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We have used a purified recombinant chromatin assembly system, including ACF (Acf-1 + ISWI) and NAP-1,
to examine the role of histone acetylation in ATP-dependent chromatin remodeling. The binding of a
transcriptional activator (Gal4-VP16) to chromatin assembled using this recombinant assembly system
dramatically enhances the acetylation of nucleosomal core histones by the histone acetyltransferase p300.
This effect requires both the presence of Gal4-binding sites in the template and the VP16-activation domain.
Order-of-addition experiments indicate that prior activator-meditated, ATP-dependent chromatin remodeling
by ACF is required for the acetylation of nucleosomal histones by p300. Thus, chromatin remodeling, which
requires a transcriptional activator, ACF and ATP, is an early step in the transcriptional process that regulates
subsequent core histone acetylation. Glycerol gradient sedimentation and immunoprecipitation assays
demonstrate that the acetylation of histones by p300 facilitates the transfer of H2A-H2B from nucleosomes to
NAP-1. The results from these biochemical experiments suggest that (1) transcriptional activators (e.g.,
Gal4-VP16) and chromatin remodeling complexes (e.g., ACF) induce chromatin remodeling in the absence of
histone acetylation; (2) transcriptional activators recruit histone acetyltransferases (e.g., p300) to promoters
after chromatin remodeling has occurred; and (3) histone acetylation is important for a step subsequent to
chromatin remodeling and results in the transfer of histone H2A-H2B dimers from nucleosomes to a histone
chaperone such as NAP-1. Our results indicate a precise role for histone acetylation, namely to alter the
structure of nucleosomes (e.g., facilitate the loss of H2A-H2B dimers) that have been remodeled previously by
the action of ATP-dependent chromatin remodeling complexes. Thus, transcription from chromatin templates
is ordered and sequential, with precise timing and roles for ATP-dependent chromatin remodeling, subsequent
histone acetylation, and alterations in nucleosome structure.
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The packaging of DNA into chromatin has important
consequences for the regulation of genes transcribed by
RNA polymerase II (pol II). Nucleosomes act as general
repressors of basal transcription, inhibiting transcrip-
tional initiation and elongation by RNA pol II. The ac-
tivation of transcriptionally repressed templates requires
the actions of sequence-specific DNA-binding transcrip-
tional activators, chromatin remodeling complexes, and
histone acetyltransferases (HATs). As genes are tran-
scribed by RNA pol II, the nucleosomal arrays positioned
over promoters and transcribed regions are altered (“re-
modeled”) to counteract their repressive effect (for re-
view, see van Holde et al. 1992; Kornberg and Lorsh
1992; Lewin 1994; Felsenfeld 1996; Kingston et al. 1996;
Kingston and Narlikar 1999). Local changes in chroma-
tin structure involve the disruption or alteration of
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nucleosomal arrays in the vicinity of the promoter and
can be mediated by large multipolypeptide chromatin
remodeling complexes (for review, see Tsukiyama and
Wu 1997; Kadonaga 1998; Varga-Weisz and Becker 1998;
Kingston and Narlikar 1999). Chromatin remodeling
complexes use ATP to alter nucleosome positioning and
structure. All of the known chromatin remodeling com-
plexes contain ATPase subunits that define three dis-
tinct families of complexes: SWI2/SNF2-like (e.g., SWI/
SNF and RSCJ, ISWLlike (e.g., ACF, NURF, CHRAC,
and ASF) and Mi-2-like (e.g.,, NURD) (for review, see
Kingston and Narlikar 1999).

The SWI/SNF family of remodeling complexes cata-
lyzes two distinct reactions (1) nucleosome remodeling
without the loss of nucleosomal components (i.e., his-
tones) and (2) nucleosome transfer (Owen-Hughes and
Workman 1996; Lorch et al. 1998, 1999; Schnitzler et al.
1998). SWI/SNF and RSC have been shown to catalyze
the stable alteration of nucleosome structures with
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mononucleosomal substrates (Lorch et al. 1998; Schnitz-
ler et al. 1998). These remodeled nucleosomes retain all
four core histones and the DNA, and in many cases can
revert back slowly to the original state in the absence of
continued remodeling activity. SWI/SNF has also been
shown to stimulate the transfer of histones from nucleo-
somes to nucleoplasmin in the presence of a transcrip-
tional activator protein (Walter et al. 1995, Owen-
Hughes and Workman 1996), whereas RSC has been
shown to stimulate the transfer of histones from chro-
matin to acceptor DNA (Lorch et al. 1999).

