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Recent progress in identifying the catalytic subunits of histone acetyltransferase (HAT) complexes has
implicated histone acetylation in the regulation of transcription. Here, we have analyzed the function of two
native yeast HAT complexes, SAGA (Spt-Ada-Gcen5 Acetyltransferase) and NuA4 (nucleosome acetyltrans-
ferase of H4), in activating transcription from preassembled nucleosomal array templates in vitro. Each
complex was tested for the ability to enhance transcription driven by GAL4 derivatives containing either acidic,
glutamine-rich, or proline-rich activation domains. On nucleosomal array templates, the SAGA complex
selectively stimulates transcription driven by the VP16 acidic activation domain in an acetyl coenzyme A-de-
pendent manner. In contrast, the NuA4 complex facilitates transcription mediated by any of the activation
domains tested if allowed to preacetylate the nucleosomal template, indicating a general stimulatory effect of
histone H4 acetylation. However, when the extent of acetylation by NuA4 is limited, the complex also prefer-
entially stimulates VP16-driven transcription. SAGA and NuA4 interact directly with the VP16 activation
domain but not with a glutamine-rich or proline-rich activation domain. These data suggest that recruitment
of the SAGA and NuA4 HAT complexes by the VP16 activation domain contributes to HAT-dependent
activation. In addition, extensive H4/H2B acetylation by NuA4 leads to a general activation of transcription,
which is independent of activator-NuA4 interactions.

Numerous biochemical and genetic studies have provided
compelling evidence for a role of chromatin structures in the
regulation of gene transcription (reviewed in references 20, 32
and 62). The distribution and/or structure of nucleosomes is
altered at transcription control elements prior to or concur-
rently with transcription activation (reviewed in references 3
and 48). Several laboratories have pursued the mechanisms by
which nucleosome and chromatin structure is altered in order
to facilitate the interactions of sequence-specific transcription
factors with DNA. These genetic and biochemical studies have
revealed the participation of multiprotein complexes in the
remodeling of chromatin structures. One group of these com-
plexes are the ATP-dependent chromatin-remodeling com-
plexes and includes the SWI/SNF, NURF, RSC, ACF, and
CHRAC complexes (10, 16, 29, 54, and 58). A second group of
complexes function, at least in part, by controlling histone
modifications. These include histone acetyltransferase (HAT)
and histone deacetylase complexes (reviewed in references 8
and 60).

The level of histone acetylation at different chromosomal
loci correlates with gene activity. Increased levels of histone
acetylation are often associated with transcriptional activity,
whereas hypoacetylation of histones has been observed at ge-
netically silenced regions and in heterochromatin (7, 24). Acet-
ylation of lysine side chains within the histone N-terminal tail
domains reduces the affinity of the histone tails for DNA (27).
Histone deacetylase inhibitors have been shown to increase
transcription from the human immunodeficiency virus type 1
(HIV-1) promoter in vivo (57) and in vitro (46), and the in-
corporation of acetylated histones during in vitro nucleosome
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assembly of 5S RNA genes is less repressive than that of
nonacetylated histones to subsequent transcription (55).

Recently, several enzymes responsible for histone acetyla-
tion and deacetylation have been identified and often corre-
spond to previously known transcriptional regulatory factors
(reviewed in references 42 and 60). We have identified four
native high-molecular-weight complexes from yeast extracts
that contain nucleosomal HAT activities (21). One of these
HAT complexes, termed NuA4 (nucleosome acetyltransferase
of histone H4), is a 1.3-MDa complex of which the catalytic
subunit has not been identified. NuA4 has a preference for
acetylating histones H4 and H2A in the nucleosome (21). An-
other HAT complex, termed SAGA (Spt-Ada-Gen5 acetyl-
transferase), is a 1.8-MDa complex containing several previ-
ously identified transcriptional regulators from the ADA gene
products and the TBP group of Spt gene products (reviewed in
reference 23). SAGA contains GCN5 as the catalytic HAT
subunit and also contains Ada2, Ada3, Ada5/Spt20, Spt3, Spt8,
and Spt7. This complex preferentially acetylates nucleosomal
histones H3, H2B, and, to some degree, H4 (21).

The observation that several transcriptional coactivators are
HAT:s (reviewed in references 42 and 60) suggests a role of the
corresponding DNA-binding transcription activators in histone
acetylation. The genetic analyses of SAGA components (i.e.,
the ADA genes) strongly suggest that SAGA functions, in part,
through interactions with acidic transcriptional activators (re-
viewed in reference 23). Indeed, biochemical studies have
demonstrated a direct interaction of the VP16 activation do-
main with ADA2 (2). Moreover, our initial functional studies
demonstrate direct interactions of both the SAGA and NuA4
HAT complexes with the VP16 activation domain and that
these complexes stimulated transcription in an acetyl coen-
zyme A (acetyl-CoA)-dependent reaction (56).

