Nucleosome stability mediated
by histone variants H3.3 and H2A.Z

Chunyuan Jin and Gary Felsenfeld"

Laboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, Maryland 20892-0540, USA

Nucleosomes containing the histone variant H3.3 tend to be clustered in vivo in the neighborhood of
transcriptionally active genes and over regulatory elements. It has not been clear, however, whether
H3.3-containing nucleosomes possess unique properties that would affect transcription. We report here that
H3.3 nucleosomes isolated from vertebrates, regardless of whether they are partnered with H2A or H2A.Z,
are unusually sensitive to salt-dependent disruption, losing H2A/H2B or H2A.Z/H2B dimers.
Immunoprecipitation studies of nucleosome core particles (NCPs) show that NCPs that contain both H3.3
and H2A.Z are even less stable than NCPs containing H3.3 and H2A. Intriguingly, NCPs containing H3 and
H2A.Z are at least as stable as H3/H2A NCPs. These results establish an hierarchy of stabilities for native
nucleosomes carrying different complements of variants, and suggest how H2A.Z could play different roles
depending on its partners within the NCP. They also are consistent with the idea that H3.3 plays an active
role in maintaining accessible chromatin structures in enhancer regions and transcribed regions. Consistent

with this idea, promoters and enhancers at transcriptionally active genes and coding regions at highly
expressed genes have nucleosomes that simultaneously carry both H3.3 and H2A.Z, and should therefore

be extremely sensitive to disruption.
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The ability of nucleosomes to be disrupted or displaced
is critical to their biological function. Although this pro-
cess involves specific enzyme systems that are able to
remodel, move, and displace nucleosomes, the intrinsic
energy of histone-histone or histone-DNA interactions
must also play an important role in determining nucleo-
some stability. Earlier studies have determined the aver-
age stability of nucleosome core particles (NCPs) derived
from both yeast and vertebrate sources, by measuring
either the resistance to thermal denaturation or the re-
sponse to salt-induced dissociation. NCPs that are ex-
posed to increasing concentrations of salt will typically
lose first the two H2A/H2B dimers, and at higher salt
concentrations the H3/H4 tetramer that forms the cen-
tral organizing complex of the NCP (Burton et al. 1978).
These results reflect the average behavior of a genomic
sample, and cannot take into account the effects of his-
tone modifications or the contributions of NCPs carry-
ing histone variants. This is of particular interest in the
case of variants that can alter the packing of histones
within the NCP. The localized distribution of such vari-
ants in the genome has been implicated in biological
function, specifically in the regulation of gene expres-
sion.
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Among these variants, considerable attention has been
devoted recently to histone H3.3, a variant of histone
H3, which differs by four amino acids from H3. In a wide
variety of organisms, H3.3 is incorporated into chroma-
tin during interphase, with the help of an interphase-
specific chaperone complex (Ahmad and Henikoff 2002;
Tagami et al. 2004). In contrast, the major variant H3 is
incorporated only during S phase (Ahmad and Henikoff
2002). Several studies have analyzed the genomic distri-
bution of H3.3 (Chow et al. 2005; Mito et al. 2005;
Schwartz and Ahmad 2005; Wirbelauer et al. 2005; Jin
and Felsenfeld 2006). In Drosophila, genome-wide micro-
array analysis has shown that on average, H3.3 is distri-
buted preferentially both upstream of and downstream
from transcriptionally active genes, with the greatest en-
richment immediately downstream from promoters, and
with higher levels of incorporation associated with
higher levels of bound RNA polymerase II (Mito et al.
2005). In chicken erythroid cells, we have found that
incorporation at certain genes, such as the erythroid-spe-
cific folate receptor (FR) and vascular endothelial growth
factor D (VEGFD) genes, is confined to the upstream
regulatory region, while in other genes, H3.3 incorpora-
tion spreads over both promoter and coding regions (Jin
and Felsenfeld 2006). Locus control regions and other
regulatory sites are enriched for H3.3 even when the as-
sociated genes are not active (Jin and Felsenfeld 2006),
perhaps because they are constitutively transcribed at a
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low level (Ashe et al. 1997). The distribution of H3.3
suggests that it might play some role in the epigenetic
marking of transcriptionally active genes, perhaps by lo-
cal alterations in chromatin structure.

A second histone variant, H2A.Z, has also been the
subject of many recent studies. Incorporation into chro-
matin of Saccharomyces cerevisiae H2A.Z (Htzl) is me-
diated by the SWRI1 chromatin remodeling complex
(Krogan et al. 2003, 2004; Kobor et al. 2004; Mizuguchi
et al. 2004), and is replication-independent. Like H3.3,
H2A.Z is not distributed uniformly in the genome. The
actual distribution and the proposed correlations with
function that have been made differ among organisms. In
S. cerevisiae, genetic experiments have implicated Htz1
in the prevention of gene silencing caused by spreading
of heterochromatin from neighboring telomeres or the
HMR mating type locus (Meneghini et al. 2003). At the
same time, genome-wide surveys of the distribution of
Htz1 show that it is enriched in nucleosomes at promot-
ers; high-resolution analysis reveals that a pair of Htzl
nucleosomes may surround a nucleosome-free region
(Guillemette et al. 2005; Li et al. 2005; Raisner et al.
2005; Zhang et al. 2005). It has been suggested that these
are promoters of basal or repressed genes and that upon
induction there is a preferential loss of the Htz1-contain-
ing nucleosomes. In this view, such nucleosomes “poise
genes for transcriptional activation.” Other studies,
however, see no correlation between Htzl occupancy
and transcription rates (Raisner et al. 2005).

Related, but not identical patterns of H2A.Z have been
found in the few metazoan studies available. H2Av, the
H2A.Z of Drosophila, is involved in Polycomb-mediated
silencing and establishment of centromeric heterochro-
matin (Swaminathan et al. 2005). In chicken erythroid
cells, H2A.Z appears to be concentrated at promoters of
developmentally regulated and actively expressed genes
(Bruce et al. 2005), while at the human c-myc locus,
H2A.Z is always enriched at the promoter, whether or
not c-myc expression is induced, but is lost from the
coding region after induction (Farris et al. 2005).

