2B histone chaperone/assembly pro-
tein Nap1, and the other contains a Swi/Snf-like ATPase
called Swr1 (Krogan et al. 2003a; Kobor et al. 2004; Mi-
zuguchi et al. 2004). Whether these two complexes func-
tion together or in separate pathways needs to be deter-
mined, but the incorporation of H2A.Z is dramatically
reduced in the absence of Swr1 in vivo (Krogan et al.
2003a; Kobor et al. 2004; Mizuguchi et al. 2004). Swr1
can mediate the exchange of H2A with H2A.Z in nucleo-
somes in an ATP-dependent manner in vitro (Mizuguchi
et al. 2004), and the Swr1-containing complex might be
involved in transcription-dependent deposition of this
variant, since there is considerable overlap in the genes
that are misregulated in cells lacking either H2A.Z or
Swr1 (Kobor et al. 2004; Mizuguchi et al. 2004; Zhang et
al. 2004). H2A.Z is also deposited into regions of chro-
matin that are transcriptionally inactive (Leach et al.
2000; Rangasamy et al. 2003; Swaminathan et al. 2004),
but it is not clear how this variant is deposited in these
regions. It is also not clear whether the Swr1-mediated
deposition of this variant is a cause or a consequence of
transcription. It is interesting to note that H2A.Z depo-
sition also depends on Yaf9, a component of both the
Swr1 and the NuA4 histone acetyltransferase complexes
(Zhang et al. 2004). Since acetylation is correlated with
active transcription, it raises the question of whether
H2A.Z is targeted to chromatin that is acetylated or vice
versa.

H3.3 assembly

H3.3 is constitutively expressed during the cell cycle
(though there is increased expression during S phase) and
can be deposited into chromatin outside of S phase. As
mentioned previously, there are only minor differences
between major H3 and H3.3. Three out of four changes
reside in the histone fold domain, and these residues are
important for deposition of the variant outside of S
phase. While converting any one of these three residues
in Drosophila H3.3 to that in major H3 does not affect
the replication-independent deposition of H3.3, chang-
ing any one of the residues in major H3 to its counterpart
in H3.3 allows major H3 to be incorporated into chro-
matin outside of S phase (Ahmad and Henikoff 2002b).

This sequence specificity in deposition likely reflects
interactions with different assembly factors, since CAF-

Figure 4. CenH3 and kinetochores. CenH3 and H3 nucleo-
somes exist in linear arrays on the chromatin fiber. The CenH3
nucleosomes must be packaged into a higher-order chromatin
structure that allows CenH3 to cluster on the outer face of the
chromosome. These CenH3 nucleosomes facilitate the binding
of proteins that form the kinetochore structure. Microtubules
that emanate from the spindle poles capture the kinetochores
and lead to chromosome segregation. It is still unknown how
the higher-order structure that allows the clustering of CenH3
occurs, and how the centromeric nucleosome actually facili-
tates kinetochore assembly and function.
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1 is present in a complex with the major histone H3
subtype and HIRA is in a complex with H3.3. It is
thought that the CAF-1 replication-coupled chromatin
assembly complex deposits H3 histones during S phase,
while H3.3 incorporation outside of S phase utilizes the
HIRA complex (Tagami et al. 2004), since this complex
can mediate deposition in a replication-independent
manner (Ray-Gallet et al. 2002). While it is not known
whether mammalian H3.3 is deposited into chromatin
during S phase by HIRA or CAF-1, in S. cerevisiae both
of these assembly complexes can deposit histone H3.3
in S phase. Furthermore, additional assembly complexes
must exist that can deposit this variant, since yeast
cells lacking CAF-1 and HIRA are viable (Kaufman et al.
1998).

In dividing Drosophila cells, the sites of H3.3 deposi-
tion outside of S phase are transcriptionally active loci,
suggesting that the HIRA complex may use a transcrip-
tion-coupled deposition mechanism to replace major H3
with H3.3 (Ahmad and Henikoff 2002b). Despite the
identification of the H3.3 assembly complex, it is still
unclear how HIRA targets H3.3 to transcriptionally ac-
tive genes. Furthermore, transcription-coupled deposi-
tion may not be the only mechanism by which this vari-
ant is deposited into chromatin, since in mature cortical
neurons, the levels of H3.3 increase to 90% of the total
H3, and this protein is deposited in transcriptionally ac-
tive euchromatin as well as inactive heterochromatin
(Pina and Suau 1987).