There are at least two non-mutually exclusive mechanisms
by which the SAGA and NuA4 HAT complexes might stimu-
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late transcription. (i) Overall acetylation of the nucleosomal
templates by these complexes may have a general stimulatory
effect on transcription. (ii) Recruitment of the SAGA or NuA4
complexes by a promoter-bound activator may lead to local-
ized acetylation, which, in turn, stimulates transcription. The
former possibility suggests that all activated (detectable) tran-
scription should be stimulated and is consistent with observa-
tions that nucleosome templates reconstituted with acetylated
histones are more permissive for transcription (36, 55). The
latter possibility suggests that stimulation should be activator
specific and is consistent with the observations of in vivo tar-
geting of GenS-dependent acetylation to promoter-proximal
regions (33) and in vitro interactions of SAGA and NuA4 with
the VP16 activation domain and with GCN4 (56). To test these
possibilities, we examined the function of activation domains
from distinct classes (acidic, glutamine rich, and proline rich)
in SAGA- and NuA4-stimulated transcription. We present ev-
idence for a role of recruitment of the SAGA and NuA4
complexes by an acidic activation domain in transcriptional
stimulation by these HAT complexes. Acidic activator interac-
tions appear to be essential for transcriptional stimulation by
SAGA and enhance transcriptional stimulation by NuA4.
However, extensive acetylation of the nucleosome template by
the NuA4 complex eventually leads to a general stimulation of
transcription by any of the activators tested.

MATERIALS AND METHODS

Plasmid construction. pIC-2085S/G5E4R contains the G5E4-5S array frag-
ment (Fig. 1A) and was constructed as follows. A dinucleosome length G5E4
fragment (2,586 bp) containing adenovirus E4 gene sequences from —38 to +218
with five copies of a 17-mer GAL4-binding site was produced by PCR amplifi-
cation using pGsE4T as the template (34) and oligonucleotide 5'-CCCGCTCG
AGTGCATGCCTGCAGGTC for the 5" Xhol site and oligonucleotide 5'-CCC
GCTCGAGATTACAGCCCCCATAGG for the 3’ Xhol site. The Xhol-
digested PCR product was subcloned into the Xhol site of pIC-2085S, which has
five tandem repeats of the sea urchin 5S rRNA-encoding gene (rDNA) nucleo-
some-positioning sequence flanking both sides of a short linker region (49).

Plasmids pG3, pT7Gal 1-94/Spl A+B, and pP13, which direct the expression
of GAL4(1-94), GAL4-Gln, and GALA4-Pro, respectively, were obtained from
B. F. Pugh (51). The plasmid expressing GAL4-VP16 was obtained by S. L.
Berger (4).

Plasmids for expression of glutathione S-transferase (GST)-GIn and GST-Pro
in Escherichia coli were constructed as follows. A DNA fragment was synthesized
by PCR using pT7Gal 1-94/Sp1 A+B (51) as the template and oligonucleotides
5'-GGGCATATGTCCGGCGGACAGGGA and 5'-CGGAAGCTTCTTACTT
ATCTAGAGCTCG for GST-GIn. A DNA fragment was synthesized by PCR
using pP13 (51) as the template and oligonucleotides 5'-GGGCATATGGATC
TTGTCTCGCTGGC and 5'-CCCGAATTCTCCCAGATACCAGGACTG for
GST-Pro. After cleavage with Ndel and EcoRI, these fragments were subcloned
into Ndel-EcoRI-digested pGEX-B, which was provided by M. Meiseterernst.

pHIV(D,N), which was used as an internal control plasmid template in tran-
scription reactions for checking the recovery of the reaction, was constructed as
follows. A Dralll (position —248)-Narl (position +183) restriction fragment of
HIV-1 was treated sequentially with Klenow and T4 polymerase at the 5" and 3’
overhangs, respectively, and cloned into pIC20R (49) treated with EcoRV,
BamHI, and Klenow.

Purification of GAL4-derivative proteins and GST fusion proteins. GAL4(1-
94), GAL4-VP16, GAL4-Gln, and GAL4-Pro were bacterially expressed and
purified as previously described (12, 34, 51), except that GAL4-VP16 was step
eluted at 0.4 M NaCl from a DEAE column by T. Owen-Hughes, R. T. Utley,
and J. Coté. The quality and activity of the products were checked by both
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
gel shift analysis by using the DNA with GALA4-binding sites, followed by foot-
printing analysis (Fig. 1). GST, GST-VP16, GST-Gln, and GST-Pro were ex-
pressed and purified by following the manufacturer’s (Pharmacia) protocol,
except that the bacterial pellet suspension solution contained 10 mM B-mercap-
toethanol, 2-mg/liter leupeptin, 2-mg/liter pepstatin A, 2-mg/liter benzamidine,
and 2-mg/liter aprotinin for GST-VP16.

HAT purification. Preparation of yeast extracts and fractionation of the HAT
complexes by Ni**-nitrilotriacetic acid agarose and MonoQ fast protein liquid
chromatography were done as previously described (21). Peak HAT fractions for
NuA4 and SAGA were pooled separately and further purified. NuA4 fractions
were pooled and loaded onto a histone agarose column and subjected to Super-
ose 6 exclusion chromatography. Fractions containing SAGA were purified on a
MonoS HR5/5 column (Pharmacia) and on Superose 6. For transcription studies,
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the pure peak fraction of either NuA4 or SAGA after Superose 6 chromatog-
raphy was used. Incorporation of approximately 1,000 cpm of *H-labeled acetyl-
CoA into the G5E4-5S reconstituted nucleosome was defined as 1 U of HAT
activity.

Template DNA fragment preparation. To prepare the G5E4-5S DNA frag-
ment for reconstitution, pIC-2085S/G5SE4R was digested with Asp718 and
treated with Klenow fragment in the absence (template for transcription) or the
presence (template for native gel electrophoresis and DNase I digestion analysis)
of [a-*?P]dATP. The fragment was further digested with Clal, SspI, and AIWNI,
and the Asp718-Clal fragment was gel purified by electroelution.

