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ATP-dependent chromatin remodeling complexes rear-
range nucleosomes by altering the position of DNA around
the histone octamer. Although chromatin remodelers and the
histone variant H2A.Z colocalize on transcriptional control
regions, whether H2A.Z directly affects remodeler association
or activity is unclear. We determined the relative association of
remodelers with H2A.Z chromatin and tested whether replace-
ment of H2A.Z in a nucleosome altered the activity of remodel-
ing enzymes. Many families of remodelers showed increased
association with H2A.Z chromatin, but only the ISW1I family of
chromatin remodelers showed stimulated activity in vitro. An
acidic patch on the nucleosome surface, extended by inclusion
of H2A.Z in nucleosomes and essential for viability, is required
for ISWI stimulation. We conclude that H2A.Z incorporation
increases nucleosome remodeling activity of the largest class of
mammalian remodelers (ISWI) and that it correlates with
increased association of other remodelers to chromatin. This
reveals two possible modes for regulation of a remodeler by a
histone variant.

Histone H2A.Z substitutes for the canonical H2A histone in
the nucleosome at nonrandom locations throughout the
genome and has therefore been proposed to play a key role in
chromatin regulation. Because H2A.Z is expressed throughout
the cell cycle, unlike H2A, which is synthesized predominantly
during the S phase, H2A.Z is a likely candidate for modulating
the many functions of chromatin in addition to the packaging of
DNA (1). High conservation of H2A.Z across all metazoans
(>90%) relative to lower conservation with canonical H2A
(~64%) indicates that the H2A.Z variant might play a specific
biological function (2). The importance of H2A.Z is further
demonstrated both in knock-out mice and depletion from
embryonic stem cells, showing that H2A.Z is essential for cell
differentiation and organism development (3, 4).

H2A.Z compromises 5-10% of the total H2A in a human cell
and localizes to ~50% of annotated promoters regions, often at
transcription start sites, supporting a role in transcriptional
regulation (5, 6). In addition to its localization at promoters,
H2A.Z is also detected at many loci staged for reorganization in
response to stimulation such as at binding sites for the tran-

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Fig. S1.
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scription factor glucocorticoid receptor (7), p53 (8), and estro-
gen receptor a (ERa)? (9). These studies suggest that H2A.Z
might play a regulatory role, either by causing a change in chro-
matin structure or by recruiting chromatin-modifying proteins.

Chromatin can be modified by numerous proteins, one class
of which is ATP-dependent remodeling enzymes. Remodelers
catalyze the hydrolysis of ATP and use the energy generated to
move DNA relative to the histone octamer. Chromatin remod-
eling complexes are involved in numerous processes in the
nucleus that, like H2A.Z, include roles in gene regulation and
subsequent changes in cell identity. Because remodeling com-
plexes bind directly to nucleosomes, replacing H2A.Z for H2A
might alter either the recruitment or the function of remodel-
ers. Families of remodeling complexes have been characterized
and are categorized by the identity of the core ATPase motor
protein (10). One class of remodelers, the “split ATPases” typ-
ified by SRCAP and p400 in humans, have been shown to spe-
cifically exchange canonical dimers in chromatin for H2A.Z-
containing dimers (11). Other prominent classes of remodelers
in human cells are the Swi/Snf family with BRG1 as the core
ATPase, the ISWI family with either SNF2H or SNF2L as the
core ATPase, and the CHD family with Mi-2 as the core
ATPase. Although not shown to be involved in H2A.Z deposi-
tion, the functional and mechanistic differences between these
three families of complexes may be influenced by the presence
of H2A.Z in their chromatin substrate.

Several studies describe a connection between H2A.Z and
chromatin remodelers not involved in deposition. In Saccharo-
myces cerevisiae, the H2A.Z variant Htzl shows synthetic
lethality with both remodeling motor enzymes Snf2 and Iswl.
Parallel but redundant roles in specific gene expression were
shown between H2A.Z and both Snf2 and Isw1 remodelers (12,
13). On Drosophila melanogaster salivary gland chromosomes,
H2A.Z colocalizes with the ISWI remodeling complex RSF (14).
In humans, H2A.Z is detected at sites of transcriptionally reg-
ulated DNase I hypersensitivity; accessibility of DNase I to
some of these sites is mediated by the Swi/Snf motor protein
BRG1 (7). Furthermore, recruitment of BRG1 to ERa-induced
promoter TTF1 is dependent on H2A.Z deposition (15). Thus,
chromatin remodeler associations with H2A.Z have been
widely reported; however, direct evidence for H2A.Z specitying
chromatin remodeling activity remains to be demonstrated.