Histone H3.3 is bound with the assembly complex-
es as a heteromeric dimer, but whether and how this
helps in the epigenetic inheritance of the chromatin
state is not fully understood (see Tagami et al. [2004] and
Henikoff et al. [2004] for a thorough discussion on this
topic).

CenH3 assembly

Because other histones and variants are deposited by
chaperones, it has been assumed that a specific loading
complex will exist for CenH3. However, a CenH3 load-
ing factor has not yet been identified, possibly because
the low levels of soluble CenH3 make it difficult to iden-
tify interacting factors. The only chromatin-related pro-
teins that are known to have a role in CenH3 centromere
localization are the RbAp46/48 proteins that are compo-
nents of a number of complexes including CAF-1 (for
review, see Loyola and Almouzni 2004). In fission yeast,
the RpAp46/48 homolog Mis16 and the conserved Mis18
protein form a complex that regulates kinetochore func-
tion, and defects in RbAp46/48 in both S. pombe and
mammalian cells result in CenH3 mislocalization from
the centromere (Hayashi et al. 2004). Because a direct
interaction with CenH3 has not yet been reported, it is
still unclear whether these proteins directly mediate
CenH3 loading or instead alter centromeric chromatin
structure to allow CenH3 deposition. Mutants in the fis-
sion yeast Mis16 and Mis18 proteins affect the acetyla-
tion state of the centromere, suggesting a potential link
between CenH3 localization and acetylation.

Several other chromatin-assembly complexes have
roles in S. cerevisiae kinetochore function and cause
CenH3 to mislocalize to euchromatin. The CAF-1 and
HIRA complexes have overlapping roles in kinetochore
function (Sharp et al. 2002), and mutants in the Spt4
transcription factor and the RSC chromatin-remodeling
complex have kinetochore defects (Tsuchiya et al. 1998;
Hsu et al. 2003; Crotti and Basrai 2004). Proteins from
each of these subcomplexes localize to kinetochores, and
mutants in all complexes alter the centromeric chroma-
tin structure and lead to chromosome missegregation
phenotypes (Sharp et al. 2002; Hsu et al. 2003; Crotti and
Basrai 2004). However, it is not yet clear how defects in
centromeric chromatin structure relate to kinetochore
function. In addition, although CenH3 mislocalizes to
euchromatin in some of these mutants, the centromeric
localization of CenH3 is unaffected. One possibility is
that these proteins are involved in setting up CenH3
boundaries to prevent it from spreading into euchroma-
tin. Alternatively, these proteins may have subtle effects
on CenH3, such as a shift in CenH3 nucleosomal posi-
tioning, that have not yet been assayed in the mutant
strains.

Recent data also suggest a potential link between
CenH3 localization, kinetochore function, and transcrip-
tion. In fission yeast, a putative GATA transcriptional
factor, ams2, binds to the central centromere region
where CenH3 localizes (Chen et al. 2003). Cells defective
in ams2 have an altered centromeric chromatin struc-
ture with reduced levels of CenH3 at centromeres and
defects in kinetochore function. Whether this protein is
modulating these effects through recruitment of kineto-
chore components or via transcription is not clear. In
maize, transcription has been detected at the core cen-
tromeres (Topp et al. 2004). In addition, some of the
genes in rice centromeres and an active human neocen-
tromere are expressed, suggesting that transcription
may facilitate kinetochore function (Saffery et al. 2003;
Nagaki et al. 2004). While it is not clear whether centro-
meric transcription is conserved among eukaryotes, one
could imagine that transcription creates an open chro-
matin environment that is more permissive for CenH3
assembly, or facilitates the removal of H3 nucleosomes
to allow replacement by CenH3 nucleosomes. The pres-
ence of Spt4 at centromeres could help in this process
(Crotti and Basrai 2004), since this complex is involved
in chromatin assembly and transcription elongation
(Winston 2001). Although intriguing, the isolation of
transcription factors that affect kinetochore function
may also be indirect due to transcription defects else-
where in the genome, or due to additional functions for
the proteins that are not related to transcription.