The suggestion that nucleosomes carrying H2A.Z in
vivo may be more susceptible to disruption has led to
questions about the physical stability of NCPs contain-
ing histone variants. The stability of NCPs as a function
of ionic strength of the solvent has been the subject of
numerous investigations over many years. Recently, this
has been extended to studies of the properties of NCPs in
which H2A.Z replaces H2A, but these studies have not
always led to identical conclusions. In some cases,
H2A.Z is shown to stabilize nucleosome structure (Park
et al. 2004; Thambirajah et al. 2006), while in others it
appears that H2A.Z is released from chromatin more
readily than is H2A (Suto et al. 2000; Abbott et al. 2001;
Zhang et al. 2005).

Because of our interest in the possible roles of these
histone variants in chromatin structure, we asked
whether NCPs containing H3.3 had physical properties
that distinguished them from those containing H3. We
find that all NCPs that contain H3.3 are much less stable
than H3 NCPs, as measured by susceptibility to salt-
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dependent dissociation of H2A/H2B or H2A.Z/H2B
dimers, suggesting that H3.3 NCPs have the potential to
play a regulatory role at promoters and enhancers where
disruption of nucleosomes is likely to be important. We
extended this study by comparing the stability of NCPs
containing both H3.3 and H2A with those containing
H3.3 and H2A.Z. We show that H3.3/H2A.Z NCPs are
present in vivo, but they are even less stable than NCPs
carrying H3.3 and H2A. These results reveal a hierarchy
of stabilities that could account for the discrepancies
among earlier studies of H2A.Z-containing NCPs. Fi-
nally, we show by double chromatin immunoprecipita-
tion (ChIP) that these very unstable NCPs are concen-
trated in vivo over promoters and enhancers of transcrip-
tionally active genes, as well as over the transcribed
regions of some genes that are very active. Our results
suggest how H2A.Z could play different regulatory roles
in the genome, depending on the identity of its histone
partners within the nucleosome. They also suggest a
regulatory role for histone H3.3 that is distinct from that
of the more abundant H3, and for a special role when it
is coupled with H2A.Z.

Results

Composition of native NCP fractions containing H3.3
and H3

We wished to measure the relative stability of NCPs
containing H3.3, as compared with those containing H3.
In principle, H3.3 can be paired in NCPs with either H2A
or H2A.Z, and therefore it seemed important to deter-
mine separately the properties of NCPs containing H3.3/
H2A and H3.3/H2A.Z. We used 6C2 cells, an avian
erythroleukemia line that had been stably transformed
to express either H3.3-Flag or H3-Flag. There has been
extensive experience with the use of these tagged his-
tones (Tagami et al. 2004; Jin and Felsenfeld 2006), ne-
cessitated by the inaccessibility within the NCP to an-
tibodies against the distinguishing amino acids of H3.3.
We prepared NCP monomers from H3-Flag and H3.3-
Flag cells by a standard procedure involving micrococcal
nuclease (MNase) digestion of nuclei, and suspension in
a solvent containing 150 mM NaCl followed by sedi-
mentation on a sucrose gradient containing buffers and
80 mM NaCl (see Materials and Methods). The gradient
fractions around the monomer peak were isolated, im-
munoprecipitated with anti-Flag antibody, and the im-
munoprecipitates were subjected to Western blotting
with either anti-H2A or anti-H2A.Z antibody. As ex-
pected, both H2A and H2A.Z could be detected in NCPs
containing H3-Flag (Fig. 1A, lanes 1-3,7-9). However, to
our surprise, considerably less H2A was found associated
with H3.3-Flag (Fig. 1A, lanes 4-6): The H2A:H3.3 ratio
was about one-third the H2A:H3 ratio in these immuno-
precipitates (Fig. 1B, left panel). Furthermore, almost no
H2A.Z was detectable in association with H3.3 (Fig. 1A
[lanes 10-12], B [right panel]). This could, in principle, be
explained by the low abundance or complete absence in
the genome of any NCPs containing both H3.3 and
H2A.Z, but as we show below, that is not the case.
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Figure 1. Relative stability of NCPs con-
taining H3 and H3.3. (A) NCPs were pre-
pared from cells expressing either H3-Flag
or H3.3-Flag. NCP monomers suspended
in a solvent containing 150 mM NaCl
were obtained by fractionation on a su-
crose gradient (see Materials and Methods)
in a solvent containing 80 mM NaCl and
buffers. In each case, the sample was im-
munoprecipitated with antibody to Flag,
histones were isolated and fractionated by
4 gel electrophoresis, and Western blots of

the samples were probed with antibody to

H2A (left) or H2A.Z (right). Input lanes are

loaded with an aliquot representing 10%

of the starting sample. The label “150

A H3-FLAG

[0H3.3-FLAG

mM/80 mM gradient” indicates the highest NaCl concentration used in NCP preparation and the NaCl concentration in the gradient.
(Nab) No antibody control. (B) Comparative recoveries of H2A and H2A.Z from the data in A. The amounts of H2A or H2A.Z in
H3-Flag-containing NCPs were set to 1. The relative amount was calculated by comparing the intensity of immunoprecipitated H2A

or H2A.Z with that of immunoprecipitated H3-Flag or H3.3-Flag.