The ISWI family of remodeling complexes (e.g., ACF,
NURF, CHRAC, and ASF) exhibit a variety of assayable
ATP-dependent activities related to nucleosome remod-
eling, including (1) the ordering of disordered nucleo-
somal arrays (Varga-Weisz et al. 1995; Ito et al. 1997;
Tsukiyama et al. 1999), (2) the remodeling of local chro-
matin structure in the presence of a DNA-binding tran-
scriptional activator protein (Tsukiyama et al. 1994,
Tsukiyama and Wu 1995; Ito et al. 1997), (3) the induc-
tion of restriction endonuclease sensitivity on nucleo-
somal arrays (Varga-Weisz et al. 1995, 1997), (4) the
stimulation of nucleosome sliding (Hamiche et al. 1999;
Langst et al. 1999), and (5) the assembly of free histones
into nucleosomes (Ito et al. 1997, 1999). The particular
set of activities exhibited differs with each complex in
the ISWI family (for review, see Kingston and Narlikar
1999).

In addition to the actions of the ATP-dependent chro-
matin remodeling complexes described above, transcrip-
tion by RNA pol II is enhanced by factors with intrinsic
HAT activity (for review, see Roth and Allis 1996; Grun-
stein 1997; Wade and Wolffe 1997). The discovery that
increased levels of histone acetylation are often associ-
ated with transcriptionally active genes (e.g., Hebbes et
al. 1988) first suggested a link between histone acetyla-
tion and transcriptional activation. Because acetylation
neutralizes the positively charged lysine residues of the
amino-terminal tails of histones and decreases their af-
finity for DNA, it has been speculated that this might
increase the mobility of nucleosomes on DNA or facili-
tate structural changes in the nucleosomes (for review,
see Roth and Allis 1996; Grunstein 1997; Wade and
Wolffe 1997). Many proteins with HAT activity, includ-
ing Gen5p and p300/CBP, function as transcriptional co-
activators. For example, studies have shown that the
HAT activity of Genbp is critical for the transcriptional
activation of target genes in vivo (Kuo et al. 1998; Wang
et al. 1998). Likewise, the HAT activity of p300 was
found to be critical for p300 coactivator activity with a
variety of activators on chromatin templates in vitro
(Kraus et al. 1999). The HAT proteins and complexes are
targeted to promoters by sequence-specific DNA-binding
transcriptional activators. Thus, transcriptional regula-
tion by activator proteins involves two distinct classes of
chromatin modifying complexes, HATs and ATP-depen-
dent chromatin remodeling complexes.

One important question relating to the transcription
of genes assembled into chromatin is how the activities
of these two classes of chromatin modifying complexes

1900 GENES & DEVELOPMENT

are coordinated during the transcription process. Ini-
tially, it was thought that histone acetylation by HATs
helps to facilitate nucleosome remodeling mediated by
ATP-dependent chromatin remodeling complexes. How-
ever, recent in vivo chromatin immunoprecipitation ex-
periments in yeast suggest that chromatin remodeling
may precede histone acetylation (Cosma et al. 1999;
Krebs et al. 1999). We present the results of biochemical
studies that support these in vivo studies. In addition, we
demonstrate that histone acetylation is important for a
step subsequent to chromatin remodeling and results in
the transfer of histone H2A-H2B dimers from nucleo-
somes to the histone chaperone NAP-1. Our results in-
dicate a precise role for histone acetylation, namely to
alter the structure of nucleosomes (e.g., facilitate the loss
of H2A-H2B dimers) that have been remodeled previ-
ously by the action of ATP-dependent chromatin remod-
eling complexes.