2The abbreviations used are: ERa, estrogen receptor «; REA, restriction
enzyme accessibility; NK, D94N,S95K mutation.
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In this report we address the association of human ATP-de-
pendent remodelers with H2A.Z chromatin. We determined
the physical interaction of remodelers on chromatin containing
H2A.Z using cultured cells. We also measured the activity of
remodelers in vitro to ascertain whether remodelers distinguish
H2A.Z nucleosomes from H2A nucleosomes. We find that dis-
tinct classes of remodelers can be differentially associated with
H2A.Z nucleosomes. Furthermore, the ISWI class of remodel-
ers has greater activity on H2A.Z nucleosomes, thus suggesting
an alternative mechanism for increased remodeling on variant
chromatin.

MATERIALS AND METHODS

Chromatin Immunoprecipitation—Native nuclei from HeLa
S3 cell lines stably expressing H2A or H2A.Z with a C-terminal
FLAG affinity tag were purified using 10 strokes with a tight
pestle Dounce homogenizer in chromosome isolation buffer
(3.75 mm Tris-HCI, pH 7.7, 20 mm KCI, 0.5 mm EDTA, 1 mm
dithiothreitol, 0.05 mMm spermidine, 0.125 mM spermine, 1 mm
phenylmethylsulfonyl fluoride, 0.1% digitonin) (16). Purified
nuclei were digested in buffer A (20 mm HEPES, pH 7.7, 20 mm
KCI, 0.5 mm EDTA, 1 mum dithiothreitol, 1 mm phenylmethyl-
sulfonyl fluoride) with 200 units/ml micrococcal nuclease
(Roche Applied Science) and 3 mm CaCl, at room temperature
for 1 h. The reactions were stopped with 5 mm EGTA and cen-
trifuged for 15 min at 10,000 X g. DNA fragments from the
supernatant were predominantly mononucleosomal with a lad-
der extending up to tetranucleosomes. For purification the
chromatinized nuclear extract was bound to M2-agarose beads
(Sigma) for 3 h; washed in batch successively with 30 mm KCl,
300 mMm KCl, and 300 mm KCl with 0.1% Tween 20; and eluted
for 1 h at 4 °C with 1 mg/ml FLAG peptide. H2A and H2A.Z
purifications were subjected to Western blot using the FLAG
antibody as a loading control. The enrichment ratios were esti-
mated by titrating the sample with the more prominent band
until the band intensity was similar between the samples. For
proteins where the differences were minor, for example ACF,
quantitation was performed using a Typhoon optical scanner
on membranes probed with Cy5-labeled secondary antibody
(Amersham Biosciences). Western blots were performed on at
least three biological replicates for each immunoprecipitation.

Antibodies—All of the antibodies used are commercially
available: from Abcam, Snf2h (ab3749), p400 (ab5201), and RSF
(ab43632); from Bethyl, Brgl (A300—813A-1), Mi-2a (A301-
219A-1), Mi-28 (A301-082A-1), ACF1 (A301-318A-1), and
BAF155 (A301-021A-1); from Novus, BPTF (NB100-41418);
from Diagenode, Tip5 (CS-090-100); and from Sigma, WSTF
(W3766).

Nucleosome Assembly—Individual histone proteins were
purified recombinantly in Escherichia coli after expression
using recombinant vectors and assembled into octamers by the
standard techniques described previously (17). Mononucleo-
somes were assembled on a 200-bp PCR fragment containing
the TPT nucleosome positioning sequence by salt dialysis and
further purified by glycerol gradient (18). Cy3- and Cy5-labeled
mononucleosomes were assembled analogously using PCR
fragments generated with 5’ end-labeled fluorophores. Mono-
nucleosome with either a 5S or 601 positioning sequence were
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prepared likewise. Twelve nucleosome arrays were assembled
on a 2.5-kb G5E4 fragment containing ten 5S repeats with a
central 400 bp containing a unique Hhal restriction site. EcoRI
digestion between the 5S repeats followed by native agarose
electrophoresis monitored the degree of assembly. At least 90%
of the 5S repeats appeared nucleosomal for both H2A and
H2A.Z arrays.