H3.3/H2A.Z-containing NCPs are present in nuclei

We next addressed the question of whether H3.3/H2A.Z-
containing nucleosomes exist in vivo. Nuclei were pre-
pared in 10 mM NaCl to prevent any salt-dependent dis-
sociation of histones (see below) and fixed with formal-
dehyde before digestion with micrococcal nuclease. The
monomer fractions were isolated on a sucrose gradient
containing 80 mM NaCl. A second sample of nuclei was
treated similarly except that cross-linking was omitted.
As shown in Figure 2A, the uncross-linked control dis-
played the characteristic absence of H2A.Z from the
H3.3-Flag IP fraction (lane 12). The cross-linked H3.3
sample, however, contained some H2A.Z (Fig. 2A, lane
6), but relatively less than that complexed to H3-Flag
(Fig. 2A, lane 3). The results indicate that complete
NCPs containing H3.3 and H2A.Z are present in vivo
(although at low levels compared with H3.3/H2A), but
that they are relatively unstable, and subject to further

disruption during preparation if they are not cross-
linked.
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(150 mM/80 mM gradient)
H3-FLAG H3.3-FLAG

Nuclei cross-linked
before digestion
(10 mM/80 mM gradient)

Nuclei not cross-linked
(10 mM/80 mM gradient)

H3-FLAG H3.3-FLAG H3-FLAG H3.3-FLAG P _IP_
[O]
IP IP IP 1P g =
— L — L |
2 2 2 2 5. Sg=
POS R 1= o B o 225 £3%
S0 305 2o 2 0=
(=% Q Q. o
£3% £2% E2& 2% - . - -
. - . - e e WB: anti-H2B
WB: anti-H2A.Z WB: anti-H2A.Z - ® -
L) .
WB: anti-H2A.Z
ob .o - o
123 458 7 8 9 1011 12 -‘-.
WB: anti-FLAG WB: anti-FLAG 123 456
WB: anti-FLAG

H3.3-Flag-containing nucleosomes are disrupted
during purification

This raised the question whether the immunoprecipita-
tion process was somehow preferentially disrupting all
NCPs containing H3.3. To address this, NCP monomer
fractions prepared as described above were cross-linked
with formaldehyde before antibodies were added. The
results (Fig. 2B) were similar to those shown in Figure
1A. In addition, histone H2B is also depleted in the H3.3-
containing NCPs. This made it clear that disruption of
H3.3 NCPs was occurring before the immunoprecipita-
tion, as cross-linking would protect NCPs from disrup-
tion during that process.

It seemed possible that disruption was connected with
partial degradation of the H3.3 nucleosomes that had
resulted from some greater sensitivity to micrococcal
nuclease digestion. To address this, nucleosome mono-
mers containing either H3-Flag or H3.3-Flag were immu-
noprecipitated and deproteinized, and the DNA was ana-
lyzed by gel electrophoresis. As shown in Figure 2C, the

Figure 2. NCPs containing H3.3 are dis-
rupted during purification. (A) Complete
NCPs containing H3.3 and H2A.Z are
present in vivo. (Left panel) Nuclei iso-
lated from 6C2 cells in 10 mM NaCl were
fixed with formaldehyde (see Materials
and Methods) and then digested with
micrococcal nuclease. NCPs carrying H3.3-
Flag or H3-Flag were purified on sucrose
gradients containing 80 mM NaCl and
analyzed for H2A.Z content on Western
blots. (Right panel) Control in which
formaldehyde treatment was omitted. (B)
Experiments like those in Figure 1A, ex-
cept NCPs were cross-linked with form-
aldehyde before immunoprecipitation,

H3-FLAG H3.3-FLAG

1234

and Western blots were probed for H2A.Z and H2B. Input lanes are loaded with an aliquot representing 10% of the starting sample.
(C) Length distribution of DNA isolated from NCPs. NCPs from cells carrying H3-Flag or H3.3-Flag were immunoprecipitated with
anti-Flag, and the nucleosomal DNA was purified and analyzed by gel electrophoresis.
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Figure 3. Unusual sensitivity of nucleo-
somes containing H3.3 to the ionic
strength of the solvent. (A) Experiments
like those in Figure 1, but NCPs were iso- A
lated from a sucrose gradient containing
10 mM NaCl without exposure to any
higher-ionic-strength solvents. (B) Com-
parative recoveries of H2A and H2A.Z from
the data in A. The relative amounts of his-
tone H2A and H2A.Z in NCPs were calcu-
lated as described in Figure 1B. (C) Dynamic
changes of relative amount of H2A or H2A.Z
in H3.3-containing NCPs during purifi-
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DNA in both cases consisted almost entirely of ~145-
base-pair (bp) fragments consistent with the presence
of undegraded DNA, suggesting that the disruption
of H3.3-Flag-containing nucleosomes was not due to
their greater sensitivity to micrococcal nuclease diges-
tion.

H3.3-Flag-containing nucleosomes are unusually
sensitive to the ionic strength of the solvent

The most obvious candidate as a cause of NCP disrup-
tion is unusual sensitivity to the ionic strength of the
solvent. NCPs containing the principal histone variants
H3 and H2A typically lose first H2A/H2B dimers, then
H3/H4 tetramers, as the salt concentration increases.
This suggested that the disruption of H3.3-Flag-contain-
ing nucleosomes was due to the relatively high concen-
tration of NaCl (150 mM) that we used in the preceding
experiments to remove histone H1/H5 (Figs. 1A, 2B). We
therefore repeated the digestion and sucrose gradient
fractionation steps in solvents containing only 10 mM
NacCl (Fig. 3A). At this ionic strength, immunoprecipita-
tion of NCPs revealed the presence of H3.3 NCPs that
contained an amount of H2A comparable to that of H3

A H3.3-FLAG
10 mM

Figure 4. Sensitivity of purified NCPs to 350 MM g

the higher ionic strength of the solvent.
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NCPs (Fig. 3B, right panel). The H2A.Z:H3.3 ratio is now
about one-fifth the H2A.Z:H3 ratio (Fig. 3B, left panel),
confirming the presence of some NCPs containing both
H3.3 and H2A.Z and showing that those NCPs were dis-
rupted in vitro even in solvents containing low NaCl,
such as 80 mM (see Fig. 2A, right panel). These results
support the conclusion that H3.3 NCPs, regardless of
their histone partners, are more unstable than H3 NCPs.
Furthermore, as shown in Figure 3C, H3.3/H2A.Z NCPs
are even less stable than H3.3/H2A NCPs: As the salt
concentration to which H3.3 NCPs are exposed is in-
creased, the fractional loss of H2A.Z is earlier and greater
than the loss of H2A.