Results and Discussion

Transcription factor binding facilitates the acetylation
of nucleosomal core histones by p300

In these studies, we have examined the role of histone
acetylation in nucleosome remodeling by ACF, an ATP-
utilizing chromatin assembly and remodeling factor. Re-
cently, it has been shown that purified recombinant Dro-
sophila ACF (dAcf-1 and dISWI) can assemble regularly
spaced nucleosomes in conjunction with purified native
Drosophila NAP-1, a core histone chaperone (Ito et al.
1999). For our current studies, we have used a com-
pletely recombinant purified chromatin assembly sys-
tem (dAcf-1, dISWI, and dNAP-1; Fig. 1A) to assemble
regularly spaced nucleosomes on plasmid templates. To
examine the effects of histone acetylation, we used the
HAT p300, which we expressed in insect cells using a
baculovirus expression vector and purified to near homo-
geneity (Fig. 1A; Kraus and Kadonaga 1998). Note that
ACF itself does not possess significant HAT activity
(data not shown), so the only HAT activity in our assays
is from p300. As a model transcriptional activator pro-
tein, we used Gal4-VP16, a hybrid protein that consists
of the DNA-binding domain of the yeast transcriptional
activator Gal4 fused to the transcriptional activation do-
main of the herpes virus protein VP16. The DNA tem-
plate (pGIEO) contains five Gal4 binding sites upstream
of the adenovirus E4 promoter.

First, we investigated the acetylation of core histones
in regularly spaced nucleosomal arrays assembled with
ACF and NAP-1. p300 acetylated H2A, H2B, H3, and H4
(core histones) as free histones both in the presence or
absence of Gal4-VP16 (Fig. 1B, lanes 1,2). In the presence
of NAP-1, which binds to all four core histones in vitro
(Bulger et al. 1995; Tto et al. 1996), p300 failed to acety-
late free core histones in the presence or absence of
Gal4-VP16 (Fig. 1B, lanes 3,4). We speculate that the
NAP-1 inhibited the access of p300 to the amino-termi-
nal tails of the core histones. p300 also failed to acetylate
core histones assembled into a regularly spaced nucleo-
somal array in the absence of Gal4-VP16 (Fig. 1B, lane 5).
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Figure 1. The binding of Gal4-VP16 to
chromatin templates assembled with re-
combinant ACF and NAP-1 facilitates the
acetylation of nucleosomal core histones
by p300. (A) SDS-polyacrylamide gel
+ analysis of purified recombinant p300,
NAP-1, and ACF. Affinity-tagged proteins
were expressed in Sf9 cells by infection
with recombinant baculoviruses. The pro-
teins were purified by affinity or tradi-
tional chromatography as described in Ma-
terials and Methods. (B) The binding of
Gal4-VP16 facilitates the acetylation of
nucleosomal core histones by p300. In
lanes 1-4, free core histones were incu-
bated with p300 and ®H-acetyl CoA in the
presence or absence of the factors indi-
cated. In lanes 5 and 6, chromatin as-
sembled with ACF and NAP-1 was incu-
bated with p300 and *H-acetyl CoA in the
presence or absence of the factors indi-
cated. The samples were analyzed on 12%
polyacrylamide gels and the acetylated
core histones were detected by fluorogra-
phy. (C) Digestion of chromatin with mi-
crococcal nuclease (MNase) increases the
acetylation of nucleosomal core histones
by p300. Chromatin templates assembled
with ACF and NAP-1 were incubated with
increasing amounts of MNase for 10 min
prior to the addition of EDTA to stop the
digestion reactions. The extent of MNase
digestion was determined by deproteiniz-
ing aliquots of the chromatin and analyz-
ing the DNA fragments on ethidium bro-
mide-stained agarose gels (top). Gald-
gfwm VP16 and p300 plus *H-acetyl CoA were

HEDTA +EDTA added to aliquots of digested chromatin as
indicated and incubated for 1 hr (see sche-

HAT assay
v

Interestingly, however, p300 did acetylate the nucleo-
somal core histones in the presence of Gal4-VP16 (Fig.
1B, lane 6). Consistent with previous studies (Bannister
and Kouzarides 1996; Ogryzko et al. 1996; Kraus et al.
1999), we observed a preference of p300 for the acetyla-
tion of H3-H4 relative to H2A-H2B as free histones but
not as nucleosomal histones (Fig. 1B, cf. lanes 1 and 2
with lane 6).