Nucleosome reconstitution. Core histone preparation and nucleosome recon-
stitution on the G5E4-5S fragment were performed essentially as described
previously (38). Briefly, 2 ug of HeLa core histone was mixed with 2 pg of the
GS5E4-5S DNA fragment in 50 mM HEPES-NaOH (pH 7.5)-2 M NaCl-1 mM
EDTA-1 mM dithiothreitol (DTT)-1 mM phenylmethylsulfonyl fluoride
(PMSF)-100-pg/ml bovine serum albumin (BSA) in a final volume of 10 pl. This
mixture was diluted gradually with 50 mM HEPES-NaOH (pH 7.5)-2 mM
EDTA, 5 mM DTT-0.5 mM PMSF at 30°C. Finally, the mixture was brought to
0.1 M NacCl by the addition of 100 wl of 10 mM Tris-HCI (pH 7.5), 2 mM EDTA,
5 mM DTT, 0.5 mM PMSF, 0.1% Nonidet P-40, 20% glycerol, and 100-pug/ml
BSA. The nucleosome-reconstituted template was stored at 4°C and was stable
for a month.

Binding reactions. Binding reactions were performed in 20 pl with 10 mM
HEPES-NaOH (pH 7.8)-60 mM NaCl-5 mM DTT-0.5 mM PMSF-0.25-mg/ml
BSA-10 mM sodium butyrate-5% glycerol at room temperature for 10 min.
Typical binding reactions contained 15 ng (10 fmol) of reconstituted DNA
fragment. GAL4 derivatives were added to the reaction mixture at the final
concentrations indicated in the figure legends. One unit of NuA4 or SAGA in the
presence or the absence of 1.25 pM acetyl-CoA was included as indicated in the
figures. Binding reactions were subjected to either native gel electrophoresis,
DNase I digestion analysis, or transcription reactions.

DNase I digestion assays. Factor-bound templates were treated with 2 pl (0.25
U for nucleosome template DNA or 0.025 U for naked template DNA) of
DNase I (Boehringer Mannheim) in 50 mM MgCl, for 0.5, 1, or 1.5 min at room
temperature (Fig. 1B). Binding reaction mixtures with GAL4 derivatives (Fig.
2D) were treated with DNase I for 0.5 min, except GAL4-GlIn, which was treated
for 1.5 min. DNase I was terminated with stop mix (49). After ethanol precipi-
tation, DNA was dissolved in 10 mM Tris-HCI (pH 7.5)-1 mM EDTA-50 mM
NaCl and electrophoresed through 1.5% 1X Tris-borate-EDTA-agarose gel.
Gels subsequently were fixed in a solution of 10% methanol-10% acetic acid and
then dried.

DNase I footprinting of naked template DNA. Probe GUB was generated by
digestion of pGUB (1) with EcoRI, treatment with Klenow fragment in the
presence of [a->?P]dATP, and then digestion with Sa/l. A 180-bp DNA fragment
was purified by PAGE as previously described (1). Binding reactions were per-
formed with 10 to 20 fmol of probe DNA in the presence or the absence of GAL4
derivatives at room temperature for 30 min, followed by the addition of 2 ul
(0.033 U) of DNase I and incubation for 1 min at room temperature. DNase I
was terminated as previously described (1). After ethanol precipitation, DNA
was dissolved in formamide loading buffer, heat denatured, and resolved on 8%
acrylamide-8 M urea sequencing gels (1).

Transcription reaction. A binding reaction mixture containing 15 ng (10 fmol)
of a reconstituted DNA fragment or 15 ng of pIC-2085S/G5E4R was mixed in a
50-pl (final volume) reaction mixture containing 15 mM HEPES-NaOH (pH
7.8), 6 mM MgCl,, 30 mM KCl, 2% polyvinyl alcohol, 150 ng of poly(dI-dC),
HeLa cell nuclear extract (40 to 50 pg of protein prepared as previously de-
scribed [17]), 10 ng of pHIV (internal control), and 0.4 mM ribonucleotides. The
transcription reaction was performed at 30°C for 30 min and terminated with
STOP mix (30). The resulting RNAs were detected by using **P-labeled E4
primer (positions +110 to +86) and HIV primer (positions +81 to +50) in a
mixed-primer extension assay as previously described (30), except that 50 U of
Moloney murine leukemia virus reverse transcriptase (Gibco-BRL) and 400 pM
deoxynucleoside triphosphates were used. The reverse-transcribed DNA prod-
ucts were separated on urea-8% polyacrylamide gels, visualized by autoradiog-
raphy (Kodak BioMax), and quantitated following PhosphorImager scanning
(Molecular Dynamics). All transcriptions were repeated at least three times.

GST pull-down assays. Five units of NuA4 or SAGA was incubated with the
indicated GST fusion proteins bound to glutathione-Sepharose 4B beads (Phar-
macia) for 2 h at 4°C. The supernatant was removed, and the beads were washed
five times with 80 mM bead wash buffer (80 mM NaCl, 25 mM HEPES-NaOH
[pH 7.5], 50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 0.05% Nonidet P-40, 5 mM
DTT, 0.5 mM PMSF, 10% glycerol). Equal amounts of both the supernatant and
the beads were directly assayed for HAT activity on nucleosomes (see below and
reference 21).