To explore further the question of stability of H3.3-
containing nucleosomes, NCP monomer preparations
containing either Flag-H3 or Flag-H3.3 were dialyzed
into either 10 mM or 350 mM NaCl, cross-linked with
formaldehyde, and subjected to equilibrium centrifuga-
tion in CsCl. The band at the density corresponding to
intact NCPs was isolated, the cross-linking was re-
versed, and the histones were electrophoresed and ana-
lyzed by Western blotting with anti-Flag antibody. The
fractions from 4 to 12 (Fig. 4A,B) were considered to con-
tain intact NCPs since in addition to H3, histones H2A

1656
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and H2B were detectable in those fractions by Western
blotting (data not shown). Additionally, anti-Flag bands
are distributed with the highest intensity at fractions 7
and 8, densities of ~1.40 and 1.42, respectively (Fig. 4C),
a characteristic of intact NCPs (see Materials and
Methods). As shown in Figure 4B, the amounts of H3
found in octamers were similar at the two ionic
strengths. In contrast, the amount of H3.3 contained in
octamers was considerably reduced at the higher, as
compared with the lower, ionic strength (Fig. 4A). These
data demonstrate again that H3.3-containing NCPs, re-
gardless of their partners, are more unstable than those
containing H3.

Loss of histone acetylation does not affect stability
of NCPs containing H3.3-Flag

It seemed possible that the relative instability of H3.3
NCPs was connected to high levels of H3.3 histone
modifications. Earlier studies have shown, for example,
that H3.3 is highly acetylated (McKittrick et al. 2004;
Hake et al. 2006). To test this, NCP preparations were
repeated, omitting sodium butyrate, which is normally
included to inhibit the action of histone deacetylases. In
preparations that include butyrate, histone H3 is acety-
lated (Fig. 5A, lanes 2,4). In the absence of butyrate, his-
tone H3 is unacetylated (Fig. 5A, lanes 1,3). As shown in
Figure 5B, loss of acetylation has no effect on the ob-
served relative instability of H3.3 NCPs, as judged by the
depletion of both H2A and H2A.Z in the H3.3 immuno-
precipitates in the absence of butyrate (Fig. 5B, cf. lanes
3 and 6).

NCPs containing untagged H3.3 are also unstable

All of the experiments described were carried out with
Flag-tagged histones, which have been shown in numer-
ous experimental systems to behave similarly to the cor-
responding untagged molecules. Furthermore, the Flag
tag was present on both H3 and H3.3, indicating that the
tag alone was not responsible for the destabilization seen
in H3.3 NCPs. Nonetheless, it seemed important to de-
termine whether the Flag element could have contrib-

uted to the observed stability differences. For this pur-
pose, the experiment described in Figure 4 was repeated
with NCPs from chicken erythrocytes, carrying only
wild-type histones. The monomers were prepared in 10
mM NaCl and then dialyzed into 10 mM and 450 mM
NaCl, respectively. Both the low- and high-salt samples
were formaldehyde cross-linked and banded in CsCl
gradients. The octamer fractions were isolated, the cross-
linking reversed, and the histones fractionated by elec-
trophoresis. The bands containing H3 variants were ex-
cised and subjected to mass spectrometry to determine
the ratio of H3.3 to H3 at each ionic strength. As shown
in Figure 6, NCPs that had been exposed to the higher
salt concentration were relatively depleted in H3.3 com-
pared with NCPs maintained in low salt. Thus, the ex-
periments with Flag-tagged histones accurately reflect
the stability of normal genomic NCPs containing un-
tagged H3 or H3.3.

It should be noted that the predominant variant, re-
ferred to here as H3, in mammals consists of two sub-
types: H3.1 and H3.2, which differ only at amino acid 96
(cysteine vs. serine) (Franklin and Zweidler 1977). In
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Figure 6. Sensitivity of the NCPs consisting of untagged his-
tones to the ionic strength of the solvent. NCPs from chicken
erythrocytes were dialyzed into 10 mM NaCl and 450 mM
NaCl, respectively. The octamer fractions were cross-linked
with formaldehyde and isolated by CsCl gradient sedimenta-
tion, and the ratios of H3.3 to H3 at each ionic strength were
determined by mass spectrometry (see Materials and Methods).
The results are the average of two independent experiments.
The ratio at 10 mM NaCl was set to 1.
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chickens, only H3.2 is present, but the H3-Flag used in
this study was derived from human H3.1. Many studies
of bulk genomic NCP stability show that the stability of
H3.1 and H3.2 NCPs is similar. The results summarized
in Figure 6, obtained with histones derived from chicken
cells, confirm this.

Location in vivo of nucleosomes containing both H3.3
and H2A.Z

We have shown that H2A.Z and H3.3 can be present
within the same nucleosome in vivo. Where are such
nucleosomes located? We prepared nucleosome mono-
mers by micrococcal nuclease digestion of 6C2 nuclei
exposed only to 10 mM NaCl, followed by sucrose gra-
dient sedimentation at the same salt concentration.
Samples were immunoprecipitated with antibody either
to Flag or H2A.Z, and the DNA was subjected to quan-
titative PCR using primers designed for single nucleo-
some resolution. In an earlier paper (Jin and Felsenfeld
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2006), we mapped at lower resolution the distribution of
H3.3-containing nucleosomes in 6C2 cells for a variety
of genes that are expressed in those cells. As shown in
Figure 7A, bottom panel, a similar result was obtained
for the distribution of H3.3 monomers. When these data
are compared with the distribution of H2A.Z monomers
(Fig. 7A, top panel), it is clear that five of six distal pro-
moter and enhancer regions and two of five coding re-
gions that contain H3.3 monomers carry H2A.Z at the
same site, at single nucleosome resolution. This strongly
suggests that individual nucleosomes at these sites con-
tain both variants. To confirm this, we carried out
double ChIP experiments, first with antibody against
Flag, followed by a second immunoprecipitation of that
fraction with antibody against H2A.Z. As shown in Fig-
ure 7B, the distribution of these H3.3/H2A.Z nucleo-
somes coincides in every case with the results shown in
Figure 7A: At every nucleosome site where both H3.3
and H2A.Z are present, there are nucleosomes that have
both. The doubly substituted H3.3/H2A.Z nucleosome
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Figure 7.