In contrast to the results shown in Figure 1B, previous
studies have shown that p300 can acetylate core histones
assembled into nucleosomes, even in the absence of a
DNA-binding transcriptional activator (Ogryzko et al.
1996; Schiltz et al. 1999). However, those studies used
nucleosomes digested with micrococcal nuclease as the
substrate for p300, whereas we used undigested poly-
nucleosomal arrays. In another study, the acetylation of
histones in undigested polynucleosomal arrays by p300
was found to occur with ~2% of the efficiency of free
core histones (Kraus et al. 1999). To determine whether
the extent of digestion with micrococcal nuclease could

Chromatin assembly

T | matic, bottom). The samples were ana-

Acetylation  lyzed on 12% polyacrylamide gels and the

10min acetylated core histones were detected by
MNase digestion fluorography (middle).

affect the ability of p300 to acetylate nucleosomal his-
tones, we performed the experiment shown in Figure 1C.
As expected, the acetylation of core histones in chroma-
tin assembled with ACF and NAP-1 was dependent on
the extent of digestion with micrococcal nuclease (Fig.
1C). These results suggest that the trimming of DNA
wrapped around the histone octamer by micrococcal
nuclease increases the accessibility of histone tails to
HATS such as p300.

The results in Figure 1B indicate that the binding of
Gal4-VP16 to nucleosomal templates helps to increase
the accessibility of nucleosomal histone tails to the p300
HAT. To clarify the contribution of DNA binding by
Gal-VP16 and the role of the VP16 activation domain in
this process, we performed the experiments shown in
Figure 2. When we used a template lacking Gal4 binding
sites (pIEQ), p300 was unable to acetylate nucleosomal
core histones, even in the presence of Gal4-VP16 (Fig.
2A). However, in control experiments, acetylation was
observed in the presence of Gal4-VP16 using a template
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Figure 2. The acetylation of nucleosomal core histones by
p300 requires Gal4-binding sites in the template and the VP16
activation domain. Plasmid DNA templates were assembled
into chromatin by ACF and NAP-1. After a 4 hr incubation to
allow for the completion of chromatin assembly, Gal4-VP16 or
Gal4(1-147) (i.e., the Gal4 DNA-binding domain alone), as well
as increasing amounts of purified recombinant p300, were added
as indicated in the presence *H-acetyl CoA. The samples were
analyzed on 12% polyacrylamide gels and the acetylated core
histones were detected by fluorography. (A) Experiments using
a plasmid (pIEO) lacking Gal4 binding sites. (B) Experiments

using a plasmid (pGIEQ) containing five Gal4 binding sites.

containing five Gal4 binding sites (Fig. 2B). Next, we
examined the ability of p300 to acetylate nucleosomal
core histones in the presence of a Gal4 derivative lacking
the VP16 activation domain [Gal4(1-147)]. As shown in
Figure 2B, the VP16 activation domain was required for
the acetylation of nucleosomal core histones by p300.
Thus, the binding of a sequence-specific factor to nucleo-
somal DNA and the presence of an activation domain are
both required for the acetylation of nucleosomal core
histones by p300. These results suggest that the VP16
activation domain of Gal4-VP16 is able to target p300 to
nucleosomes via the Gal4 DNA-binding component.
Our observations are consistent with previous experi-
ments showing that (1) acidic activation domains can
recruit HATs to promoters (Utley et al. 1998; Tkeda et al.
1999); (2) p300 functions as a coactivator of Gal4-VP16-
mediated transcription (Kraus et al. 1999); and (3) the
HAT activity of p300 is required for full enhancement of
Gal4-VP16-mediated transcription (Kraus et al. 1999).

