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Patterning chromatin: form and function for H2A.Z variant

nucleosomes

Ryan M Raisner and Hiten D Madhani

Although many histone variants are specific to higher
eukaryotes, the H2A variant H2A.Z has been conserved during
eukaryotic evolution. Genetic studies have demonstrated roles
for H2A.Z in antagonizing gene-silencing, chromosome
stability and gene activation. Biochemical work has identified a
conserved chromatin-remodeling complex responsible for
H2A.Z deposition. Recent studies have shown that two H2A.Z
nucleosomes flank a nucleosome-free region containing the
transcription initiation site in promoters of both active and
inactive genes in Saccharomyces cerevisiae. This chromatin
pattern is generated through the action of a DNA deposition
signal and a specific pattern of histone tail acetylation.
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Introduction

The two major classes of chromatin are euchromatin and
heterochromatin, terms that were originally coined to
describe the morphology of chromosomes in Drosophila.
Despite significant progress in identifying the proteins
and modifications involved in the formation of hetero-
chromatin, the mechanism by which these factors lead to
the properties of heterochromatin is not known. Even less
is known about how ecuchromatin is specified. One
mechanism that promotes the euchromatic state is the
substitution of H2A for the variant H2A.Z. This review
focuses on this molecule and the rapid advances in our
understanding of its localization, deposition mechanisms,
and functions.

H2A.Z is conserved across eukaryotes

Of the core histone subunits, variants of H2A are parti-
cularly common. There are five major H2A-type histones
[1]. Canonical H2A is the most abundant form; its expres-
sion and deposition are coupled to replication. H2A. X is

involved in the response to DNA damage. MacroH2A is
involved in constitutive heterochromatin and transcrip-
tional silencing [2]. Another variant, HZABbd, named for
its relative depletion from Barr bodies in mammals,
remains relatively uncharacterized [3]. H2A.Z, which is
sometimes referred to as H2A.Z/F, is the most conserved
variant — it is found in organisms as diverse as the early
branching eukaryote Plasmodium falciparum (J DeRisi,
personal communication) to humans. Table 1 lists H2A
variants found in commonly studied species. In some
cases, two HZA-types exist as a single, bi-functional
molecule; for example, the §. cerevisiae HZA also functions
as H2A.X [4].

H2A.Z homologs are more similar across species than is
canonical H2A. Characterized H2A.Z-type variants
include H2A.Z in mammals, C. elegans and fungi [5,6];
H2Av, a bi-functional H2A.Z/H2A.X variant in Drosophila
[7]; H2Ahv1 in Tetrahymena [8]; HZA.F in birds [9]; and
H2A.Z/F in sea urchins [10]. The strong conservation of
H2A.7Z among species probably reflects common and
important functions.

Insights from the atomic resolution structure
of the H2A.Z variant nucleosome

The core region of the H2A.Z variant differs significantly
from that of H2A. Three conserved residues that differ
between H2A and H2A.Z are of particular note. The
crystal structure of a Xenopus laevis H2ZA.Z nucleosome
was solved by Suto ¢z /. [11] and revealed a difference in
the (H3-H4), tetramer docking domain between the
H2A subunits (residues 81-119 in H2A). Specifically,
the substitution of glutamine (Gln 104 in H2A) to glycine
(Gly 106 in H2A.Z) results in the loss of three hydrogen
bonds, which is predicted to cause a subtle destabilization
of the H2A.Z-H3 interaction. Additionally, the histidine
(His 112) residue on the surface of the H2A.Z histone
octamer binds to a metal ion, and this interaction may be
stabilized by the nearby His 114 residue. This ion might
provide a unique surface for protein interaction. Finally,
H2A.Z-H2B dimers display on the surface of the histone
octamer an extended acidic patch that may be important
for making contacts with adjacent H4 tails or non-histone
protein factors.

Physical properties of H2A.Z nucleosomes

In vitro studies have characterized various biochemical
properties of nucleosomes containing H2A.Z. Reconsti-
tuted nucleosomes bearing H2A.1 or H2A.Z from humans
display differences in electrophoretic mobility, and in
sedimentation values under varying salt conditions
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Table 1

Commonly used names for H2A variants across species.