CenH3 is normally deposited only during S phase,
though it is not known whether its deposition is repli-
cation-coupled or not (Shelby et al. 2000; Pearson et al.
2004). Because ectopically expressed CenH3 fusion pro-
teins can localize to the centromere at all cell-cycle
stages, CenH3 localization does not strictly depend on
DNA replication (Sullivan et al. 1994; Shelby et al. 2000;
Ahmad and Henikoff 2002a). However, it is not known
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whether the exogenously expressed CenH3 uses the
same mechanism of deposition as endogenous CenH3.

It has been suggested that the timing of centromere
replication and spatial restriction within heterochroma-
tin may aid in the localization of the variant (Ahmad and
Henikoff 2001). However, recent evidence showed that
the centromere is replicated at the same time as euchro-
matic regions that contain the canonical H3 (Shelby et
al. 2000; Sullivan and Karpen 2001; Blower et al. 2002),
so CenH3 deposition cannot be controlled solely by a
restricted time of DNA replication.

The inheritance of CenH3 during centromere duplica-
tion was recently investigated, and it was found that
budding yeast CenH3 is completely replaced during S
phase (Pearson et al. 2004). When synthesis of a fluores-
cently tagged CenH3 protein was repressed, the centro-
mere-bound tagged protein was completely replaced by
the endogenous protein in S phase, suggesting that yeast
use a dispersive mode of CenH3 replication. Similar ex-
periments need to be performed in multicellular eukary-
otes to determine whether this is a conserved mode of
CenH3 duplication.

The kinetochore structure is also important for CenH3
localization. Mutants in the budding yeast Ndc10 ki-
netochore protein completely abolish the localization of
all kinetochore proteins including CenH3 (He et al.
2001). In addition, the fission yeast proteins Mis6,
Mis15, Mis16, Mis17, Mis18, and Sim4 that bind to the
central centromere are all required for CenH3 localiza-
tion (Takahashi et al. 2000; Pidoux et al. 2003; Hayashi
et al. 2004). While it is possible that these proteins play
a direct role in CenH3 localization, it is just as likely
that they help assemble a proper chromatin structure for
CenH3 binding or help stabilize its binding following
deposition.

How deviant are variants? Structure
of variant nucleosomes

The large number of histone variants leads to the ques-
tion of how many different nucleosome structures exist,
and whether the structural alterations can account for
differences in function and localization. Crystal struc-
tures of H1 variants (Cerf et al. 1994) and nucleosomes
containing some histone variants have been solved (Suto
et al. 2000; White et al. 2001). While there is no single
unifying theme that characterizes all of these structures,
the basic structure of the variant is similar to the struc-
ture of the major histone subtype.

The canonical core histones bind tightly to the DNA
via arginine side chains, and there are also numerous
hydrogen bonds and water-mediated protein–DNA inter-
actions between the canonical histones and DNA (for
review, see Luger 2003; Khorasanizadeh 2004). Most of
these residues and the basic histone–DNA contacts are
conserved in the variants. While there are no sequence-
specific interactions between the core histone side
chains and the DNA bases for the major histone sub-
types, it will be interesting to see whether a variant such
as CenH3, which has some DNA targeting specificity,

also lacks interactions between the histones and the
bases. The two biggest changes due to the presence of
variants appear to be in the stability of the nucleosome
and the residues of the nucleosome that are exposed.

Variant nucleosome surface residues

One key finding of the structural studies is that variant
nucleosomes have changes on the exposed surface.
MacroH2A has an extensive C-terminal tail that likely
extends away from the nucleosome and imparts an
asymmetrical structure to the variant nucleosome that
may be important for transcriptional repression (Allen et
al. 2003; Abbott et al. 2004). The exposed macro domain
may also be functioning enzymatically by affecting the
modification status of chromatin proteins (Ladurner
2003).