Prior activator-mediated, ATP-dependent chromatin
remodeling is required for the efficient acetylation
of nucleosomal core histones by p300

To explore the temporal relationship between activator-
mediated chromatin remodeling and core histone acety-
lation, we added p300 at different time points after the
completion of chromatin assembly (Fig. 3A). When p300
was added 1, 2, or 3 hr post-chromatin assembly (at t = 4,
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5, or 6 hr in our experimental scheme; see Fig. 3A, bot-
tom) in the presence of acetyl CoA but in the absence of
Gal4-VP16, it was unable to acetylate the core histones
in the assembly reaction. However, when added post-
assembly in the presence of Gal4-VP16, p300 was able to
acetylate all four core histones. Note that with this pu-
rified chromatin assembly system (ACF + NAP-1), the
addition of Gal4-VP16 (e.g., at the 4, 5, and 6 hr time
points shown in Fig. 3A) can mediate promoter-proximal
chromatin remodeling (Ito et al. 1997; data not shown).
Our results suggest that the accessibility of histone
tails can modulate the extent of histone acetylation by
p300. Presumably, accessibility of the histone tails could
be modulated by ATP-dependent chromatin remodeling
factors (e.g., ACF), as well as by experimental manipula-
tion using micrococcal nuclease (as shown in Fig. 1C).
To explore further the requirement for prior activator-
mediated, ATP-dependent chromatin remodeling in the
acetylation of nucleosomal histones by p300, we inhib-
ited the ATP-dependent remodeling activity of ACF by
the addition of apyrase (Fig. 3B). Apyrase depletes ATP
by catalyzing the hydrolysis of the pyrophosphate bonds
in ATP. Previous chromatin remodeling experiments
showed that the depletion of ATP by apyrase can inhibit
promoter-proximal disruption of a periodic nucleosomal
array by Gal4-VP16 without affecting the binding of
Gal4-VP16 to the template (Pazin et al. 1994). As shown
in Figure 3B, the addition of apyrase reduced substan-
tially the extent of nucleosomal histone acetylation by
p300. These data indicate that activator-mediated, ATP-
dependent chromatin remodeling is essential for subse-
quent nucleosomal core histone acetylation by p300.
The relationship between ATP-dependent chromatin
remodeling and core histone acetylation is an important
question (for review, see Kingston and Narlikar 1999).
Collectively, our data are consistent with the model that
(1) activators and chromatin remodeling factors induce
chromatin remodeling in the absence of histone acetyla-
tion; (2) HATs such as p300 are recruited to the promoter
by DNA-bound activators; and (3) histone acetylation is
important for a step subsequent to chromatin remodel-
ing. Our results are a good biochemical counterpart to
the recent in vivo chromatin immunoprecipitation ex-
periments of Cosma et al. (1999) and Krebs et al. (1999).
In these studies, analysis of the Saccharomyces cerevi-
siae HO promoter showed that the association of the
SWI/SNF complex with the promoter is required for sub-
sequent recruitment of histone acetylases (Genb5p/
SAGA complex) and increased acetylation of nucleo-
somal histones at the promoter (Cosma et al. 1999; Krebs
et al. 1999). Together, these studies raise the question of
the role of histone acetylation in transcriptional regula-
tion if transcription factor binding and chromatin re-
modeling occur independently of histone acetylation.

p300 facilitates the transfer of H2A-H2B from
nucleosomes to NAP-1 in the presence of acetyl CoA

The term chromatin remodeling is used somewhat
loosely and perhaps imprecisely (for review, see Ka-
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Figure 3. Prior activator-mediated, ATP-dependent chromatin remodeling is required for the efficient acetylation of nucleosomal core
histones by p300. (A) Activator-dependent acetylation of nucleosomal histones by p300. The pGIEO plasmid was assembled into
chromatin by ACF and NAP-1 in the presence *H-acetyl CoA. After a 4 hr incubation to allow for the completion of chromatin
assembly, Gal4-VP16 was added to one set of samples as indicated. At different time points relative to the start of chromatin assembly,
purified recombinant p300 was added as indicated, followed by a 30 min incubation (see schematic, bottom). The samples were
analyzed on 12% polyacrylamide gels and the acetylated core histones were detected by fluorography (top). (B) ATP-dependent
chromatin remodeling is required for the efficient acetylation of nucleosomal core histones by p300. The pGIEO plasmid was as-
sembled into chromatin by ACF and NAP-1. After a 3.5 hr incubation to allow for the completion of chromatin assembly, apyrase was
added as indicated. Subsequently, *H-acetyl CoA was added, as well as p300 and Gal4-VP16 as indicated (see schematic, bottom). The
samples were analyzed on 12% polyacrylamide gels and the acetylated core histones were detected by fluorography (top).