HAT assays. HAT assays for the G5E4-5S nucleosome array template were
performed as follows. A 20-pl volume of a binding reaction mixture was incu-
bated with 1 U of NuA4 or SAGA and *H-labeled acetyl-CoA (0.125 p.Ci) in
HAT buffer (50 mM Tris-HCl [pH 8.0], 50 mM KCl, 5% glycerol, 0.1 mM
EDTA, 1 mM DTT, 1 mM PMSF, 10 mM sodium butyrate) at 30°C. The reaction
mixture was spotted onto a P81 membrane filter (Whatman). The membrane was
washed three times in 50 mM NaHCO;-Na,CO; pH 9.2) and briefly rinsed, and
radioactivity was counted in a liquid scintillation counter (Beckman). For fluo-
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FIG. 1. Analysis of the reconstituted nucleosome template. (A) Schematic of the G5E4-5S DNA fragment that was used to reconstituted a 12-nucleosome array
by histone octamer transfer. The 2,586-bp Asp718-Clal fragment excised from pIC208/G5E4R contains tandem repeats of the sea urchin 5S rDNA nucleosome spacing
sequences. Between the repeats, there is a dinucleosome length fragment harboring five GAL4-binding sites upstream of the E4 promoter. (B) Comparison of the
nucleosome-reconstituted array with the GSE4-5S DNA fragment. (Left) The end-labeled G5SE4-5S DNA fragment (DNA lane) and the end-labeled nucleosome-
reconstituted fragment (Recon. lane) were run on a 1.2% native agarose gel. (Right) DNase I digestion of the nucleosome-reconstituted array and the G5E4-5S DNA
fragment. The end-labeled G5E4-5S DNA fragment (DNA, lanes 1 to 3) and the nucleosome-reconstituted array (Recon., lanes 4 to 6) were digested with 0.025 and
0.25 U of DNase I, respectively. The times of digestion were 0.5 min (lanes 1 and 4), 1 min (lanes 2 and 5), and 1.5 min (lanes 3 and 6). The 5S rDNA repeats were
revealed by partial EcoRI digestion (lane 7) of the array, and the 5S rDNA repeats and the five GAL4-binding sites were revealed by partial Scal digestion (lane 8)
of the array. EcoRI and Scal sites are present at the junction between the 58S repeats. A Scal site is also present in the center of each GAL4-binding site. Nucleosome
positions on the G5E4-5S DNA fragment are indicated schematically on the right of the autoradiogram. (C) DNase I footprinting of GAL4 derivatives binding to a
naked DNA fragment of GUB, which contains one GAL4-binding site. Binding reaction mixtures were treated with 0.033 U of DNase I for 1 min in the presence (lanes
2 to 17) or the absence (lane 1) of GAL4 derivatives. Reaction mixtures contained twofold-increasing amounts of each GAL4 derivative. GAL4 derivatives were
included at concentrations of 3.1 nM (lanes 2, 6, 10, and 14), 6.3 nM (lanes 3, 7, 11, and 15), 12.5 nM (lanes 4, 8, 12, and 16), and 25 nM (lanes 5, 9, 13, and 17)
DNA-binding activity. The GAL4-binding site is shown as a box to the left of the autoradiogram. (D) DNase I digestion analysis of various GAL4 derivatives of the
nucleosome-reconstituted array. Binding reaction mixtures were treated with DNase I for 0.5 min in the presence (lanes 2 to 17) or the absence (lane 1) of GAL4
derivatives. Reaction mixtures contained 0.5 nM (lanes 2, 6, 10, and 14), 2.5 nM (lanes 3, 7, 11, and 15), 12.5 nM (lane 4, 8, 12, and 16), or 62.5 nM (lanes 5, 9, 13,
and 17) DNA binding activity of each GAL4 derivative. GAL4-binding sites and nucleosome positions on the G5E4-5S DNA fragment are indicated schematically on
the right.
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FIG. 2. Analysis of transcription from the naked DNA template and from the nucleosome-reconstituted array template with or without GAL4 derivatives. (A)
Transcripts detected by primer extension from the E4 promoter (E4) of naked template DNA (pIC2085S/G5E4R) and that from the HIV promoter (HIV) of control
plasmid pHIV(D,N) are indicated on the left. A 12.5 nM concentration of DNA-binding activity of each GAL4 derivative was included where indicated. Lane 1 is a
control reaction to which no GAL4 derivatives were added. Lanes 6 to 13 show transcripts in the presence of HATs (SAGA and NuA4) and acetyl-CoA. (B) Transcripts
from the G5E4-5S nucleosome array template in the presence or the absence of acetyl-CoA without or with the same amounts of various GAL4-derivative proteins

as used for panel A.

rography as shown in Fig. 3B, a binding reaction mixture containing 150 ng of
nucleosome template DNA was incubated at 30°C for 30 min and subjected to
SDS-15% PAGE. Gels were Coomassie stained and prepared for fluorography
by using the manufacturer’s protocol (Enhance; Du Pont NEN). For the exper-
iment whose results are shown in Fig. 6, gel filtration columns (MicroSpin S-300
HR Column; Pharmacia Biotech) were used by following the manufacturer’s
protocol.

RESULTS

Nucleosomes repress activation domain function. To di-
rectly test the function of the native yeast HAT complexes in
transcription activation, we developed an in vitro transcription
system using a nucleosome array template reconstituted from
defined components in a purified system (i.e., DNA and his-
tones). The DNA fragment used for nucleosome reconstitution
was a 2,586-bp DNA fragment (G5E4-5S) that contains a dinu-
cleosome length sequence with five GAL4-binding sites and
the adenovirus E4 promoter (34) flanked on either side by five
repeats of a nucleosome-positioning sequence from the sea
urchin 5S rDNA (47). This fragment is illustrated schemati-
cally in Fig. 1A. The fragment was reconstituted into an array
of nucleosomes by using purified histone octamers (38).