While the overall structure of H2A.Z nucleosomes is
similar to the major H2A structure (Suto et al. 2000), two
of the most striking differences are the presence of an
extended acidic patch on the nucleosome surface and a
novel divalent cation-binding pocket. These changes on
the surface of the nucleosome alter protein–nucleosome
and nucleosome–nucleosome interactions, as well as the
higher-order folding of the chromatin (Fan et al. 2004)
and are important for H2A.Z function during develop-
ment (Ridgway et al. 2004).

Variant nucleosome stability

Crystallography and various biophysical studies also in-
dicate that there are changes in the stability of variant
nucleosomes. FRET experiments with fluorescence do-
nor and acceptor pairs attached at different locations in a
nucleosome suggest that the overall binding of the
H2A.Z/H2B dimer to the H3/H4 tetramer is slightly sta-
bilized (Park et al. 2004). Recent data suggest that the
CenH3/H4 tetramer (Black et al. 2004) is more compact
and rigid than an H3/H4 tetramer and may also be more
stable. It is possible that the additional rigidity helps to
resist the microtubule pulling forces at the centromere
during mitosis, or aids in the assembly of kinetochore
proteins. Similarly, the MacroH2A nucleosomes may
also be more stable (Changolkar and Pehrson 2002; Ab-
bott et al. 2004), though additional biophysical studies
will be required to fully understand the differences be-
tween the variant and major histone subtypes. Also, the
in vivo consequences of a more stable variant nucleo-
some scattered among the canonical nucleosomes are
hard to predict.

In contrast to the other variant nucleosomes, the H2A-
Bbd nucleosome structure may be weaker. In the absence
of DNA it is unable to form a stable histone octamer, and
the H2A-Bbd nucleosome organizes only 118 bp of DNA
rather than the 147 bp around the histone core (Bao et al.
2004). While these nucleosomes are not very mobile,
they are less stable and more accessible to transcription
factors (Angelov et al. 2004; Bao et al. 2004; Gautier et al.
2004). Therefore, it is likely that the structural alter-
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ations in the H2A-Bbd nucleosome lead to a weaker
nucleosome structure that facilitates gene activation.

Variant nucleosome composition

A final observation is that certain variants are unable to
coexist with the major histone subtypes. For example,
the structure of the H2A.Z-containing nucleosome sug-
gests that H2A and H2A.Z may not coexist in the same
nucleosome (Suto et al. 2000). Similarly, the CenH3,
MacroH2A, and H2A-Bbd nucleosomes may also be ho-
motypic, as CenH3 interacts with H2A, H2B, and H4,
but not H3 in vivo (Shelby et al. 1997; Blower and Karpen
2001; Westermann et al. 2003), and nucleosome recon-
stitution experiments with either MacroH2A or H2A-
Bbd showed they completely replace H2A (Angelov et al.
2003, 2004; Gautier et al. 2004). Although these variants
likely exist only in homotypic nucleosomes, it is pos-
sible that certain variants (like H3.3) will exist in het-
erotypic nucleosomes along with the major histone sub-
types. If heterotypic nucleosomes exist, then it will be
interesting to determine how the different assembly
complexes cooperate physically or temporally to form
these nucleosomes.

An interesting observation that arises from the crys-
tallographic analysis of the S. cerevisiae nucleosome is
that different variant histones may coexist in the same
nucleosome. The major H2A and H3 histones in S. cere-
visiae are most similar to the mammalian histone vari-
ants H2A.X and H3.3, respectively. The yeast nucleo-
some structure has revealed that H3.3 coexists in the
same nucleosome as H2A.X (White et al. 2001). There-
fore, nucleosome alterations could potentially come
from combinations of variants in addition to specific
changes associated with a single variant.

Higher-order structures

The details about variant nucleosome structures lead to
the question of how the changes in structure affect the
higher-order chromatin structure. This is especially im-
portant because it has long been believed that histone
variants may exert their effects via changes in the
higher-order packaging of chromatin. While earlier stud-
ies convincingly showed that histone H1 variants con-
densed chromatin to a greater extent compared to the
major H1 subtypes (for review, see Thomas 1984, 1999),
only recently have such analyses been extended to core
histone variants.