(A) ChIP analysis of H3.3-Flag and H2A.Z over distal promoter or enhancer regions and transcribed regions of a variety of

genes in 6C2 cells expressing H3.3-Flag. (Open bars) No antibody control; (filled bars) anti-Flag or anti-H2A.Z immunoprecipitation.
Error bars reflect three separate measurements. (PAI) Plasminogen activator inhibitor; (FOG) friend of GATA. (B) Double ChIP analysis
over same regions. First ChIPs by anti-Flag were followed by second ChIPs by anti-H2A.Z antibodies. (C) Summary of ChIP and double
ChIP results; level of Ac/H3K9&K14; relative expression level of those genes surveyed in wild-type 6C2 cells and in the cells
overexpressing untagged H3.3. The ChIP data are from A and B, while all others are from our previous study (Jin and Felsenfeld 2006).
(N/A) Not applicable. (D) Schematic representation of relative stability of nucleosomes containing different histone variants.
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is found in the distal promoter and enhancer sites of five
of seven genes tested: FR, VEGFD, GAPDH, IFNAR2
(IFN-a/B receptor 2), and histone H5, but is found in the
transcribed regions of only two of eight genes: B-actin
and histone H5.

Discussion

Effects of variants

Most measurements of nucleosome stability have been
made in vertebrates, where the predominant histone
variants are H3 (H3.1/3.2) and H2A. Such measurements
on genomic nucleosome populations therefore reflect
the properties of those variants. On that basis, it is ex-
pected that typical NCPs will be stable at NaCl concen-
trations up to ~0.5 M (Park et al. 2004), and that increas-
ing concentrations beyond that will result successively
in release of H2A/H2B dimers and H3/H4 tetramers. The
data in Figure 1 confirm that monomer fractions con-
taining H3-Flag were still associated with both H2A and
H2A.Z after exposure to 150 mM NaCl. When the ex-
periment was repeated with H3.3-Flag, however, the
amount of H2A associated with H3.3-Flag under these
conditions was considerably less than that found in H3-
Flag NCPs (Fig. 1). Histone H2B was similarly depleted
(Fig. 2B). Furthermore, almost no H2A.Z was detected in
NCPs containing H3.3-Flag. This was not the result of
preferential displacement of histones by the anti-Flag an-
tibody, since cross-linking before immunoprecipitation
did not alter the result (Fig. 2B). This behavior appears to
arise from the preferential sensitivity of H3.3 NCPs,
whether containing H2A or H2A.Z, resulting in loss of
H2A/2B or H2A.Z/H2B at moderate salt concentrations.
Isolation of NCPs in 10 mM rather than 80 mM NaCl
resulted in no depletion of H2A from H3.3 NCPs as com-
pared with H3 NCPs, and some H2A.Z was now also
detectible in the H3.3 fraction (Fig. 3A). Consistent with
this, H3.3/H2A.Z NCPs do exist in vivo (Fig. 2A). The
quantitation of the response to salt dissociation (Fig. 3C)
clearly indicates that H3.3-containing NCPs are un-
stable and H3.3-Flag forms even more unstable NCPs
with H2A.Z than it does with H2A.

The overall instability of H3.3 NCPs was further con-
firmed by experiments in which NCPs dialyzed into ei-
ther 10 mM or 350 mM NaCl were cross-linked and cen-
trifuged to equilibrium in CsCl gradients to isolate in-
tact NCPs. The abundance of H3 NCPs was the same at
the two salt concentrations, but there was a clear deple-
tion of H3.3-containing monomers at the higher salt con-
centration (Fig. 4). This result shows that the instability
detected in Figures 1 and 2 is not a property of a small
fraction of NCPs that are unusually reactive with anti-
Flag antibody. The fact that stable octamers can be iso-
lated at low ionic strength also shows that the stability
difference is not simply a reflection of differences in sus-
ceptibility to attack by micrococcal nuclease.

The same differential stability observed with purified,
then cross-linked NCP monomers could also be seen
when nuclei were first formaldehyde cross-linked in 10
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mM NaCl and then digested with micrococcal nuclease.
However, by this procedure it was possible to detect
some H3.3/H2A.Z NCPs, whereas none were observed if
formaldehyde cross-linking was omitted (Fig. 2A). Dif-
ferential stability is therefore not solely a property dis-
played at the level of mononucleosomes, or a result of
the digestion process. Furthermore, although there is
evidence that H3.3 in vivo carries high levels of histone
acetylation, the observed instability is not dependent on
the extent of acetylation (Fig. 5B). Since active marks can
also be enriched on H3.1 (Hake et al. 2006; Loyola et al.
2006), it seems unlikely that the stability difference is
due solely to the status of post-translational modifica-
tions, although these experiments do not rule out the
possibility that methylation or other modifications
could contribute to stability. In any case, the relative
instability of H3.3 NCPs is a property of these particles
in vivo.

It did not seem likely that the Flag peptide, present
both on H3 and H3.3, could give rise to the observed
differential stability of NCPs. We confirmed, by carrying
out salt dissociation experiments on NCPs isolated from
wild-type chicken erythrocytes (Fig. 6), that the reduced
stability of H3.3 NCPs is a property of normal, untagged
histones in vivo.