H2A Class Protists Fungi Metazoans

Ciliate Yeast Nematode Fly Fish Amphibian Bird Mammal
Canonical H2A H2A H2A H2A H2A H2A H2A H2A
H2A.Z H2Ahv1 H2A.Z H2AZ H2Av H2A.Z H2A.Z H2A.F H2AZ
H2A.X - H2A - H2Av - H2A.X H2A.X H2A.X
MacroH2A - - - - MacroH2A mH2A mH2A MacroH2A
H2ABbd - - - - - - - H2ABbd

- Indicates either that no protein exists or that a homolog has yet to be reported.

[12]. Fluorescence resonance energy transfer (FRET)-
based assays with Xenopus laevis core histones and mouse
H2A.Z revealed that H2A.Z-H2B dimers dissociate more
slowly in salt conditions than do canonical H2A-H2B
dimers [13], the opposite of what was observed in earlier
studies that used different methods. However, it was also
reported that H2A.Z nucleosomes display a lower melting
temperature than canonical nucleosomes [14]. In purified
yeast chromatin, H2A.Z can be released from nucleo-
somes by treatment with a lower concentration of sodium
chloride salt than concentrations required to release
either H2A or H3 [15°°]. It seems likely that many of
the different conclusions among these studies are caused
by differences in the sources of chromatin, and by the
methodology used to define the stability of H2A.Z-H2B
dimers. Further work seems necessary to clarify the
physical properties of H2A.Z nucleosomes and their
potential relevance to the biological functions of H2A.Z.

The deposition pattern of H2A.Z nucleosomes
Early studies of hvl, an H2A.Z-type variant in the ciliate
Tetrahymena species, showed that it preferentially associ-
ates with the transcriptionally active macronucleus rather
than with the silent micronucleus [16]. This distribution
was proposed to be consistent with a role in transcrip-
tional activation.

Genome-scale studies of budding yeast Saccharomyces
cerevisiae have demonstrated HZ2A.Z deposition at the
vast majority of gene promoters in euchromatin, but a
depletion from silenced regions such as subtelomeric
domains [15°%,17°°,18°°]. Most strikingly, H2A.Z gener-
ally occupies single nucleosomes upstream and down-
stream of a nucleosome-free region that encompasses the
transcription initiation site of most genes (Figure 1).
Remarkably, a short 22 bp sequence from a promoter
was shown to be sufficient to promote both the formation
of a nucleosome-free region and the deposition of H2A.Z
in the two flanking nucleosomes [17°°]. This sequence
consists of a binding site for the Myb-related DNA
binding protein Rebl and an adjacent d'T:dA tract, and
both motifs are required for H2A.Z deposition. Both these
sequence elements are commonly found in yeast promo-
ters; indeed, the Rebl site is the most conserved element
of yeast promoters, its degree of sequence conservation

among species exceeding that of the TATA box. Thus,
there exists a DNA signal for H2A.Z deposition.

T'he Drosophila melanogaster H2A.Z, homolog, H2Av, is
not confined to euchromatin: immunofluorescence stu-
dies demonstrated that H2ZAv occurs in heterochromatic
chromocenters as well as throughout the arms of polytene
chromosomes [7]. H2Av distribution was further com-
pared with that of RNA polymerase I1, and, although the
two patterns partially overlapped, HZAv was also found at
loci where no detectable Pol II was present, which
suggests the presence of H2Av at inactive genes. Chro-
matin immunoprecipitation (ChIP) experiments showed
that HZAv is present at various loci such as constitutively
active genes — both the un-induced and the induced
forms of genes — as well as transcriptionally inactive loci.
H2Av also functions as an H2A.X [19]; therefore, some if
its observed localization pattern may be due to its other
identity.

A recent study of H2A.Z localization in chicken erythro-
cytes showed an association of H2A.Z with the 5’ ends of
several genes assayed by ChIP [20°°]. Remarkably, in the
B-globin locus, the well-characterized 5’ insulator that
flanks a heterochromatic region is highly enriched for
H2A.Z. This finding is consistent with studies in yeast
that show that H2A.Z antagonizes heterochromatin spread
(see below). If H2ZA.Z nucleosomes generally closely flank
heterochromatic regions, could cytological data showing
concentrations of H2A.Z in heterochromatin actually
reflect its enrichment in flanking nucleosomes?