H2A.Z chromatin: Two independent studies used
positioned arrays of 12 nucleosomes and recombinant
histones (H2A and H2A.Z) to analyze the folding of chro-
matin fibers. In one study, the presence of H2A.Z helped
facilitate the folding of the nucleosomal filament into
the 30-nm fiber as a function of divalent cations (Fan et
al. 2002) but reduced fiber–fiber interactions and aggre-
gation, analogous to fibers containing acetylated his-
tones. In a second independent study, H2A.Z-containing

arrays were consistently less folded as a function of
monovalent salt (Abbott et al. 2001), but it is not known
whether the reduced folding is due to the absence of
divalent cations, since H2A.Z has a divalent cation-bind-
ing pocket that is important for H2A.Z function. Fur-
thermore, the effects of having a few H2A.Z variant
nucleosomes located among nucleosomes containing the
major histones have not yet been explored.

CenH3 chromatin: While it was originally thought
that CenH3 forms a linear array at centromeres, recent
microscopy on extended chromatin fibers showed that
the linear relationship between CenH3 and the major H3
is not exclusionary (Blower and Karpen 2001). Instead,
arrays of the major H3 nucleosomes are dispersed
throughout the CenH3-rich chromatin in flies and hu-
mans (Fig. 4). This suggests that the higher-order struc-
ture assembles in a manner that causes the CenH3
nucleosomes to orient together to form the base of the
kinetochore and exclude the H3 nucleosomes. This is
consistent with the holocentric chromosomes of Cae-
norhabditis elegans that contain both CenH3 and H3
nucleosomes in a linear array and also orient CenH3
nucleosomes to form the kinetochore along the length of
the chromosome (Buchwitz et al. 1999). Recent data on
H2A.Z suggest that this variant may also be present in
linear arrays in the nucleus (Fan et al. 2004), and it will
be interesting to determine whether these arrays help
orient H2A.Z chromatin in specific ways in the nucleus.

What makes a variant a variant? Specificity within
the variants

As discussed above, variant nucleosomes may exert their
effects via changes in the stability of the nucleosome and
chromatin fiber, or by changes in the surface residues
that are available for interactions with cellular proteins.
Several studies have begun to dissect the sequences in
the core histone variants that are crucial for function and
may therefore lead to these changes.

Domains in H2A variants

For the histone H2A variants, the C-terminal tail appears
to distinguish their specific functions. The invariant
SQE motif in the tail of H2A.X is crucial for function,
because it is the site of reversible phosphorylation that
occurs in response to double-strand breaks (For review,
see Redon et al. 2002).

Like H2A.X, the C-terminal of H2A.Z is important for
its function. Domain swaps in Drosophila between spe-
cific H2A.Z sequences and the major H2A identified the
C-terminal docking domain that interacts with histone
H4 as required for viability (Clarkson et al. 1999). The
C-terminal tail interacts with proteins, because in vitro
binding studies indicate that this domain interacts with
the general transcription machinery (Adam et al. 2001;
Larochelle and Gaudreau 2003) and plays a role in re-
cruiting various factors to the regulatory regions of
genes, while in mammals the C-terminal domain is im-
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portant for binding to HP1� as well as INCENP (Ran-
gasamy et al. 2003; Fan et al. 2004).

In contrast to these studies, in Tetrahymena the ly-
sines in the N terminus of H2A.Z are important for func-
tion (Ren and Gorovsky 2003), since mutating these to
arginine results in lethality (Ren and Gorovsky 2001).
While the differences between Tetrahymena (Ren and
Gorovsky 2001), Drosophila (Clarkson et al. 1999), and S.
cerevisiae (Adam et al. 2001) appear striking at first
glance, it should be noted that these studies are not di-
rectly comparable. It is not clear whether converting all
the N-terminal lysine residues to arginine in Drosophila
or S. cerevisiae would have any phenotype and con-
versely, the phenotype of deleting the C-terminal tail in
Tetrahymena is also not known.

For the MacroH2A variant, both the histone fold and
long C-terminal tail have roles in transcriptional repres-
sion. The histone fold domain prevents nucleosome slid-
ing and is responsible for assembly into the nucleosome.
The structure of the C-terminal macro domain indicates
that it has similarity to the enzymatic domain of nucleo-
tide triphosphate hydrolases as well as the DNA-binding
domain of certain aminopeptidases (Allen et al. 2003).
The C-terminal tail interferes with transcription factor
binding (Perche et al. 2000; Angelov et al. 2003) and
might help in interactions with linker DNA or adjacent
chromatin fibers. It has also been proposed that it may
possess an enzymatic function, modulating the ADP-ri-
bosylation of chromatin proteins (Ladurner 2003). There-
fore, both domains in MacroH2A appear to inhibit tran-
scription using different mechanisms.