donaga 1998). Chromatin remodeling is defined typically
as a change in nucleosome structure as assessed by one
of several different assays, usually involving digestion
with nucleases. The assays include (1) the loss of regu-
larly repeating DNA ladders generated by micrococcal
nuclease digestion and (2) the loss of a characteristic 10-
bp repeat of DNase I digestion in a rotationally posi-
tioned nucleosome. However, these chromatin remodel-
ing assays are somewhat indirect and cannot discrimi-
nate nucleosome transfer from nucleosome sliding or
local changes in nucleosome structure. Thus, we used a
different approach to determine the fate of histones dur-
ing ACF-mediated chromatin remodeling.

We assembled regularly spaced nucleosomal arrays
with ACF and NAP-1 using the pGIEO plasmid. After
chromatin assembly, Gal4-VP16, p300, and acetyl CoA
were added in various combinations. After incubation
for 1 hr, the reactions were subjected to glycerol density
gradient sedimentation. The presence of NAP-1, Gal4-
VP16, and core histones in the different fractions were
monitored by Western blotting, whereas the presence of
the plasmid DNA was monitored by agarose gel electro-
phoresis and ethidium bromide staining. As shown in
Figure 4, the chromatin templates sedimented near the
middle of the gradient (peak in fraction 6), whereas

NAP-1 and free Gal4-VP16 sedimented near the top of
the gradient (peak in fraction 2). We used this assay to
monitor histone transfer during chromatin remodeling
in the presence or absence of p300.

In the absence of Gal4-VP16 and p300, the core his-
tones and plasmid DNA were assembled into nucleo-
somes and sedimented near the middle of the gradient
(Fig. 4A, left panel). The addition of Gal4-VP16 in the
absence of p300 did not affect the distribution of the core
histones in the gradient (i.e., they remained assembled
into chromatin) (Fig. 4A, right panel). Thus, the binding
of Gal4-VP16 by itself was not sufficient for core histone
transfer from the supercoiled plasmid template to the
NAP-1 chaperone. However, in the presence of p300,
Gal4-VP16 stimulated the transfer of histones H2A-H2B
to the peak NAP-1-containing fraction (fraction 2; Fig.
4B, right panel, asterisk). This transfer was dependent on
the presence of Gal4-VP16 (cf. with Fig. 4B, left panel)
and p300 (cf. with Fig. 4A, right panel). Thus p300, in
conjunction with the binding of Gal4-VP16 to the chro-
matin template, facilitates the dissociation of the his-
tone octamer and the transfer of H2A-H2B from nucleo-
somes to the NAP-1 fraction. This activity was depen-
dent on the presence of acetyl CoA, the acetyl donor for
p300 HAT activity (Fig. 4C).
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Figure 4. p300 facilitates the transfer of  Western
H2A-H2B from nucleosomes to NAP-1 in
the presence of acetyl CoA. The pGIEO
plasmid was assembled into chromatin by
ACF and NAP-1. After a 3 hr incubation,
Gal4-VP16 (125 nm), p300 (100 nm), and
unlabeled acetyl CoA (30 pM) were added
as indicated, followed by incubation with
the chromatin templates for 1 hr. The
samples were then loaded on a 15%-40%
glycerol gradient and sedimented at 60 k
rpm for 3 hr at 4°C in a SW60 (Beckman)
rotor. Fractions were collected from the
gradients, separated on 12% polyacryl-
amide-SDS gels, and analyzed by Western
blotting with antibodies against NAP-1,
Gal4-VP16, and core histones using an '*°I
protein A detection method. The presence
of plasmid DNA in the fractions was ana-
lyzed by agarose gel electrophoresis fol-
lowed by ethidium bromide staining. (A)
Without p300, with acetyl CoA. (B) With
p300 and acetyl CoA. (C) With p300, with-
out acetyl CoA.