Nucleosome Remodeling Assay—All of the remodeling
enzymes were expressed using the baculovirus protein expres-
sion in Sf9 cells except for the Swi/Snf complex, which was
purified from stable Ini1-FLAG expressing HeLa cells (19). In
the restriction enzyme accessibility (REA) assay, remodeling is
inferred from the cutting of a specific restriction enzyme site
exposed upon the addition of ATP (20). An REA assay was
performed on differentially labeled recombinant nucleosomes
(30 nm each nucleosome, 3 nMm remodeling enzyme, 4 mm
MgCl,, 2 mm ATP-Mg, 4 units of Pstl) (21). Subsequent k.
was calculated using the same REA assay but under single turn-
over conditions (1 nm nucleosome, 20—80 nM remodeling
enzyme). Calculations were repeated for Brgl and Snf2h on at
least seven different nucleosome assemblies to ensure that the
measured differences were not a result of the preparation or
variability in quantitation (22). The reactions without ATP
were performed in parallel to determine enzyme-independent
background cutting, which was typically ~10% for canonical
nucleosomes and ~15% for H2A.Z nucleosomes. Cleavage in
the presence of ATP resulted in ~50% cutting in the first 15 min
of the reaction.

Glycerol Gradient—The nucleosome assembly reactions
were pipetted onto a 10 —30% gradient (50 mm Tris, pH 8.0, 100
mM KCl, 1 mm EDTA, 0.1% Nonidet P-40) and spun at 35,000 X
g for 18 h using an Sw55Ti ultracentrifuge rotor. Eluted frac-
tions were assessed by native gel electrophoresis.

RESULTS

To determine which ATP-dependent remodeling enzymes
are associated with chromatin containing H2A.Z, we purified
nucleosome sized fragments of chromatin from cells expressing
an affinity-tagged copy of either H2A or H2A.Z and looked for
enrichment of motor proteins. The ATP-dependent remodeler
responsible for H2A.Z deposition, p400 (8), was found solely at
chromatin purified using H2A.Z-FLAG, indicating that these
preparations are of high quality and are enriched for expected
factors. Because H2A.Z has widespread localization at gene reg-
ulatory elements, we expected that many other remodelers
might be enriched on H2A.Z chromatin. As expected, BRG1,
the motor subunit for the human Swi/Snf complex, was consid-
erably enriched with H2A.Z purified chromatin (Fig. 14). CHD
family members Mi-2a and Mi-2f3 were similarly present on
H2A.Z chromatin. We conclude that several remodeling com-
plexes are preferentially associated with H2A.Z chromatin rel-
ative to the proportion of H2A.Z in the genome. These associ-
ations might reflect associations in the intact cell or might
reflect redistribution of proteins following cell lysis.

The only major remodeling protein tested that was not
enriched on H2A.Z chromatin was SNF2H, which is among the
most abundant remodeling proteins in the nucleus. Although
analysis of the motor protein alone revealed modest depletion
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FIGURE 1. Allmajor families of ATP-dependent chromatin remodelers are
bound to H2A.Z-containing chromatin. Western blots on purified H2A and
H2A.Z chromatin were performed for ATP-dependent core motor proteins (A)
and other remodeling complex subunits (B). The primary antibody used in
each blotisindicated on the left. A Western blot against the affinity tag on the
histone (FLAG) was used as a loading control. Changes in amount of protein
present in the input of the purifications were not evident between Hela,
H2A-FLAG, or H2A.Z-FLAG nuclear extracts as determined by Western blot
(not shown). The two lower bands observed for Mi-2a migrate at the expected
molecular weight for the protein and likely reflect alternatively modified
forms of the protein. The top slower migrating species observed only with
H2A.Z is >100 kDa larger than expected and is of unknown identity.