Different mammalian cell types show distinct cytological
patterns of H2A.Z localization. In mouse embryos, H2A.Z
displays diffuse staining but is concentrated at pericentric
chromatin. However, it is selectively depleted from con-
stitutive heterochromatin such as that of the inactive X
chromosome. H2A.Z is not present before differentiation
of totipotent cells early in development, suggesting that it
is not required for early transcriptional programs [21]. In
cultured monkey COS-7 cells, H2ZA.Z is, in fact, depleted
from centromeric heterochromatin and is found asso-
ciated with chromosomes arms [22°]. Some concentration
in heterochromatic ‘knobs’ on chromosome arms was also
observed.
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Figure 1
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High-resolution mapping of H2A.Z nucleosomes in S. cerevisiae. Clustered view of tiled microarray array data centered on nucleosome-free
regions. Each row represents a single promoter region, and each column corresponds to data from a particular microarray spot. H2A.Z levels
are normalized for nucleosome density. See Raisner et al. [17°] for further details.

A conserved chromatin-remodeling complex
that deposits H2A.Z

In §. cerevisiae, H2A.Z, is deposited in chromatin by the 13-
subunit Swr1-C remodeling complex [23°°%,24,25°]. The
catalytic subunit, Swrl, is homologous to members of the
SWI-SNF family of ATP-dependent chromatin-remo-
deling enzymes. The Bdfl subunit contains tandem
bromodomains that have been shown to specifically bind
the acetylated tails of histones H3 and H4. Both histone
tail acetylation and Bdf1 are important for H2A.Z target-
ing and deposition in promoter regions. Swrl-C has four
subunits — Swc4, Yaf9, Arp4, and actin — that are also
components of the NuA4 histone acetyltransferase com-
plex. Swr1-C also shares components with the Ino80-C
remodeling complex, namely, Arpl, actin, Rvbl and
Rvb2. There are also six subunits unique to Swrl-C.

The Tip60 complex, the Drosophila homolog of Swrl-C,
deposits H2Av [26°°]. Each subunit of the Tip60 complex
has a homologous subunit in the human SRCAP (SNF2-
related CBP activator protein) complex [27°]. As with
SRCAP, each subunit has a homolog in §. cerevisiae
(Table 2). The Tip60 and SRCAP complexes appear
to be a fusion of the Swrl and NuA4 complexes of yeast
(Table 2). This organization is consistent with the estab-
lished role for histone H4 tail acetylation in H2A.Z
deposition in §. cerevisiae. Indeed, the Tip60 complex
acetylates nucleosomes, and this acetylation is important

for replacement of phosphorylated H2Av with unpho-
sphorylated H2Av at the sites of DNA lesions. Given the
complete conservation of all the subunits of Swr1-C in the
Tip60 and SRCAP complexes, it is likely that the funda-
mental molecular mechanisms of targeting and replacing
H2A.Z are also conserved.

Functions for H2A.Z: anti-silencing,
transcription and centromere function

Several studies over the past five years have examined
specific roles for HZA.Z in transcription in §. cerevisiae.
Early work by Smith and colleagues showed that cells
harboring a null mutation in H7Z1, the gene encoding
H2A.Z, display defects in the induction of the PHOS5 and
GAL]I genes when combined with null mutations in genes
encoding the chromatin-remodeling enzyme Snf2-Swi2
or Sinl, an HMG (high mobility group)-like protein [28].
No transcriptional defect was observed for several other
genes. Subsequent studies of H2A-H2A.Z chimeric
genes showed that GAL/ and GALI0 gene activation
was specifically dependent upon the C-terminal domain
of H2A.Z [29], consistent with earlier analysis of chimeric
H2Av-H2A genes in Drosophila. Pull-down experiments
using crude extracts demonstrated an association
between the H2A.Z C-terminal domain and RNA poly-
merase [T (Rpbl). A defect in the ability of Rpb1 to bind
in vivo to the GALI promoter was observed when an 47z A
strain was shifted to galactose medium. It has been shown
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Table 2

List of the H2A.Z chromatin-remodeling complexes for budding yeast, fly and human.