Reconstitution of the G5E4-5S DNA fragment into an array
of nucleosomes was assayed by mobility shift and nuclease
digestion. The nucleosome-assembled G5E4-5S fragment and
the G5E4-5S fragment as naked DNA were analyzed by native
agarose gel electrophoresis (Fig. 1B, left panel). As previously
observed (37), the nucleosome-reconstituted array fragment
(Recon. lane) was found to have faster mobility than the same
fragment as histone-free DNA (DNA lane). Importantly, the
reconstituted array migrated as a discrete band, suggesting that
most molecules contain similar numbers of nucleosomes. The
histone-free DNA fragment and the array fragment were also
subjected to DNase I digestion, followed by agarose gel elec-
trophoresis (Fig. 1B, right panel). A nucleosome length repeat-
ing pattern of cleavage and protection was observed on the
reconstituted array fragment (lanes 4 to 6) that was not appar-
ent upon digestion of the naked DNA fragment (lanes 1 to 3).
This repeating pattern corresponded nicely to the repeating 5S
DNA sequences (indicated by the partial EcoRI digest), indi-
cating the reconstitution of a single nucleosome core per re-
peat. Importantly, nucleosome protection from DNase I cleav-

age extended over the region of the GALA4-binding sites and
the E4 promoter (shaded ovals), which could be localized by
partial Scal digestion (lane 8). Thus, the repeating array of
spaced nucleosomes established by the 5S nucleosome posi-
tioning sequences continued through the dinucleosome length
promoter insert.

To test the function of different transcription activation do-
mains in HAT complex-driven transcription, we used GAL4
derivatives representing three functionally distinct classes of
activation domains. GAL4-VP16 is a potent acidic activation
domain from the virion of herpes simplex virus (45, 53) fused
with a GAL4 DNA-binding domain. GAL4-Gln is the glu-
tamine-rich activation domain of human Spl fused with
GAL4(1-94) (51). GALA4-Pro is the proline-rich activation do-
main of human CTF/NFI fused with GAL4(1-94) (51).
GAL4(1-94) consists of the amino-terminal 94 amino acids of
the yeast GAL4 protein containing the DNA-binding and
dimerization domains but lacking an activation domain.

To ensure that any transcription effect of the HAT com-
plexes was not due to increased GAL4 derivative binding due
to histone acetylation (59), we used concentrations of each
GALA4 derivative that led to saturation of the nucleosome array
template. The amounts of the GAL4 derivatives were first
equalized based on DNA-binding activity (Fig. 1C), and then
the GAL4 derivatives were compared for relative affinity on
nucleosome arrays (Fig. 1D). All of the GAL4 derivatives were
found to possess similar affinities for the nucleosome array
template (Fig. 1D). Thus, the presence or absence of these
activation domains did not appear to influence the relative
affinity of each derivative for nucleosomal DNA. This is in
agreement with previous studies demonstrating that nucleo-
some binding by GAL4 derivatives is activation domain inde-
pendent (52, 65). For the transcription experiments in the
following sections, we used the amount of each GAL4 deriva-
tive at which the footprint in the nucleosome array appeared
complete (Fig. 1D, lanes 4, 8, 12, and 16). This represented
12.5 nM DNA-binding activity of each GAL4 derivative.

To determine if each GAL4 derivative was functional in
transcription, we first tested each in transcription assays from
DNA templates. As shown in Fig. 2A, each of these proteins
activated transcription in vitro from naked DNA. Inclusion of



VoL. 19, 1999

A

REGULATION OF TRANSCRIPTION BY HATs 859

B

)
R
Nucleosome °Q$
template Factor Binding Acetylation Transcription \Oo‘ \'3\0
+- GAL4 der. P 30°C, 3omin K 30C,30min itnoaﬁ ze RNA —— I_I%
, T ’ T ’ b Acetyl-CoA: — + +
HAT Nuclear Extract /
+- acetyl-CoA  NTPs SAGA = tﬂ%ﬁ
H3
NuA4 PE o
-_— \HZA
1 2 3 4
SAGA NuA4
—_— © i ©
T = p- 4 = c )
) £ 2 Ny & s
ufHHASHA = HOAA t 5 3 &
T i
I - 0 6 6 O NI — 06 0 O o
GAL4-der.: I " 1" 1" " 1 GAL4-der.: | 1 1T 10 10 1
Acetyl-CoA: — +—+—+ —+4+ —+ Acetyl-CoA: -+-+-—+—+—+
- <—E4 - 8 ==
s e e et e ) ~—HIV SRR SR << HIV

12345678910

123456178910

FIG. 3. Effects of HATs on GAL4 derivative-mediated transcription of the nucleosome array templates. (A) Diagram of the transcription protocol. Subsequent to
the factor-binding reaction, 1 U of NuA4 or SAGA, in the presence or the absence of acetyl-CoA, was included and incubated at 30°C for 30 min. After the incubation,
transcription reactions were started by adding HeLa cell nuclear extract and nucleotides. The same amounts of various GAL4-derivative proteins were used as for Fig.
2A. NTPs, nucleoside triphosphates; RT, room temperature. (B) HAT assays of the G5E4-5S nucleosome array template. Nucleosome templates were incubated in
a binding reaction mixture with NuA4 or SAGA in the presence (lane 2) or the absence (lane 1) of *H-labeled acetyl-CoA. After incubation, SDS-sample buffer and
3 pg of core histone were added, and the mixture was loaded onto a gel. Lanes 3 and 4 show Coomassie staining of the same gel, indicating the migratory positions
of the four core histones. (C) Transcripts from the G5E4-5S array template, which were incubated with SAGA, in the presence or the absence of acetyl-CoA, without
(=) or with various GAL4 derivative proteins. (D) Transcripts from the G5E4-5S array template which were incubated with NuA4 in the presence or the absence of

acetyl-CoA without (—) or with various GAL4-derivative proteins.