of SNF2H in H2A.Z chromatin, there are several complexes
containing SNF2H involved in various processes in addition
to gene regulation; each of these complexes may be recruited
at different levels to H2A.Z chromatin. To address whether
depletion of Snf2h on H2A.Z was indicative of general deple-
tion of hISWI-containing complexes, we probed for other sub-
units of hISWI complexes (Fig. 1B). As a control, we found that
the Swi/Snf core subunit BAF155 is enriched on H2A.Z chro-
matin in agreement with BRG1 enrichment. ISWI complex
subunit enrichment levels depended on the complex. Two sub-
units from separate ISWI complexes involved in transcription
were enriched appreciably with H2A.Z, BPTF from hNUREF,
and Tip5 from NoRC. Therefore, ATP-dependent remodeling
complexes important in gene regulation are more prevalent on
H2A.Z chromatin. Interestingly, we note that both of these sub-
units also showed an additional slower migrating species that is
potentially indicative of H2A.Z specific modifications.

Analysis of purified chromatin from HeLa cells revealed that
certain remodeling enzymes are more prevalent on H2A.Z-
containing chromatin. Enrichment of a remodeler with H2A.Z
might provide one mechanism for increasing remodeling as has
been indicated previously (7, 15). Additionally, inclusion of
H2A.Z in chromatin could effect the proficiency of the remod-
eling reaction itself. Both mechanisms could act in concert or
alternatively for H2A.Z to specify increased remodeling. To
address whether incorporation of H2A.Z was sufficient to alter
the remodeling reaction, we compared the activity of purified
remodelers on the nucleosomes assembled using recombinant
H2A or H2A.Z (Fig. 2).

Remodeling reactions were performed with equal amounts
of both H2A and H2A.Z nucleosomes in the same reaction but
labeled with different fluorophores to distinguish between the
products. Remodeling of nucleosomes was measured by an
increased access to restriction enzyme cleavage at a site nor-
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FIGURE 2. Human ACF complex remodels H2A.Z-containing nucleosomes
morerapidly than H2A nucleosomes. Cy5 end-labeled recombinant canon-
ical nucleosomes (red) were mixed in equal proportion (30 nm) to Cy3 end-
labeled recombinant H2A.Z nucleosomes (green) and remodeled in the pres-
ence of 2 mm ATP by the enzyme complex indicated on the left. Remodeling is
inferred by digestion with Pst1. The reactions were stopped at the indicated
time points, proteinase-digested, and resolved on a 6% acrylamide gel before
scanning on a Typhoon imager. Time points from independent reactions with
H2A-Cy5 and H2A.Z-Cy3 nucleosomes alone are shown first and indicate that
both preparations of nucleosomes are competent for remodeling. The bot-
tom panel is a replicate of ACF remodeling shown in the top panel but done
with half the total concentration of each nucleosome (15 nm).

mally occluded in the nucleosome three or four helical turns
from the entry point. Remodeling by purified Swi/Snf complex,
which is elevated on H2A.Z chromatin in vivo, generated
cleaved products from both H2A and H2A.Z with similar pro-
portion (both the uncut and cut maintain a yellow color in the
mixture; Fig. 2). Under these conditions, this implies a similar
rate of remodeling of these two substrates by Swi/Snf and ver-
ifies that each of the substrates in the mixture can be remod-
eled. Unexpectedly, the human ISWI complex ACF, which is
equally distributed on H2A.Z and canonical chromatin, remod-
eled H2A.Z nucleosomes more readily than it remodeled H2A
nucleosomes (cut template is green). To offer a rough quantifi-
cation of this difference, we mixed substrates at varying con-
centrations and found that the reaction favors the H2A.Z
nucleosomes by an approximately 3:1 margin, as when nucleo-
somes were mixed in that ratio the color of the “cut” band indi-
cated a roughly equal amount of cleavage of the two substrates.
Similar results were seen at lower nucleosome concentrations,
reaffirming the preference of ACF for H2A.Z-containing
nucleosomes (Fig. 2).