The experiments described above demonstrated
cosedimentation of the histones released from the chro-
matin template in the presence of Gal4-VP16, p300, and
acetyl CoA with NAP-1. To demonstrate an interaction
between the histones and NAP-1 in those fractions, the
material in the peak NAP-1-containing fractions (Fig. 4B,
fraction 2) was immunoprecipitated with a NAP-1 anti-
body and then analyzed by Western blotting for NAP-1
and core histones. As shown in Figure 5, histones H2A-
H2B coimmunoprecipitated with the NAP-1 in the pres-
ence, but not in the absence, of Gal4-VP16. In contrast,
neither anti-p300 nor anti-ACF antibodies coprecipitated
core histones from the NAP-1-containing fractions.
Thus, the histones transferred from the chromatin tem-
plates associate with NAP-1, but not with p300 and
ACEF. The results in Figures 4 and 5 indicate that the
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acetylation of nucleosomal core histones by p300 facili-
tates the transfer of HLA-H2B dimers from nucleosomes
to NAP-1.

Histone acetylation and the fate of nucleosomes
during chromatin remodeling

Numerous studies have demonstrated an important role
for chromatin remodeling and histone acetylation in ac-
tivator-mediated transcriptional regulation with chro-
matin templates. However, the role of histone acetyla-
tion in chromatin remodeling has been mostly specula-
tive. As suggested in numerous recent reviews, the
acetylation of the amino-terminal tails of the core his-
tones in nucleosomes is thought to facilitate chromatin
remodeling by loosening interactions between the his-
tones and DNA, thus leading to increased nucleosome
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Figure 5. Acetylated H2A-H2B interacts with NAP-1. Coim-
munoprecipitation of NAP-1 and H2A-H2B acetylated by p300
in the presence of Gal4-VP16. The second fractions from the top
of the gradients shown in Figure 4B were analyzed by coimmu-
noprecipitation with preimmune serum and NAP-1 antiserum.
The resulting immunoprecipitates were analyzed by 12% poly-
acrylamide-SDS gel electrophoresis followed by Western blot-
ting for core histones ('2°I protein A detection method) and
NAP-1 (enhanced chemiluminescent detection method).

mobility (for review, see Roth and Allis 1996; Grunstein
1997; Wade and Wolffe 1997). However, two lines of evi-
dence suggest that this may not be the case. First, in
biochemical studies, ATP-dependent chromatin-remod-
eling by chromatin remodeling complexes can occur in
the absence of histone hyperacetylation (Lorch et al.
1998; Schnitzler et al. 1998; Ito et al. 1999; Tsukiyama et
al. 1999). Second, in vivo studies in Saccharomyces ce-
revisiae suggest that chromatin remodeling precedes his-
tone acetylation at the endogenous HO promoter
(Cosma et al. 1999; Krebs et al. 1999). In our experi-
ments, we have uncovered a connection between the fate
of nucleosomes during chromatin remodeling and his-
tone acetylation.

The results from our biochemical experiments suggest
the following conclusions: (1) Transcriptional activators
(e.g., Gal4-VP16) and chromatin remodeling complexes
(e.g., ACF) induce chromatin remodeling in the absence
of histone acetylation; (2) transcriptional activation do-
mains target HATs to promoters after chromatin remod-
eling has occurred; and (3) histone acetylation by p300 is
important for a step subsequent to chromatin remodel-
ing and results in the transfer of histone H2A-H2B
dimers from nucleosomes to a histone chaperone such as
NAP-1 (see Fig. 6). Conclusions 1 and 2 are consistent
with the results of recent in vivo cross-linking and im-
munoprecipitation studies in yeast (Cosma et al. 1999;
Krebs et al. 1999) and other biochemical studies (Utley et
al. 1998; Tkeda et al. 1999; Wang et al. 2000), but raise a
question concerning the role of histone acetylation in
chromatin remodeling. If prior activator-mediated chro-
matin remodeling precedes histone acetylation, what
role could histone acetylation have in chromatin remod-
eling? Conclusion 3, which is a novel conclusion from
our experiments, suggests an answer to this question,
namely that the role of histone acetylation is to alter the

p300 facilitates histone transfer to NAP-1

structure of nucleosomes (e.g., facilitate the loss of H2A-
H2B dimers) that have been remodeled previously by the
action of ATP-dependent chromatin remodeling com-
plexes.