Measurements of nucleosome stability

Our results show that native NCPs containing histone
H3.3 are relatively less stable than those containing H3:
Histone H2A/H2B or H2A.Z/H2B dimers are more
readily dissociated from octamers containing H3.3, and
NCPs containing both H3.3 and H2A.Z are even more
unstable (Fig. 7D). It should be pointed out that our re-
sults concern the dissociation of H2A/H2B and H2A.Z/
H2B from the NCP, and do not provide information
about the stability of the H3/H4 or H3.3/H4 tetramer. It
might be expected that the strength of tetramer binding
is affected by local DNA sequences, making a separate
contribution to nucleosome stability. However, our ear-
lier results (Jin and Felsenfeld 2006) show that NCPs
exposed to 150 mM NaCl retain H3.3 at the upstream
regulatory elements shown in Figure 7, so the loss under
these conditions of H2A or H2A.Z from H3.3 NCPs is
not due to total loss of the octamer.

Recent studies have investigated the structure and sta-
bility of NCPs containing H2A.Z. Suto et al. (2000) have
solved the structure of an NCP containing cloned his-
tones H2A.Z from mouse, and H2B, H3, and H4 from
Xenopus, and shown that there are differences from the
structure of NCPs containing H2A. These include
H2A.Z-H2A.Z and H2A.Z-H3 contacts in the former
that differ from H2A-H2A and H2A-H3 contacts in the
latter. Park et al. (2004) have shown that monomers con-
taining histone H3 and H2A.Z are more resistant to salt
dissociation than are H3/H2A nucleosomes. They con-
clude that H2A.Z stabilizes nucleosomes. A similar con-
clusion has been reached from measurements of NCP
stability as the pH is lowered (Thambirajah et al. 2006).
These observations are not inconsistent with the results
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reported here, which show that NCPs containing H2A.Z
and H3 are at least as stable as H2A/H3 NCPs.

A more revealing comparison might be made with the
results of Zhang et al. (2005), who carried out studies of
histone release from S. cerevisiae nuclei washed with
solvents of increasingly higher ionic strength, and found
that H2A.Z was released at lower salt concentrations
than H2A, an apparent contradiction of the results of
Park et al. (2004). However, the sole H3 variant in yeast
is similar to vertebrate H3.3. Although yeast and verte-
brate H2A.Z differ somewhat in amino acid sequence,
we suggest that the observed instability of yeast nucleo-
somes containing H2A.Z is comparable to the behavior
of vertebrate NCPs containing H3.3 and H2A.Z.

The majority of yeast NCPs contain H2A, and a simi-
lar comparison can be made between the stability of
these particles and vertebrate H3.3/H2A NCPs. It has
been known for some time that yeast NCPs are less
stable than those prepared from vertebrate sources (Lee
et al. 1982; Pineiro et al. 1991; White et al. 2001), and the
structure of the yeast NCP shows that they are likely to
be “subtly destabilized as compared with nucleosomes
from higher eukaryotes” (White et al. 2001), consistent
with the relatively “open” state of chromatin in yeast.
Again, these observations could reflect the fact that all
yeast nucleosomes contain a variant of H3.3, and yeast
H3.3/H2A nucleosomes are likely to be less stable than
their H3/H2A counterparts in other organisms.

Genomic location of H3.3/H2A.Z NCPs

As noted above, H3.3 has been shown to be incorporated
preferentially at promoters and enhancers, as well as at
sites on some transcribed genes. H2A.Z is also preferen-
tially incorporated at promoters in yeast and at promot-
ers of some developmentally regulated and actively ex-
pressed genes (Bruce et al. 2005) in chicken. It seemed
important, therefore, to determine the frequency with
which H3.3 and H2A.Z were found at the same site. To
measure this, we first carried out separate ChIP experi-
ments for H3.3 and H2A.Z at single nucleosome resolu-
tion followed by a double ChIP study that purified only
those NCP monomers containing both variants. Five of
the six genes with distal promoter or enhancer sites that
we had identified earlier as containing H3.3 NCPs also
contained H2A.Z NCPs (Fig. 7A; summarized in Fig. 7C).
At all five of these sites, double ChIP revealed the pres-
ence of NCPs incorporating H3.3 and H2A.Z in the same
particle. It may be relevant that expression of three of
these genes (FR, VEGFD, IFNAR?2) is stimulated by ec-
topic expression of H3.3 (Jin and Felsenfeld 2006). Two
other genes, B-actin and histone H5, carry H3.3/H2A.Z
NCPs over transcribed regions. We detect high levels of
transcript from these two genes (Fig. 7C). Furthermore,
all loci that have H3.3/H2A.Z nucleosomes, whether in
the transcribed regions or upstream regulatory elements,
are marked by high levels of histone H3 Lys 9 and Lys 14
acetylation (Fig. 7C; Jin and Felsenfeld 2006). The pres-
ence of an H3.3/H2A.Z nucleosome appears to be corre-
lated with the presence of these marks of highly active
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chromatin. Thus promoters, enhancers, and coding re-
gions of these transcriptionally active genes are occupied
by nucleosomes that are quite unstable, and presumably
easily displaced by the machinery of transcriptional ac-
tivation and transcription.