GALA4-VP16 resulted in sevenfold stimulation of transcription
(lane 3) relative to basal transcription (lane 1). GAL4-Gln also
brought about sevenfold stimulation of transcription (lane 4).
The activity of GAL4-Pro was slightly less, resulting in fourfold
stimulation (lane 5). Thus, each of the GAL4 derivatives was
functional as a transcription activator in vitro from naked
DNA.

Next, we examined whether these proteins might have the
ability to activate transcription from the preassembled nucleo-
some array template (Fig. 2B). Following the reconstitution of
nucleosomes, basal transcription was suppressed to almost un-
detectable levels (lanes 1 and 2), in agreement with previous
findings (63). In contrast to the observations with naked DNA,
transcription from the nucleosome array template was not sub-
stantially enhanced by the inclusion of either GAL4-Gln or
GALA4-Pro in the presence or the absence of acetyl-CoA (lanes
7 to 10). Inclusion of GAL4-VP16 resulted in weak transcrip-
tional enhancement (approximately twofold; lane 5). However,
this stimulation was not effected by acetyl-CoA (lane 6), indi-
cating that it was not mediated by endogenous HAT activity
(see below). The failure of these activation domains to signif-
icantly effect transcription on the preassembled nucleosome
array template illustrates that the dramatic repression medi-

ated by nucleosomes is not readily reversed by transcription
activators alone.

NuA4 and SAGA HAT complexes differentially stimulate
transcription by distinct activation domains. The fact that the
inclusion of acetyl-CoA in the transcription reactions shown in
Fig. 2B did not result in transcription stimulation illustrates
that the transcription system did not contain significant endog-
enous acetyltransferase activities that affected the assay. This
allowed us to use this system to test the abilities of these
different activation domains to exploit the HAT activities of
the NuA4 and SAGA complexes. Figure 3A shows the exper-
imental scheme we used. After a 10-min incubation to allow
the binding of the GAL4 derivatives (factor binding), the nu-
cleosome template was incubated with either NuA4 or SAGA
in the presence or the absence of acetyl-CoA for 30 min (acet-
ylation reaction). During the 30-min incubation, the NuA4 and
SAGA complexes acetylated the 5S-G5E4 nucleosome array
with the distinct histone preferences detected previously (21).
While NuA4 primarily acetylated histone H4, the SAGA com-
plex primarily acetylated H3 (Fig. 3B). Following the acetyla-
tion reaction, the abilities of the modified templates to func-
tion in transcription driven by the various GAL4 derivatives
were assayed.
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As shown in Fig. 3C, acetyl-CoA-dependent transcriptional
stimulation by SAGA was specific for VP16-driven transcrip-
tion. While SAGA enhanced transcription driven by GAL4-
VP16 (lanes 5 and 6), it did not stimulate transcription in the
presence of GAL4-Gln (lanes 7 and 8) or GAL4-Pro (lanes 9
and 10). Moreover, basal transcription (lanes 1 and 2) and
transcription in the presence of GAL4(1-94) (lanes 3 and 4)
was not affected by SAGA. Thus, transcriptional stimulation
from the nucleosome array template by the SAGA complex
was found to be specific for an acidic activation domain. By
contrast, NuA4 (Fig. 3D) stimulated transcription driven by
either GAL4-VP16 (lanes 5 and 6), GAL4-GIn (lanes 7 and 8),
or GAL4-Pro (lanes 9 and 10). As with SAGA, we did not
detect stimulation of basal transcription (lanes 1 and 2) or
transcription in the presence of GAL4(1-94) (lanes 3 and 4) by
NuA4. It is important to note that in all instances, the tran-
scriptional stimulation by SAGA and NuA4 was acetyl-CoA
dependent, indicating that the acetyltransferase activity of
SAGA and NuA4 was required for the observed stimulation.

To test the possibility that the primary role in transcription
activation by SAGA and NuA4 might result from acetylation of
nonhistone protein (e.g., general transcription factors), we also
tested transcription by using DNA templates in the presence of
these HATs (Fig. 2A, lanes 6 to 13). SAGA and NuA4 had
little effect on transcription from the DNA templates. While
this observation does not exclude the possibility that nonhis-
tone proteins are acetylated, it does illustrate that the stimu-
lation observed in our assay is histone dependent.

NuA4 and SAGA preferentially interact with an acidic acti-
vation domain. We have found that the SAGA and NuA4
HAT complexes interact directly with the VP16 activation do-
main (56). The different responses of SAGA and NuA4 in the
transcription assays containing GAL4-Gln or GAL4-Pro may
indicate that NuA4 also interacts with both of the Gln- and
Pro-rich activation domains. To examine this possibility, we
performed GST pull-down assays with GST fusion proteins
bound to glutathione-Sepharose (Fig. 4). After incubation of
GST-activation domain-beads with each HAT, the supernatant
and beads were separated and analyzed for the presence of the
HAT activity of NuA4 and SAGA. The HAT activity of SAGA
was depleted from the supernatant (top panel, lane 5) and
bound to the beads (lane 9) when the GST fusion protein
contained the VP16 activation domain. By contrast, when
beads were bound by GST, GST-Gln, or GST-Pro, the SAGA
activity remained in the supernatant (lanes 2 to 4) and was not
found bound to the beads (lanes 6 to 8). Thus, while the SAGA
complex efficiently interacted with the acidic VP16 activation
domain, it failed to interact with either a Gln-rich or a Pro-rich
activation domain.