Our experiments indicate that NAP-1 acts as a histone
acceptor after the acetylation of nucleosomal histones by
p300. There are two likely causes for this effect: (1)
Acetylation might reduce the affinity of H2A-H2B for
nucleosomes, with subsequent removal of the H2A-H2B
dimers from chromatin by NAP-1; or (2) the acetylation
of H2A-H2B might increase the affinity of H2A-H2B
dimers for NAP-1. Our experiments do not distinguish
between these two possibilities. Furthermore, although
we have used NAP-1 as a histone acceptor in our experi-
ments, this role might be filled in the cell by some other
histone chaperone (e.g., CAF-1 or nucleoplasmin) or
some other cellular factor.

What role might an altered nucleosome structure/
composition have in transcriptional activation? The
presence of altered (i.e., H2A-H2B-depleted) nucleo-
somes at a transcriptionally active, chromatin-remod-
eled promoter may help to maintain an open chromatin
structure conducive to multiple rounds of activated tran-
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Figure 6. Model for histone transfer. ATP-dependent chroma-
tin remodeling precedes histone acetylation by p300. Post-re-
modeling histone acetylation facilitates the transfer of histone
H2A-H2B dimers to a histone chaperone.
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scription. This and other possibilities will need to be
examined further in future studies.

We have used a purified recombinant chromatin as-
sembly system to analyze the temporal relationship be-
tween chromatin remodeling and histone acetylation.
This biochemical approach has allowed us to manipulate
carefully various factors (e.g., ACF and p300) and cofac-
tors (e.g., ATP and acetyl CoA) to determine their roles
at different times during the process of chromatin re-
modeling and histone acetylation. Our results have re-
vealed a previously unknown role for the acetylation of
histones by p300, namely to facilitate histone transfer
from nucleosomes to NAP-1. This experimental system
should continue to prove useful for the examination of
detailed mechanisms of factor-mediated chromatin re-
modeling and histone acetylation. For example, the lo-
calization of histone acetylation with respect to the en-
hancer and promoter is an important issue that will need
to be clarified in the future.

Materials and methods

Purification of recombinant proteins

Recombinant p300 and ACF were prepared essentially as de-
scribed previously (Kraus and Kadonaga 1999; Ito et al. 1999).
Hiss-tagged NAP-1 was purified from baculovirus-infected Sf9
cells by Ni-NTA affinity chromatography, followed by three
conventional chromatographic steps: Q-Sepharose FF, SP-Seph-
arose FF, and Q-Sepharose FF (all media were from Pharmacia).
Peak fractions of the final Q-Sepharose FF column were pooled
and used in the assays. Gal4-VP16 was purified as described
previously (Chasman et al. 1989).

Chromatin assembly reactions and histone acetyltransferase
assays

Chromatin assembly reactions were performed essentially as
described by Bulger et al. (1995) and Ito et al. (1996) using su-
percoiled plasmid DNA. A standard reaction contained plasmid
DNA (0.4 pg), purified core histones from Drosophila embryos
(0.33 ng), purified recombinant dNAP-1, purified recombinant
ACF, ATP (3 mm), and an ATP-regenerating system (30 mm
phosphocreatine and 1 png/ml creatine phosphokinase). Where
specifically indicated, 3H Acetyl CoA (1 um), cold acetyl CoA
(10 pm), and p300 were added. For fluorography, part of the re-
action was subjected to 12% SDS gel electrophoresis. Gels were
Coomassie stained and prepared for fluorography with Enhance
(NEN].

Density gradient analysis of chromatin

After chromatin was assembled and remodeled as indicated,
reaction mixtures were subjected to 15%-40% glycerol density
gradient sedimentation in a SW60 (Beckman) rotor at 60,000
rpm for 3 hr at 4°C. Part of the gradient fractions were digested
with proteinase K, deproteinized with phenol-chloroform, and
subjected to 1% agarose gel electrophoresis followed by ethid-
ium bromide staining. The remaining portions of the samples
were TCA precipitated and analyzed by 12% SDS polyacryl-
amide gel electrophoresis followed by Western blot analysis or
fluorography as indicated. For quantification of core histones,
Western blots were performed with anti-core histone antibodies
and detected by '*°I protein A.
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