Roles of histone variants in vivo

The distribution of histone H3.3 in the genome has been
investigated and discussed at length. H3.3 is preferen-
tially incorporated near and within transcriptionally ac-
tive genes, as well as at certain upstream regulatory re-
gions. Unlike H3, incorporation of H3.3 is not confined
to the S phase of the cell cycle. It can, therefore, replace
histones that are displaced during the transcription pro-
cess. It has been suggested that H3.3 might serve as an
epigenetic mark that would help to maintain transcrip-
tionally active genes in an “open” conformation, and
that, in turn, transcription would lead to greater deposi-
tion of H3.3 (Henikoff et al. 2004). We have reported that
overexpression of H3.3 can raise the expression of a sub-
set of genes that show high levels of incorporated H3.3,
but a possible mechanism of action has remained un-
clear (Jin and Felsenfeld 2006). On the basis of the pres-
ent results, we conclude that H3.3-containing nucleo-
somes are intrinsically less stable than those containing
H3, and that this may reduce the energy required to
move or displace nucleosomes from promoters, enhanc-
ers, and gene-coding regions. This is supported by the
observation that nucleosome assembly protein I (NAP-I)
mediated assembly and disassembly of the H2A.Bbd-
H2B dimers from reconstituted NCPs was accomplished
more efficiently when the NCPs contained H3.3 (Oku-
waki et al. 2005). There has been considerable debate as
to whether H3.3 is simply a marker of transcriptionally
active regions, deposited on active genes when H3 NCPs
are displaced during transcription, or is an active partici-
pant in the regulatory process. Our data support the lat-
ter view.

Our results also show that nucleosomes containing
both H3.3 and H2A.Z are even more unstable than those
containing H3.3 and H2A. As noted in the introduction,
a wide variety of functions has been attributed to H2A.Z,
including involvement in centromeric heterochromatin
and Polycomb-mediated silencing, on the one hand, and
on the other, the marking of genes so that they can be
more easily activated. We suggest that these disparate
properties might reflect the identity of the partners with
which H2A.Z finds itself engaged within the nucleo-
some. The combination of H2A.Z with H3.3, localized to
active or potentially active genes, might provide promot-
ers with an unusually labile chromatin conformation.
Similarly, the presence of a labile H2A.Z/H3.3 nucleo-
some at the end of a yeast telomere or mating type locus
might prevent the extension of a condensed chromatin
structure (Meneghini et al. 2003). On the other hand,
when H2A.Z is paired with H3, it might, as suggested by
Park et al. (2004}, form an unusually stable nucleosome.
Such nucleosomes would presumably be situated in re-
gions of the genome that are not normally transcribed



and are therefore poor in H3.3. Thus different combina-
tions of histone variants could be delivered to different
sites in the genome, and with quite different conse-
quences for chromatin structure and gene regulation.
Such a role for the histone variants has been proposed
recently by Hake and Allis (2006).

These results raise several questions and suggest sev-
eral directions for future study. First, it will be interest-
ing to see how the structure of nucleosomes containing
H3 and H2A differs from ones containing H3.3 com-
plexed with H2A or H2A.Z. A difference in four amino
acids distinguishes H3 from H3.3; three are located in-
ternally within the histone octamer structure, at sites
that, in the solved H3/H2A.Z structure, do not make
contact with H2A.Z. Whether this is also true of the
H3.3/H2A.Z structure remains to be determined. In any
case, it seems that the choice of partners among the his-
tone variants will have an important effect on nucleo-
some stability and it is likely, therefore, may play an
important regulatory role through that mechanism. It
will be important to determine not only the location of a
histone variant, but the identity of the other variants
with which it shares the nucleosome.

Materials and methods

Cell lines

6C2 cells, stably expressing the H3 or H3.3 proteins fused with
C-terminal Flag- and HA-epitope tags, were established and cul-
tured as described elsewhere (Jin and Felsenfeld 2006). Cells
were maintained in logarithmic-phase growth for all experi-
ments.

Micrococcal nuclease digestions and preparation
of mononucleosomes

Nuclei from 6C2 cells were prepared as described (Prioleau et al.
1999). We used 10 mM Tris-HCI (pH 7.4), 10 mM NaCl, 3 mM
MgCl,, and 0.4% NP-40 as the lysis buffer. All buffers were
supplemented with 10 mM Na-butyrate, 0.5 pg/mL aprotinin,
0.5 pg/mL leupeptin, and 1 pg/mL aprotinin. Nuclei were pel-
leted and resuspended in the same buffer plus 1 mM CaCl,. In
some cases, the suspension of nuclei was treated with 0.2%
formaldehyde for 1 min at room temperature to fix nuclei before
MNase digestion. The A, 4, was adjusted to 1.25, and the resus-
pended nuclei were digested with 12 x 107> U/uL MNase (Wor-
thington) for 12 min at 37°C. The reaction was stopped by add-
ing EDTA (pH 8.0) to a final concentration of 10 mM, and the
suspension was centrifuged at 2500 rpm for 5 min, retaining
supernatant S1. The pellet was resuspended in lysis buffer plus
0.25 mM EDTA, incubated on ice for 15 min, and recentrifuged
at 10,000 rpm for 10 min after passing four times through a
20-gauge needle followed by four passes through a 25-gauge
needle. The supernatant S2 was combined with S1. In some
cases, histones H1/H5 were removed by incubating S1 and S2
with 150 mM NaCl for 20 min at 4°C, followed by centrifuga-
tion at 10,000 rpm for 15 min. Mononucleosomes were purified
on a 5%-30% sucrose gradient containing indicated 10 mM or
80 mM NaCl, 10 mM Tris-HCI (pH 7.4, and 0.2 mM EDTA.

Immunoprecipitation and Western blot analysis

H3-Flag- and H3.3-Flag-containing nucleosomes were isolated
from mononucleosomes prepared from 6C2 cells expressing the
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H3 or H3.3 proteins fused with C-terminal Flag- and HA-epitope
tags by immunoprecipitation on anti-Flag antibody-conjugated
agarose. Mononucleosomes (0.7 mL) in immunoprecipitation
buffer (10 mM Tris-HCl at pH 7.4, 50 mM or 10 mM NaCl, 0.2
mM EDTA) were incubated with 100 pL of anti-Flag M2 affinity
gel overnight at 4°C (Sigma) and then washed five times with
immunoprecipitation buffer. Immunoprecipitated H3-Flag- and
H3.3-Flag-containing nucleosomes were then eluted by Catch
and Release Denaturing elution buffer (Upstate Biotechnology)
into a final volume of 140 pL. Twenty microliters of immuno-
precipitated proteins were fractionated by SDS-PAGE and elec-
trotransferred to PVDF membranes. Blots were incubated with
the indicated primary antibodies and then with HRP-conjugated
secondary antibodies. Proteins were visualized by ECL Plus
Western blotting detection reagents (Amersham Bioscience).
Band intensities were calculated using NIH Image] software.