To confirm that H2A.Z specifies increased remodeling by
ACEF, we decided to more thoroughly quantify the differences.
We determined the ratio of remodeling activity (k. “/k ..
on each substrate separately using the same restriction enzyme
accessibility assay but under single turnover conditions where a
rate can be calculated from fitting time points to an exponential
decay function (22). Confirming the previous experiment,
H2A.Z nucleosomes were remodeled more rapidly by the ACF
complex than H2A-containing nucleosomes, whereas the Swi/
Snf complex remodeled both at the same rate (Fig. 3, and C). To
determine whether H2A.Z stimulation is a unique property of
the ACF complex or a common property of core hISWI motor
proteins, we tested recombinant SNF2H and SNF2L and found
a similar H2A.Z-dependent increase in activity. Remodeling by
core motor proteins BRG1 (Swi/Snf family member) and Mi-23
(CHD family member) were similar on the two substrates (Fig.
3D). We conclude that stimulation of remodeling on H2A.Z
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FIGURE 3. Increased efficiency of remodeling H2A.Z-containing nucleosomes is a general feature of ISWI
family remodeling enzymes. A, colloidal blue staining of purified remodeling enzymes. B, sample time
courses of restriction enzyme accessibility remodeling reactions for core motor proteins on P*? end-labeled
nucleosome substrates. C, graphs of phosphorimaging quantitation of uncut substrate versus time from reac-
tions shown in B. k., for remodeling reactions is determined for the enzyme indicated by fitting the reaction
where [S]; is the initial substrate concentration and k is k... The
ratios of k., are shown on the right. D, summary of ratio k,, for reactions performed with recombinant
H2A.Z-containing nucleosomes to recombinant canonical nucleosomes. The error bars represent standard
deviations from the average of 7-26 different remodeling reactions from multiple enzyme preparations and
nucleosome assemblies. E, k,,,, was measured by the rate of appearance of P*? labeled phosphate and is
displayed as the ratio between H2A.Z nucleosomes to canonical nucleosomes. Free phosphate was resolved
from hydrolyzed ATP by thin layer chromatography in 1 m formic acid, 0.5 m LiCl. F, rates were calculated and
graphed as the percentage of the maximal rate within each titration to compare between replicates. The error

to the exponential decay curve [S] = [S],e

bars represent the standard deviation between three replicates.

nucleosomes is a general feature of the ISWI family remodelers
that is not seen with other prominent mammalian remodeling

complexes (see also below).

The increased activity of the SNF2H complexes on H2A.Z
nucleosomes might reflect an increased efficiency in transfer-
ring the energy of ATP hydrolysis to remodeling or might
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reflect increased rates of ATP hy-
drolysis upon stimulation by this
substrate. We therefore tested the
rates of ATP hydrolysis by SNF2H
on H2A and H2A.Z nucleosomes.
The ability of SNF2H to hydrolyze
ATP was stimulated by nucleo-
somes containing H2A.Z, as com-
pared with H2A, in a manner similar
to stimulation of remodeling. As a
control, the rate of ATP hydrolysis
was not different on the two sub-
strates when BRG1 was used (Fig.
3E). Therefore ISWI family remod-
elers are stimulated by H2A.Z nu-
cleosomes to similar levels using
different assays.

Stimulation of SNF2H activity
could be a result of either increased
affinity for H2A.Z or improved pro-
ficiency of the remodeling reaction
triggered by inclusion of H2A.Z in
nucleosomes. We measured remod-
eling rates on H2A and H2A.Z
nucleosomes over a broad range of
concentrations of SNF2H that
spanned the previously measured
K., wucieosome for ATPase activity
(23) and found similar increases in
remodeling of H2A.Z nucleo-
somes at all concentrations (Fig.
3F). The shape and magnitude of
these plots are consistent with an
increase in k., for SNF2H remodel-
ing of H2A.Z nucleosomes. Impor-
tantly, increased activity of SNF2H
was also observed on a 12-nucleo-
some array over a broad range of
concentrations (Fig. 3F). In conclu-
sion, H2A.Z nucleosomes are more
readily remodeled for a given unit of
SNEF2H.

One reason for the differences in
activity of SNF2H on H2A.Z nu-
cleosomes could be that these
nucleosomes might display a differ-
ent conformation of DNA than H2A
nucleosomes. Increased affinity for
particular translational positions on
a nucleosome phasing sequence
was reported previously for H2A.Z
(24). Translational positions that

increase the size of the DNA overhang are expected to
increase remodeling activity more dramatically for ISWT fam-

