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ABSTRACT: The transcriptional coactivator paralogues p300 and CBP contain acetyltransferase domains
(HAT) and catalyze the lysine acetylation of histones and other proteins as an important aspect of their
functions. Prior studies revealed that the basic leucine zipper domain (b-ZIP) of transcription factor ATF-2
(also called CRE-BP1) can interact with the CBP HAT domain. In this study, we have examined the
ATF-2 b-ZIP interaction with the p300 HAT domain and shown that p300 HAT autoacetylation can
enhance the binding affinity. Pull-down assays revealed that hyperacetylated p300 HAT is more efficiently
retained by immobilized ATF-2 b-ZIP than hypoacetylated p300 HAT. Loop deleted p300 HAT lacking
autoacetylation was retained about as well as hyperacetylated p300 HAT, suggesting that the loop and
ATF-2 compete for p300 HAT binding. While ATF-2 b-ZIP is a weak inhibitor of hypoacetylated p300
HAT acetylation of a histone H4 peptide, hyperacetylated p300 HAT is much more potently inhibited by
ATF-2 b-ZIP. Moreover, we showed that ATF-2 b-ZIP could serve as an acetyltransferase substrate for
p300 HAT. Using mass spectrometry, two p300 HAT lysine acetylation sites were mapped in ATF-2
b-ZIP. Immunoprecipitation-Western blot analysis with anti-acetyl-lysine antibody revealed that ATF-2
can undergo reversible acetylation in vivo. Mutational analysis of the two ATF-2 b-ZIP acetylation sites
revealed their potential contributions to ATF-2-mediated transcriptional activation. Taken together, these
studies suggest multiple roles for protein acetylation in the regulation of transcription by p300/CBP and
ATF-2.

Protein acetylation by histone acetyltransferases (HATs1)
is critical to the regulation of gene expression and cell
signaling (1-3). Among the characterized HATs, the tran-
scriptional coactivator paralogues p300 and CBP have
received special attention for their broad and important
contributions to cell growth and differentiation (4-9). The

congenital Rubinstein-Taybi syndrome resulting from het-
erozygous loss of CBP results in a variety of developmental
abnormalities including predisposition to cancer (9). Both
CBP and p300 show distinct and overlapping functions in
gene regulation, and a wide variety of proteins are known
to interact with these proteins (4-9). In particular, the KIX
and C/H3 domains of p300/CBP have been found to recruit
a range of transcription factors and other proteins including
p53 (10), p73 (11), STAT1 (12), NFκB (13, 14), MyoD (15,
16), BRCA1 (17), c-Fos, CREB (18), c-Jun, and c-Myb (19,
20) (Figure 1B). In general, these transcription factor
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interactions are thought to help localize p300/CBP to the
requisite promoters on chromatin where p300/CBP is thought
to catalyze targeted histone acetylation (4-9, 21, 22). How-
ever, for several of these and other proteins, p300/CBP is
thought to acetylate the transcription factors themselves on
one or more lysines, modulating their functions (10-14).
The p300 HAT domain has been targeted by small molecule
inhibitors for potential therapeutic applications (23, 24).

The transcription factor ATF-2 has been shown previously
to bind to CBP in vivo and in vitro (4, 25). ATF-2 is a
member of the ATF/CREB family and contains a C-terminal
b-ZIP DNA binding domain and an N-terminal activation
domain regulated by stress activated protein kinases (Figure
1) (26-28). ATF-2 can form homodimers and heterodimers
with c-Jun and bind to the cAMP response element (CRE)
in DNA (29-31). Like CBP, ATF-2 is a key developmental
gene as knockout mice die shortly after birth due to neonatal
respiratory distress (32). Domain mapping studies showed
that ATF-2 associates with CBP via the CBP HAT domain
and the ATF-2 b-ZIP domain (4). However, detailed bio-
chemical analysis of this interaction with purified p300/CBP
and ATF-2 protein domains has not yet been carried out.

It has been shown previously that the p300 HAT domain
can be extensively autoacetylated, with a high proportion of
acetylation sites located in a proteolytically sensitive loop
(33, 34). Loop autoacetylation of p300 is associated with
catalytic activation, somewhat analogous to the regulation
of many protein kinases by autophosphorylation (33). Since
generation of p300 HAT by standard recombinant expression
produces protein containing∼10 acetylated Lys residues,

an alternative method, expressed protein ligation (35, 36),
was employed (33) which affords p300 HAT in hypoacety-
lated form (<3 acetylation events). In this approach, p300
HAT domain is produced by semisynthesis in which catalyti-
cally impaired recombinant p300 C-terminal thioester frag-
ment aa 1284-1652 is ligated to N-Cys containing synthetic
peptide (aa 1653-1666) (33). Hyperacetylated p300 HAT
can be generated in vitro simply by incubating with acetyl-
CoA.