Yeast Swr1-C Yeast NuA4 Fly Tip60 Human SRCAP Comment
Rvb1 dPontin Pontin
Rvb2 dReptin Reptin
Arp4 BAP55 Baf53a Actin-related
Eaf7 dMrgB MrgBP
Swc4 (Eaf2, God1) dDMA DMAP1
Bdf1 dBrd8 Brd8/TRCp12 Bromodomain protein
Act1 Act87E Actin Actin
Yaf9 dGas41 Gas41
Swrl’ Domino p400 SWI-SNF ATPase
Swc2 (Vps72) dYL-1 YL-1
H2A/H2A.Z H2Av H2A.Z/H2A.X
H2B H2B H2B
Swc3 (Alr1)
Swc5 (Aor1)
Swcb (Vps71)
Swc7 (Aws1)
Eaf1” Domino p400
Eaf3 dMrg15 Mrg15 Chromodomain protein
Epl1 E(Pc) Epci
Esail dTip60 Tip60 Histone acetylation
Tral dTral TRRAP
Yng2 ding3~ Ing3 ING family
Eaf6 dEaf6 FLJ11730

Note for yeast, the NuA4 subunits share homology with those of the Tip60 and SRCAP complexes but do not co-purify with Swr1-C. " Indicates that
the Domino-p400 subunits are actually a fusion of Swr1 and Eaf1 from yeast.

recently that at the GALTI gene promoter, the nucleosome
positioned immediately downstream of the transcription
initiation site, shifts downstream by approximately 20 bp
in an AzzlA strain [18°°], perhaps contributing to the
defective Rpbl-binding. In addition to the dependence
of GALI and GALI0 on H2A.Z for full activation, it has
also been shown that the cell cycle genes CLNZ and CLB5
have H2A.Z at their promoters and require H2A.Z for
their timely and full transcriptional activation; conse-
quently, deletion of H7Z1 results in a delayed progression
through S-phase, and reduced cell cycle synchrony [30].
For the vast majority of genes at this point, however,
microarray studies have demonstrated only a modest
defect in general transcriptional induction in 4zz/A cells
[31]. Thus, although HZA.Z seems to play a role in
transcriptional induction, it appears to be largely redun-
dant with other factors.

By contrast, microarray and ChIP studies in §. cerevisiae
suggest that the major function for H2A.Z in gene expres-
sion is to antagonize gene-silencing. Genes that have
H2A.Z-dependent expression cluster near silencing
regions. Cells lacking H2A.Z exhibit the ectopic spread
of the Sir2-3—4 silencing complex beyond its normal
boundaries [31]. Its localization in promoter regions of
genes in euchromatin, and its exclusion from heterochro-
matin places it at an appropriate site to protect genes from
silencing. The fact that genes need not be transcribed for
H2A.Z deposition to occur is consistent with this function
for H2A.Z.

In metazoans, null mutations in H2A.Z yield lethal phe-
notypes across a range of species, including Drosophila
and mouse [32,33]. Drosophila H2Av mutants show a
defect in heterochromatin formation [34]. Moreover,
H2Av was recruited to the location of a silenced transgene
array, suggesting a direct role of this hybrid variant in
silencing. In Xenopus laevis, either RNA interference
(RNAI) of H2A.Z or expression of dominant alleles results
in developmental defects [35°]. Whether these defects
are caused by defects in transcriptional regulation is
unclear.

In Schizosaccharomyces pombe, S. cerevisiae and cultured
mammalian cells, knockout or depletion of H2A.Z results
in increased rates of chromosome loss [6,22°]. In princi-
ple, this phenotype could be a result of indirect effects of
H2A.Z loss on the expression of factors important for
chromosome segregation; however, it is more likely to be
a reflection of a direct role for H2A.Z in centromere
function. Indeed, it has been reported that the mouse
H2A.Z protein interacts with the kinetochore component
INCENP (inner centromere protein) [21].

Euchromatin and heterochromatin:

yin and yang

In §. cerevisiae, two features of chromatin contribute to
the deposition of H2A.Z in euchromatin: a DNA signal
and histone tail acetylation [15°°,17°°]. Heterochromatin
formation in yeast is also nucleated by specific DNA
signals but is propagated by histone tail de-acetylation
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rather than histone tail acetylation [36]. One apparent
difference is that H2ZA.Z does not appear to spread to coat
regions of the chromosome in yeast but is generally
restricted to promoter regions. Nonetheless, these recent
results suggest that euchromatin and heterochromatin
may be two sides of the same coin. An intriguing property
of heterochromatin is its ability to template its own
propagation. Whether the same is true of euchromatin
is an interesting question for future investigation.

Update

Recently, Wu ¢z a/. [37] reported that Swc2, a conserved
subunit of Swrl-C, directly binds to H2A.Z. Also, Li ez al.
[38] described genome-wide localization patterns of
H2A.Z and reported that the lack of H2A.Z did not affect

nucleosome position at several loci.
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