Cesium chloride density gradient sedimentation

Sucrose gradient fractions containing mononucleosomes were
dialyzed into 10 mM, 350 mM, or 450 mM NaCl; 10 mM tri-
ethanolamine-HCI (pH 7.4); and 0.2 mM EDTA and cross-linked
with 0.5% formaldehyde for 15 min at room temperature. Ex-
cess cross-linker was removed by dialysis into DB buffer (80
mM NaCl, 10 mM Tris-HCl at pH 7.4, 0.2 mM EDTA). Samples
were made up to 1.1 mL and treated with an equal volume of
cesium chloride in dialysis buffer having a concentration of 1.06
g/mL, to a final density of ~1.40 g/mL. An aliquot (2.2 mL) of
this solution was centrifuged in a Beckman TLS-55 rotor for
96 h at 20.0°C and 40,000 rpm. Gradients were fractionated
from the top into 22 x 100-uL fractions. An aliquot (30 uL) of
each fraction was used to determine the refractive index, which
was converted into a density based on an experimentally deter-
mined calibration curve using densities measured at 20°C on an
Anton Paar DMA 5000 densimeter. The remaining 70 pL were
dialyzed into DB buffer and reverse cross-linked in LSD loading
buffer by heating for 10 min at 100°C. All fractions were then
separated on SDS-PAGE and electrotransferred to PVDF mem-
branes. Blots were incubated with the indicated primary anti-
bodies and then with HRP-conjugated secondary antibodies.
Proteins were visualized by Super Signal West Femto Maximum
Sensitivity Substrate (Pierce).

Mass spectrometry

The intact monomers were isolated (see Results), and the pro-
tein bands corresponding to histone H3 were cut out from SDS-
PAGE gels and subjected to protein sequence analysis by LC-
MS/MS at the Taplin Biological Mass Spectrometry Facility at
Harvard Medical School. The excised gel pieces were digested
in-gel with trypsin followed by chymotrypsin (Shevchenko et al.
1996). The dried samples were reconstituted in 5-10 pL of
HPLC solvent A (2.5% acetonitrile, 0.1% formic acid). A nano-
scale reverse-phase HPLC capillary column was created by
packing 5-um C18 spherical silica beads into a fused silica cap-
illary (100 pm inner diameter x ~12 c¢cm length) with a flame-
drawn tip (Peng and Gygi 2001). After equilibrating the column,
each sample was pressure-loaded offline onto the column. The
column was then reattached to the HPLC system. A gradient
was formed, and peptides were eluted with increasing concen-
trations of solvent B (97.5% acetonitrile, 0.1% formic acid). As
each peptide was eluted, it was subjected to electrospray ion-
ization and then entered into an LTQ-FT mass spectrometer
(ThermoFinnigan). Eluting peptides were detected, isolated, and
fragmented to produce a tandem mass spectrum of specific frag-
ment ions for each peptide. Peptide sequences (and hence pro-
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tein identity) were determined by matching protein or trans-
lated nucleotide databases with the acquired fragmentation
pattern by the software program Sequest (ThermoFinnigan).
Only the peptides FQSSAVMALQEASEAY (m/z = 874.40) and
FQSAAIGALQEASEAY (m/z = 828.40), specific to H3 and H3.3,
respectively, were selectively analyzed. To determine the ratio
of H3 and H3.3 between different samples, the peak areas cor-
responding to the abovementioned peptides were compared.

ChIP and double ChIP

ChIP was carried out as described elsewhere (Jin and Felsenfeld
2006) except that only mononucleosomes prepared by micro-
coccal nuclease digest were used in this study. For double ChIP,
purified mononucleosomes were cross-linked with 0.5% form-
aldehyde for 15 min at room temperature, and the reaction was
stopped by adding glycine to a final concentration of 0.125 M.
Excess cross-linker was removed by dialysis into DB buffer. We
followed the procedure of anti-Flag antibody immuno-affinity
purification (Nakatani and Ogryzko 2003) with minor modifi-
cations for first immunoprecipitation with anti-Flag M2 affinity
gel. Four milliliters of cross-linked mononucleosomes in DB
buffer (30 ng/mL) were incubated with 200 uL of anti-Flag M2
affinity gel for 3 h at 4°C and then loaded onto a column
(Bio-Rad Poly Prep). After a strict wash of the beads with wash-
ing buffer (150 mM NaCl, 20 mM Tris-HCI at pH 7.4, 0.2 mM
EDTA, 0.1% Tween), 100 pL of Flag-elution buffer (50 pg/mL
Flag peptide in washing buffer) were loaded on the beads and
incubated for 20 min at room temperature. The elution step was
repeated to get maximum recovery of the first immunoprecipi-
tates—namely, Flag-H3.3-containing mononucleosomes. The
eluates were then subjected to the second immunoprecipitation
with anti-H2A.Z. After purification, immunoprecipitated
DNA was analyzed by quantitative real-time PCR. TagMan
probes and primers and the regions surveyed are described else-
where (Jin and Felsenfeld 2006). A detailed description of the
methods used for calculation can be found elsewhere (Litt et al.
2001).

Antibodies

The antibodies used were as follows: anti-Flag M2 Monoclonal
antibody (F3165), anti-histone H2A.Z (07-594), anti-histone H3
(05-499), anti-acetyl-histone H3 (06-599), anti-histone H2A (7-
146), and anti-histone H2B (07-371). All antibodies were pur-
chased from Upstate Biotechnology except the anti-Flag anti-
body, which was from Sigma.
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