ily members (25, 26). To address this, mononucleosomes at

different translational positions, which therefore contain dif-
ferent lengths of DNA overhang on each side of the nucleo-
some, were resolved by glycerol gradient and were remodeled
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FIGURE 4. 1SWI family stimulation is independent of nucleosome position
and dependent on the extended acidic patch on H2A.Z-containing
nucleosomes. A, native PAGE of eluted glycerol gradient fractions of mono-
nucleosomes recombinantly assembled on the TPT positioning sequence
with a 45-bp overhang. Fractions of similar mobility within the native gel were
compared as similarly positioned nucleosomes in REA assays with SNF2H. A
summary of ratio of k., between the indicated fractions is shown in the
graph on the right. B, k,,, of remodeling determined by REA assay are com-
pared between the mutant H2A.Z mononucleosomes (NK) and canonical
mononucleosomes for the enzyme indicated. The calculations were done as
in Fig. 3D. The dashed line is from the data shown in Fig. 3D and is displayed as
a reference point to compare H2A.Z-NK remodeling to wild type H2A.Z
remodeling by SNF2H. C, REA assay with Cy5 end-labeled recombinant
mononucleosomes (red) mixed with either Cy3 end-labeled H2A.Z nucleo-
somes or mutant H2A.Z (NK) mononucleosomes (green). Separate SNF2H and
ACF remodeling reactions are indicated. The Cy3 label on the H2A.Z nucleo-
somes appears relatively less bright than the Cy3 label on the NK nucleo-
somes most likely because of decay of the Cy3 on the H2A.Z nucleosomes
that were assembled earlier.

by SNF2H (Fig. 4A). Similarly oriented H2A and H2A.Z frac-
tions each recapitulated the increased SNF2H activity seen
on H2A.Z nucleosomes. Moreover, the H2A.Z-dependent
stimulation is maintained on different nucleosome phasing
sequences as well as on a nucleosome array where the restric-
tion site is located internally on DNA lacking a positioning
sequence. We conclude that alternative lengths of DNA over-
hangs on mononucleosomes cannot explain the stimulation of
ISWI family remodeling by H2A.Z. Therefore, hISWI family
stimulation by H2A.Z is likely mediated by residues specific to
the H2A.Z octamer and not through DNA.

To verify that the H2A.Z protein is itself responsible for the
increase in hISWT activity, we measured the remodeling activity
of SNF2H on nucleosomes with mutations in biologically
important H2A.Z residues. Dependence of SNF2H stimulation
on such residues would suggest that this activity plays an
important role in vivo. In Drosophila, the essential region of
H2A.Z homolog H2Av mapped to a 16-amino acid region
encompassing an extended acidic patch along the surface of the
nucleosome (27). Within this patch on H2A.Z, replacement of
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acidic residues Asp”* and Ser®” to the analogous residues found
in H2A (Asn®*and Lys”®) reduces the acidic patch to canonical
size and mimics developmental defects upon H2A.Z depletion
in Xenopus embryos (28).

We assembled recombinant H2A.Z nucleosomes contain-
ing D94N,S95K mutations (NK) and measured the ability
of SNF2H to remodel these nucleosomes. Unlike H2A.Z
nucleosomes, the NK mutant nucleosomes were not more
active as a substrate when SNF2H or SNF2L remodeling activity
was tested (Fig. 4B). These mutations did not impact Swi/Snf
remodeling or Mi-23 remodeling in control reactions. The
reciprocal replacement of residues on H2A with the two acidic
residues present in H2A.Z did not increase SNF2H activity
(data not shown). In conclusion, the same residues required for
H2A.Z function in vivo are necessary but not sufficient for the
H2A.Z-specific increase in ISWI motor protein activity.

We were surprised to find, however, that remodeling by the
ACF complex occurred at similar rates on both H2A.Z-WT and
mutant H2A.Z-NK nucleosomes. To verify this result, we used
the qualitative color-based protocol (described above; Fig. 2) to
directly compare activity on these two substrates. Remodeling
reactions were performed in the presence of both canonical
nucleosomes (labeled with red) and either H2A.Z nucleosomes
or NK nucleosomes (labeled with green; Fig. 4C). As shown
above, remodeling of the canonical/H2A.Z mixture by Snf2h
and ACF resulted in the more rapid appearance of the H2A.Z
product (bottom green band). Remodeling of the canonical/NK
mixture by the Snf2h motor protein resulted in concurrent
appearance of both products (bottom yellow band), confirming
that ISWI stimulation by H2A.Z depends on the acidic patch
residues. However, remodeling with the ACF complex resulted
in the more rapid appearance of the NK product (bottom green
band). We conclude that the ACF complex displays less of a
dependence upon the NK residues than the catalytic subunit,
indicating that the extra hACF1 subunit either interacts with
H2A.Z itself or alters the ability of the catalytic subunit to inter-
act with H2A.Z.