In this study, we describe a biochemical analysis of the
binding of p300 HAT domain with the ATF-2 b-ZIP domain.
We show that this interaction can be modulated by p300
autoacetylation. Moreover, p300 HAT can catalyze the
acetylation of ATF-2 b-ZIP and two Lys acetylation sites
have been mapped. ATF-2 is shown to be acetylated in vivo,
and mutation of the b-ZIP acetylation sites can modulate the
transcriptional activation properties of ATF-2. Taken to-
gether, these experiments reveal multiple roles for pro-
tein acetylation in the p300/CBP-ATF-2 gene regulatory
pathway.

EXPERIMENTAL PROCEDURES

General Reagents.Ampicillin, BSA, acetylated bovine
serum albumin, dithiothreitol, EDTA, glutathione, Protein
A and Protein G sepharose, HEPES, and glutathione agarose
were purchased from Sigma.N-R-Fmoc-amino acids were
purchased from Novabiochem (San Diego); unlabeled acetyl-
CoA, 14C-labeled acetyl-CoA, and14C-labeled acetylated
bovine serum albumin were purchased from Amersham
Biosciences. Oligonucleotide primers were obtained from
Integrated DNA Technologies (Coralville, IA). Phenol,
trifluoroacetic acid, and IPTG were obtained from Fisher
Scientific. Quickchange mutagenesis and the sequences were
confirmed by DNA sequencing. Anti-ATF-2 and anti-acetyl-
lysine antibodies were purchased from Santa Cruz Biotech-
nology, Upstate Biotechnology, and Cell signaling Tech-
nologies. Dual Glow luciferase kit was obtained from
Promega Corporation. GlutathioneS-transferase was ex-
pressed and purified from a standard GST expression plasmid
using glutathione agarose.

Peptide Synthesis.p300 C-terminal peptide CMLVELHT-
QSQDRF for expressed protein ligation and H4-15 peptide
Ac-GRGKGGKGLGKGGAK for acetyltransferase assays
were prepared using the Fmoc strategy. Peptides were
purified (>95% homogeneity) by reversed phase (C-18) high
performance liquid chromatography as described previously
using a gradient of water-acetontitrile (0.05% trifluoroacetic
acid). Electrospray mass spectrometry of peptide confirmed
the correct structures.

Preparation of Wt p300 HAT and p300 HAT-∆Loop.
These semisynthetic proteins were prepared and purified
following previously described procedures (33). Briefly,
pTYB2 expression plasmids encoding p300 HAT protein (aa
1287-1652) or (aa 1287-1652 with an internal deletion of
aa 1523-1554) containing an M1652G mutation fused to
VMA intein-chitin binding domain was grown inEscheri-
chia coliBL21(DE3)-RIL cells toA600 of 0.45, at which point
the incubator temperature was reduced to 16°C and media
allowed to cool. After 15 min, protein expression was
induced by addition of IPTG to a final concentration of 0.5
mM. Cells (1 L) were then grown for 16 h at 16°C, harvested

1 Abbreviations: HAT, histone acetylatransferase; ATF-2, activating
transcription factor-2; b-ZIP, basic leucine zipper domain; HDACs,
histone deacetylases; TSA, trichostatin; PMA, phorbol myristate; LPS,
lipopolysacharrides; PCAF, p300/CBP associated factor; CRE, cyclic
AMP response element; TNF, tumor necrosis factor; CBP, CREB
binding protein: CREB, cyclic AMP binding protein; VMA intein,
comes from sacchromyces cerevisiae nuclear gene called SceVMA;
MESNA, sodium 2-mercapto ethanesulfonate; KK/RR, double arginine
mutant at K357,K374; KK/AA, double alanine mutant at K357,K374;
KK/QQ, double glutamine mutant at K357,K374; AEBSF, aminoethyl-
benzene sulfonyl fluoride

FIGURE 1: ATF-2 and p300 architecture. (A) Domain structure of
ATF-2. (B) Schematic representation of p300 domain structure with
selected interacting proteins.
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by centrifugation, resuspended in intein lysis buffer (25 mM
HEPES (pH 7.9), 500 mM NaCl, 10% glycerol, 1 mM
MgSO4, and 2 mM PMSF), and lysed by two passages
through a French press cell. The lysate was cleared by
centrifugation and applied to a 12 mL chitin column after
extensive washing. Excess buffer was drained, and this
immobilized fusion protein was treated with 200 mM
MESNA to generate the thioester and ligated to 10 mg of
synthetic peptide aa 1653-1666 (CMLVELHTQSQDRF)
over 16 h at room temperature. Fractions containing semi-
synthetic p300 HAT were pooled and concentrated before
being applied to a Mono-S HR5/5 (Amersham Biosciences)
strong cation exchange column for further purification.
Fractions containing purified protein (>90%), as determined
by SDS-PAGE analysis, were pooled and concentrated to
∼5 mg/mL as measured by Bradford assay. Following
concentration, 5% glycerol was added before flash freezing
in liquid N2 and samples were stored at-80 °C. Semisyn-
thetic proteins showed the correct molecular weights as
determined by MALDI (matrix-assisted laser desorption/
ionization) TOF (time-of-flight) mass spectrometry.