Domains in H3 variants

Numerous studies have dissected the CenH3 residues
required for targeting to centromeres and for proper ki-
netochore function. While both the CenH3 N-terminal
tail and histone fold domain are essential for function,
only the histone fold domain contains the centromere
targeting information (Sullivan et al. 1994; Shelby et al.
1997; Keith et al. 1999). Although there are few distin-
guishing features among the various CenH3 histone fold
domains, studies have led to the conclusion that loop I
and helix II are critical for CenH3 centromere targeting
in flies and mammals (Shelby et al. 1997; Keith et al.
1999; Vermaak et al. 2002; Black et al. 2004). These same
regions also confer the more rigid structure to the
CenH3/H4 tetramer (Black et al. 2004), suggesting that
this feature may be important for targeting CenH3. One
possibility is that these regions of CenH3 are recognized
by an assembly factor that ensures that it incorporates
the right histone at the centromere.

CenH3 might have some DNA-binding specificity, be-
cause the residues necessary for targeting are predicted
to map to H3/DNA contact sites. This may seem sur-
prising since centromeres are one of the most rapidly
evolving sequences in the genome (Schueler et al. 2001).
However, the observation that the Drosophila CenH3
loop I undergoes adaptive evolution is consistent with
the idea that CenH3 has DNA-binding specificity that is

evolving along with the centromeric sequence (Henikoff
et al. 2001). Although �-satellite DNA is a hallmark of
mammalian centromeric DNA, CenH3 is also found at
neocentromeres that completely lack �-satellite DNA
(Lo et al. 2001a,b). Therefore, any targeting specificity
must arise from a unique secondary structure instead of
primary sequence requirements.

The essential N-terminal tails of all the CenH3 vari-
ants diverge in sequence and in length, ranging from 27
to >400 residues. The only organism where the essential
residues have been mapped is in budding yeast, where a
33-amino acid N-terminal domain (END) is sufficient to
provide the essential function (Keith et al. 1999; Chen et
al. 2000). Although the N-terminal domains are not nec-
essary for centromere targeting, they are required for the
binding of other kinetochore proteins. In budding yeast,
the END domain binds to the Ctf19 kinetochore protein,
while in mammalian cells, this domain appears to re-
cruit CENP-C (Chen et al. 2000; Van Hooser et al. 2001).
The END domain does not have known homology to
other proteins or other CenH3 N-terminal tails, and the
divergence in CenH3 N-terminal sequence and length is
likely due to the differences in the kinetochore proteins
that are recruited by each CenH3 (see below).

Unlike the other variants, which possess domains that
are distinct from the major histones, in Drosophila H3.3,
only four amino acids distinguish this variant from the
major histones, and three of these residues reside in the
histone fold domain (Ahmad and Henikoff 2002b). These
residues likely specify the mode of deposition of this
variant, as discussed above.

Can you alter a variant? Modifications of the variants

Histones are post-translationally modified in vivo by a
host of different enzymes, and these alterations subtly
but specifically alter the characteristics of these proteins
in chromatin. There are numerous functions ascribed to
core histone modifications. The presence of specific
modifications may act as a histone code functioning to
recruit proteins that recognize the modified residue. The
charge neutralization that accompanies certain modifi-
cations may reduce the strength of histone–DNA inter-
action, allowing the chromatin to “breathe,” thus facili-
tating various processes. Alternatively, changes in modi-
fications may aid variant deposition into chromatin or be
required to evict the variant from chromatin. Changes
could also affect the higher-order structure of chromatin
that might subsequently affect binding of nonhistone
proteins to chromatin. While the presence of variant
nucleosomes likely affects the characteristics of the
chromatin fiber, modifications of the variants may also
modulate chromatin dynamics. Studies on histone modi-
fication of the variants are few, but essentially suggest
that modifications are also important for the proper
functioning of these proteins.