The stimulation of remodeling activity by H2A.Z might be
more pronounced with hISWI complexes found to be more
prevalent on H2A.Z chromatin iz vivo. The activity of SNF2H-
containing complexes can be altered depending on the partic-
ular associating subunit. Therefore, we compared the activity of
the hISWI complex NoRC (TIP5/SNF2H), which is enriched on
H2A.Z chromatin, to both WICH (WSTF/SNF2H) and RSF
(RSF/SNF2L) complexes, which are enriched on H2A chroma-
tin (Fig. 1). Each of these hISWI-containing complexes behaved
similarly to ACF, in that each was more active on H2A.Z
nucleosomes than on H2A nucleosomes (Fig. 5). As was seen
with ACF, activity of the RSF complex was not significantly
impacted by the NK mutation, in contrast to the individual
motor subunits. We conclude that the stimulation of remodel-
ing by H2A.Z is a general property of ISWI complexes that is
shared by complexes whether or not they are enriched on chro-
matin that contains H2A.Z.

DISCUSSION

Loci with inducible chromatin accessibility changes depen-
dent on remodeling enzymes are also enriched for H2A.Z (7).
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nucleosome lying directly across
the position where the H2A.Z his-
tone would reside (31). Therefore,
changes in biophysical properties of
remodeling on H2A.Z chromatin
may be a more effective means of
increasing ISWI activity with this
variant than increased recruitment.

A second model for how replace-
ment with H2A.Z enhances ISWI
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FIGURE 5. H2A.Z stimulation of remodeling is shared with multiple ISWI complexes regardless of degree
of in vivo enrichment. A, colloidal blue staining of recombinant ISWI complexes. B, summary of REA remod-
eling reactions for H2A.Z enriched SNF2H complex (NoRC) and both H2A.Z depleted complexes containing
SNF2H (WICH) and SNF2L (RSF/L). The ratio of k,,; of either H2A.Z or H2A.Z-NK nucleosomes to k,,,, for canon-
ical nucleosomes is graphed for each enzyme complex. The error bars reflect standard deviation from the
average of at least seven reactions on multiple nucleosome assemblies. C, REA assay with Cy5 end-labeled
recombinant canonical nucleosomes (red) and Cy3 end-labeled recombinant H2A.Z nucleosomes (green) were

performed as in Fig. 2.

Consistent with a relationship between the presence H2A.Z
and chromatin remodeling function, we show that human ISW1I
complexes have higher activity when presented with H2A.Z-
containing nucleosomes as compared with H2A-containing
nucleosomes. Furthermore, enrichment of Swi/Snf complex
members BRG1 and BAF155 with H2A.Z chromatin suggests
that different families of remodelers use different strategies to
strengthen the activity of remodelers in regions that contain
H2A.Z. Association between Swi/Snf and H2A.Z may be a
result of separate pathways that colocalize but offer no further
functional significance, although we consider this possibility
as less likely considering the importance of both proteins in
the process of cell differentiation. The distinct properties of
H2A.Z-containing nucleosomes result in increased enzymatic
activity with both the isolated ATPase subunits of the human
ISWI family and four different ISWI remodeling complexes,
whereas similar effects are not seen with BRG1 or Swi/Snf. We
infer that H2A.Z loci are sites that direct increased function of
the ISWI family remodelers. Combined with our observations
(Fig. 1) and those of others (7, 12—15) that other remodelers are
enriched on H2A.Z chromatin, this suggests a general role for
H2A.Z in specifying increased remodeling.