Although transcription driven by GAL4-GIn or GAL4-Pro
was enhanced by the NuA4 complex following a preacetylation
step, NuA4 did not interact with these activation domains in
GST pull-down assays. GST-VP16 efficiently depleted the su-
pernatant of NuA4 activity (Fig. 4, lower panel, lane 5), which
was then recovered on the GST-VP16 glutathione-Sepharose
beads (lane 9). By contrast, GST, GST-GIn, and GST-Pro
failed to deplete the supernatant of NuA4 HAT activity (lanes
2 to 4).

NuA4 stimulates transcription only by the VP16 activation
domain when template acetylation is limiting. The lack of
ability of the Gln-rich or a Pro-rich activation domain to in-
teract directly with NuA4 led us to suspect that stimulation of
GAL4-GIn- and GALA4-Pro-driven transcription by NuA4
might be a consequence of overall acetylation of the nucleo-
some array template independent of interactions with the tran-
scription activation domains. To address this possibility, we
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FIG. 4. GST pull-down assays with various GST activation domains and
HATs NuA4 and SAGA. These HAT activities were incubated with GST, GST-
VP16, GST-Gln, or GST-Pro, which were bound with glutathione-Sepharose
beads. The supernatants and the Sepharose beads were assayed for HAT activ-
ities on nucleosome substrates and then subjected to SDS-15% PAGE analysis
and fluorography.

performed a time course analysis of histone acetylation by the
NuA4 complex prior to the measurement of transcription ac-
tivation (Fig. 5A). As shown in Fig. 5B, following a 30-min
acetylation reaction, inclusion of NuA4 led to strong activation
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FIG. 5. Effects of HATs on GAL4 derivative-mediated transcription of the
nucleosome-reconstituted templates with limited incubation time. (A) Diagram
of the transcription protocol. Subsequent to the factor-binding reaction, 1 U of
NuAd4, in the presence or the absence of acetyl-CoA, was included and incubated
at 30°C. Incubation times were 1, 3, 10, and 30 min. The same amounts of various
GALA4-derivative proteins were used as for Fig. 2A. RT, room temperature;
NTPs, nucleoside triphosphates. (B) Transcripts from the G5SE4 array template
which were incubated with NuA4 in the presence of acetyl-CoA without (—) or
with various GAL4-derivative proteins.
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with each GALA4 derivative (Fig. 5B, lanes 13 to 16). However,
when the acetylation step was shortened, transcription from
the GAL4-VP16-bound nucleosome array was preferentially
stimulated. Indeed, when the acetylation step was limited to
only 1 min, transcription stimulation by NuA4 appeared to be
as selective for VP16-driven transcription (lanes 1 to 4) as that
observed for the SAGA complex (Fig. 3C). These data are
consistent with the notion that NuA4 can be recruited by an
acidic activation domain, which then enhances the acetylation
of the factor-bound nucleosome array template. However,
these data also suggest that extensive acetylation by NuA4
leads to permissive stimulation of transcription by activators
that do not interact directly with NuA4.

Extensive nontargeted acetylation of the nucleosomal tem-
plate by NuA4 stimulates transcription by different activation
domains. To further confirm that extensive acetylation by
NuA4 stimulates transcription mediated by activators not di-
rectly interacting with the HAT complex, we examined tran-
scription from templates that were acetylated in the absence of
GALA4-GIn and GALA4-Pro. Following acetylation of nucleoso-
mal templates, acetyl-CoA was removed from the reactions by
gel filtration. This was performed to prevent further acetyla-
tion by NuA4 upon the addition of activators to the transcrip-
tion reaction mixtures (Fig. 6A). After removal of acetyl-CoA,
factor binding and transcription were performed (Fig. 6B). As
shown in Fig. 6C, 30 min of preacetylation with NuA4 (lanes 7
to 9), but not 1 min (lanes 10 to 12), enhanced transcription
activation by GAL4-Gln and GAL4-Pro. In contrast, preacety-
lation with SAGA did not activate transcription mediated by
GAL4-GIn or GALA4-Pro (lanes 5 and 6), consistent with the
results of Fig. 3C, demonstrating that SAGA does not permit
transcriptional stimulation by these activators. Thus, the in-
crease in transcription by GAL4-GIln and GALA4-Pro corre-
sponds to the overall acetylation of the template by NuA4 and
does not require HAT activity subsequent to activator binding.