H1 modifications

One function of histone modifications is thought to be in
helping mediate deposition and removal of the protein
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from chromatin. The same appears to be true for the
variants, since histone H1 variants are phosphorylat-
ed on their tails during deposition into chromatin and
prior to their removal from chromatin (Wagner et al.
1977; Poccia and Green 1992; Green et al. 1995; Dou et
al. 1999).

H2A modifications

Histone acetylation is a common modification associ-
ated with the major core histones, and this modification
also decorates the H2A variants. The N-terminal tail of
H2A.Z is reversibly acetylated on lysine residues 4, 7, 10,
13, 16, and 21 in Tetrahymena (Ren and Gorovsky 2001).
Replacing all six lysine residues in the N terminus with
arginine results in lethality, whereas a single lysine at
any of these residues is sufficient for viability. Thus,
modulation of the charge of these residues and the abil-
ity to dissociate the tail from the DNA appears to be
critical for cell survival rather than the sequence context
in which it occurs. Intriguingly, the residues that are
modified in the major histones are absent in H2A-Bbd
(Bao et al. 2004), and it is not clear whether this protein
is modified. while phosphorylation of H2A.X is impor-
tant for its function, it is unclear whether other modifi-
cations affect its role in DNA repair and recombination.

H3 modifications

A study on the modifications associated with histone
H3.3 showed that this variant in Drosophila Kc cells has
the same modification as those associated with the ma-
jor H3 at active genes (McKittrick et al. 2004). H3.3 was
methylated on Lys 4 and Lys 79 and acetylated on Lys 9,
Lys 14, and Lys 18. Whether these modifications act to
recruit specific proteins to variant nucleosomes, or fa-
cilitate the deposition or removal of variant nucleo-
somes is not known. Given that this variant is almost
indistinguishable from the major histone H3 and local-
izes to active chromatin, it is possible that some of the
previously published data on the distribution of histone
modifications may have actually analyzed this variant.

In mammalian cells, CenH3 is phosphorylated on Ser
7 in vivo and in vitro by the Aurora protein kinases (Zeit-
lin et al. 2001b; Kunitoku et al. 2003). Ser 7 phosphory-
lation is first observed at prophase and disappears during
anaphase (Zeitlin et al. 2001a,b). While a CenH3 mutant
where the Ser 7 residue is altered to alanine or glutamate
is still targeted to the centromere, it has a dominant
negative phenotype that results in a cytokinesis defect
that may be due to altered localization of the “chromo-
somal passenger complex” that regulates cytokinesis
and other mitotic functions (Zeitlin et al. 2001b; Car-
mena and Earnshaw 2003). In addition, the CenH3 mu-
tant exhibits defects in kinetochore function and chro-
mosome alignment at prometaphase (Kunitoku et al.
2003) that could also be due to altered chromosomal pas-
senger complex activity and/or localization. It is not
clear how many other CenH3 phosphorylation sites exist

in vivo, and further work will be needed to determine
any additional roles for phosphorylation.

Intriguingly, modifications of variants may also play
an important role in regulating their localization. The
CenH3 variant is polyubiquitinated and degraded by
ubiquitin-mediated proteasome-dependent proteolysis
in budding yeast (Collins et al. 2004). When yeast CenH3
is stabilized by multiple mutations, it localizes to eu-
chromatin in addition to centromeres. Therefore, one
function of CenH3 ubiquitination appears to be to re-
strict CenH3 localization to centromeres by targeting
excess CenH3 for degradation.

Future directions

Studies on the histone variants will continue to shed
light on their functions. Although exciting progress has
been made, many questions still remain. Do all variant
nucleosomes have differences only in surface-exposed re-
gions, or do alterations in DNA-binding regions also ex-
ist? What are the effects of variant nucleosomes dis-
persed among major histone-containing nucleosomes?
How many modifications occur to variants and what are
the corresponding functions? How are variants targeted
to specific chromosomal regions? What proteins interact
with variants? What are the precise functions of the vari-
ants, and what distinguishing features of variant chro-
matin are responsible for these unique functions? The
future promises to answer many of these questions, as
well as raise new ones.
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