Why are two distinct strategies employed to enhance H2A.Z
remodeling that differ between families of remodelers? ISWI-
containing complexes are far more abundant in the nucleus
than Swi/Snf with an estimate of 1 remodeling complex/~80
nucleosomes, making increased association specific to H2A.Z
difficult to regulate (29). However, ISWI family ATPase activ-
ity, unlike Swi/Snf family activity, is much more stimulated by
nucleosomes than free DNA, indicating that activity of ISWI
remodelers rely more heavily on amino acid residues on the
histone octamer (30). Therefore, altered activity as a result
of changes in solvent-accessible amino acids by replacement of
histone H2A with histone H2A.Z may be an effective method of
targeting particular ISWI functions. Consistent with the idea
that ISWI proteins interact directly with H2A.Z, the S. cerevi-
siae remodeler Isw2 was found to bind atop the surface of the
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activity could be through changes in
location of the N-terminal tail of
histone H4. Residues 16 —19 of his-
tone H4 are required for ISWI
remodeling and also interact with
the acidic patch of histone H2A to
mediate chromatin fiber folding (32,
33). Extension of the H2A acidic
patch by inclusion of H2A.Z alters
chromatin fiber folding presumably
by altering interactions with H4
N-terminal tails (34). Therefore changes in H4 tail position or
accessibility mediated by the extended acidic patch on H2A.Z
could alter ISWTI activity. In support of this model, the same
residues of H2A.Z that extend the acidic patch are required for
ISWI motor protein stimulation by H2A.Z (Fig. 4). However,
the implications of the acidic patch are expected to be more
apparent in chromatin fibers than on mononucleosomes,
because they are expected to involve internucleosomal interac-
tions. We observe similar effects of H2AZ on remodeling in
arrays as in mononucleosomes (Fig. 3F), an observation not
easily reconciled with a key role for H4-H2A interactions. Also
of note is that ISWI complexes ACF and RSF/L, unlike ISW1I
complexes NoRC and WICH, are equally stimulated by the
acidic patch H2A.Z mutant, suggesting that additional H2A.Z
contacts with ISWI remodelers with residues outside of the
acidic patch might be mediated by noncatalytic subunits.

One important biological role of chromatin remodeling that
may be important to regions that contain H2A.Z is the position-
ing of nucleosomes at promoters. In yeast Isw2 is required for
positioning of nucleosomes at transcription start sites to facil-
itate the proper direction of transcription (35). Htz1, the yeast
H2A.Z homolog, is shown to flank transcription start sites and
is therefore correlated with the same nucleosomes positioned
by Isw2 (36-39). Consistent with H2A.Z nucleosomes also
being important in nucleosome positioning in humans, pro-
moter nucleosomes positioned by transcriptional stimulation
by ERa, remain diffuse in the TTF1 promoter upon depletion of
H2A.Z (15). Generally, positioning of H2A.Z is observed at
transcription start sites in humans mainly at the +1 nucleo-
some downstream. It is possible that hISWI may be instrumen-
tal in positioning H2A.Z at human promoters to modulate
either the direction or other aspects of transcription.

Positioning of nucleosomes by chromatin remodelers has
other important roles in gene regulation such as allowing the
transcription machinery to bind. Preferential loss of H2A.Z
from the —1 nucleosome mainly at active genes directly over-
laps RNA polymerase II-binding sites (5, 40). Therefore, the
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apparent loss or delocalization of H2A.Z mediated either by
hISWI complexes or by hSwi/Snf may be important for proper
RNA polymerase II binding or orientation. In summary, regu-
lation of either of the H2A.Z nucleosomes flanking transcrip-
tion start sites in humans could be an important function of
remodeling enzymes to regulate gene expression.

Previously it has been reported that H2A.Z replacement in a
nucleosome interferes with in vitro activity of yeast chromatin
remodeling proteins Chdl, Iswl, Swi/Snf, and RSC (37).
Remodeling activity was assayed by ATP-dependent mobiliza-
tion of nucleosomes in a polyacrylamide gel. We have also seen
an apparent decrease in activity on H2A.Z nucleosomes by this
assay (supplemental Fig. S1). Presumably, increased affinity of
H2A.Z for particular nucleosome positions may explain the
lack of changes in mobility and therefore the apparent lack of
remodeling activity when measured by a protocol such as this
that examines the end point of the reaction. Other reports have
described competent remodeling by a SNF2H-containing com-
plex, ACF, despite an apparent lack of mobilization in a gel shift
(26). The restriction enzyme protocol used here measures all
types of nucleosome movement, not just events that lead to an
altered final position, so detection of a broader set of remodel-
ing events is expected. Increased access for restriction enzymes
observed in vitro may reflect the ability of the remodelers to
allow increased access of DNA-binding factors required for a
biological function in vivo.
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