DISCUSSION

Several studies have shown that the assembly of template
DNA into nucleosomes increases the degree of transcriptional
regulation conferred by upstream activators in vitro (reviewed
in references 39 and 40). While these studies demonstrate a
role of acidic activation domains in overcoming nucleosome-
mediated repression, they have neither revealed the important
target of the activation domains (discussed in reference 64) nor
distinguished this function from that of other activation do-
mains. In this study, we have employed an in vitro transcription
system using a well-defined nucleosome array template assem-
bled with purified components. Thus, formation of the nucleo-
some template does not include the use of nucleosome as-
sembly factors which may later contribute to nucleosome
disruption (13, 61). Another important feature of this work
relative to several previous studies (for example, see references
41 and 64) is that we used a preassembled nucleosome array
template. Preassembly of the nucleosome array template al-
lows separation of the effects of transcription factors during
chromatin remodeling from effects occurring instead during
nucleosome assembly, which can make a significant difference
in the degree of transcriptional stimulation (e.g., see refer-
ences 31 and 46). By using this approach, we have illustrated
that preassembled nucleosomes can substantially repress the
function of activation domains in vitro and that HAT com-
plexes function to relieve this repression. However, the ability
of a HAT complex to alleviate nucleosome repression is re-
lated to its ability to interact with activation domains of tran-
scription activators. The data in this report illustrate that tran-
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FIG. 6. Extensive acetylation by NuA4 in the absence of activators facilitates
transcription driven by GAL4-GIn and GAL4-Pro. (A) Diagram (left) and SDS-
gel (right) showing the prevention of NuA4 HAT activity through the removal of
acetyl-CoA by gel filtration. HAT activity was monitored in the input reaction
mixture containing the G5E4 nucleosomal template, *H-labeled acetyl-CoA, and
NuA4 (lane 1), after gel filtration to remove the acetyl-CoA (lane 2), and after
gel filtration followed by the readdition of H-labeled acetyl-CoA (lane 3). (B)
Diagram of the transcription protocol. Subsequent to acetylation with 1 U of
SAGA (30 min of incubation) or NuA4 (1 or 30 min of incubation), gel filtration
was performed to remove the acetyl-CoA. Recovered samples were subjected to
a factor-binding reaction with GAL4(1-94), GAL4-Gln, and GAL4-Pro, followed
by transcription reactions. RT, room temperature; NTPs, nucleoside triphos-
phates. (C) G5E4 array templates were incubated with SAGA (lanes 4 to 6) or
NuA4 (lanes 7 to 12) for the indicated time periods and assayed for transcription
as described in panel B.

scriptional stimulation by the SAGA complex is dependent on
interaction with an acidic activation domain. Transcriptional
stimulation by NuA4 is enhanced by interactions with an acidic
activation domain, allowing for stimulation under conditions of
limited histone acetylation. Thus, these data implicate HAT
complexes as important targets for activation domain activity
on chromatin templates.

Previous studies have implicated targets of acidic, glu-
tamine-rich, or proline-rich activation domains. The acidic ac-
tivation domain of VP16 is capable of binding to TBP and
TFIIB (28, 35, 50). The glutamine-rich activation domain of
Sp1 binds directly and specifically to the C-terminal domain of
TBP (19) and Drosophila TAF110 (26). The combination of
TAF250, TAF150, TAF110, and TBP can support robust Spl
activation (14). Other cofactors and histone H1 are suggested
to be involved in transcription mediated by the Pro-rich acti-
vation domain of CTF/NFI (18). The data presented in this
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report indicate a distinct function of the VP16 activation do-
main that is not shared with Gln-rich or Pro-rich activation
domains. We found that this acidic activation domain has the
ability to interact directly with the NuA4 and SAGA HAT
complexes, a property not found in Gln-rich or Pro-rich acti-
vation domains. The specificity of this interaction can account
for the preferential stimulation of VP16-driven transcription
by the SAGA and NuA4 HAT complexes. Therefore, one of
the crucial roles of acidic activation domains in yeast may be to
recruit HAT complexes to promoters in chromatin. The acet-
ylation of nucleosomes resulting from specific interaction be-
tween a regulatory factor and the HATs may facilitate the
binding of additional upstream activators and general tran-
scription factors to their corresponding recognition elements.
Factors containing activation domains which cannot recruit
HATS may benefit from HAT recruitment provided by other
activators. On naturally occurring promoters involving multi-
ple different regulatory factors, one or more factors may work
as a key regulator at early steps important for alleviating the
repressive effects of chromatin (9). Such factors may function
largely by HAT recruitment.

It is interesting that the NuA4 and SAGA complexes display
distinct functions in transcription activation. Preacetylation of
the nucleosome templates by NuA4 permitted transcription
activation by any of the activation domains tested here. In
contrast, even after a preacetylation step, the SAGA complex
maintained its specificity for VP16-mediated activation. These
observations suggest that acetylation of histone H4 (i.e., by
NuA4) is more permissive to transcription than acetylation of
H3 (i.e., by SAGA). This is consistent with earlier studies
illustrating that H4 acetylation appears to play a greater role in
stimulating factor binding to nucleosomes (59). In addition,
the selectivity of SAGA for VP16-driven transcription indi-
cates that its function in transcription activation requires other
features of the complex in addition to its HAT activity. This is
consistent with the fact that the SAGA complex contains reg-
ulatory proteins from the ADA, SPT, and TAF groups of gene
products (21, 22), many of which are phenotypically more
important than GCN5 (44). Furthermore, the activation do-
main selectivity of SAGA in transcription stimulation seen
here is consistent with previous studies done with yeast. These
studies have shown that while GCN4, VP16 (5), ADRI1 (15),
TFE3 (6), NFkB p65 (6), human foamy virus protein, Bel-1 (6),
the 71 domain of the glucocorticoid receptor (25), and the
activation subdomain of the p53 tumor suppressor protein (11)
require the ADA2 gene product to function, the transactiva-
tion domains of GAL4 (43) and HAP4 (5, 43) do not. Thus,
there appear to be SAGA-dependent and SAGA-independent
classes of transcription activators in vitro and in vivo. In addi-
tion to histone acetylation, SAGA is likely to play a role in
preinitiation complex formation and/or transcriptional elonga-
tion. These functions will become clearer as the roles of addi-
tional SAGA components are identified (22).
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