Purification of GST-ATF-2-b-ZIP.pGEX-4T-3 plasmid
encoding basic leucine zipper domain (aa 349-415) was
grown in E. coli BL21 (DE3)-RIL cells toA600 of 0.45, at
which point the incubator temperature was reduced to
16 °C and media allowed to cool. After 15 min, protein
expression was induced by addition of IPTG to a final
concentration of 1.0 mM. Cells (1 L) were then grown for
16 h at 16°C, harvested by centrifugation, resuspended in
lysis buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1.0%
NP-40, 10% glycerol, 5 mM EDTA, 5 mM DTT, and 2 mM
PMSF), and lysed by two passages through a French press
cell. The lysate was cleared by centrifugation and applied
to a 10 mL glutathione agarose column. The GST beads were
eluted extensively (>5 column volumes) with wash buffer
(20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1.0% NP-40,
10% glycerol, 5 mM EDTA, 5 mM DTT, and 2 mM PMSF).
The protein was eluted with elution buffer (20 mM Tris-
HCl (pH 8.0), 10 mM reduced glutathione, 5 mM DTT, and
2 mM PMSF), fractions were analyzed by 10% (w/v) SDS-
PAGE, and fractions containing recombinant GST-ATF-2-
b-ZIP (>90% purified) were pooled and dialyzed to remove
glutathione and concentrated to 2 mg/mL. GST-ATF-2-b-
ZIP was stored in 10% glycerol, 20 mM Tris, pH 7.4, and 1
mM DTT at -80 °C.

Preparation of Hyperacetylated p300.Semisynthetic hy-
poacetylated p300 HAT domain (10µM) was incubated with
acetyl-CoA (125µM) in reaction buffer (50 mM HEPES
pH 7.9, 0.1 mM EDTA, 1 mM DTT, and 50µg/mL bovine
serum albumin) for 1 h at 30°C (33, 34). For comparative
analysis of binding studies and acetyltransferase assays (see
below), hypoacetylated p300-∆Loop (10µM) and p300 HAT
(10 µM) were incubated with desulfo-CoA (125µM) in
reaction buffer above in the absence of acetyl-CoA.

GST-ATF-2-b-ZIP Pull Down Assays.GST-ATF-2-b-ZIP
(1 mg/mL) immobilized on glutathione agarose resin in 16
µL of incubation buffer (20 mM HEPES pH 7.9, 5 mM DTT,
1 mM EDTA) was incubated with wt hyper- or hypoacety-
lated p300 HAT domain or hypoacetylated p300 HAT-
∆Loop in binding buffer (50 mM HEPES pH 7.9, 0.1 mM
EDTA, 1 mM DTT, and 50µg/mL bovine serum albumin,
30 µL volumes) at 16°C for 20 min. The resultant samples
were centrifuged at 10000g for 1 min and supernatants were
collected. The pellets were washed twice with 0.1 mL of
wash buffer (20 mM HEPES pH 7.9, 5 mM DTT, 1 mM
EDTA, 50 mM NaCl, 50µM CoASH). Following washing,
the samples were treated separately with 5X SDS gel loading
buffer and analyzed using 10% SDS-PAGE. The dried gels
were scanned and analyzed by Scion Image analysis (Scion
Corporation).

Acetyltransferase Assays.For the peptide H4-15 substrate,
H4-15 (100µM) was incubated with or without GST or GST-
ATF-2-b-ZIP, in the presence of p300 HAT domain (40 nM)
in hyperacetylated or hypoacetylated state in assay buffer
(50 mM HEPES, pH 7.9, 0.1 mM EDTA, 1 mM DTT, and
50 µg/mL bovine serum albumin, 30µL) for 10 min at
30 °C prior to initiation of reaction by the addition of14C-
acetyl-CoA (20µM unless otherwise specified) for 0-1 min
whereupon the reaction was quenched with 6µL of 5X SDS
gel loading buffer and analyzed using 16% Tris-Tricine
SDS-PAGE (34, 35). For acetylation of GST-ATF-2 b-ZIP,
up to 5µM protein substrate was incubated with 40 nM of
p300 HAT domain in the presence of14C-acetyl-CoA (20
µM) for 0-4 min with and the mixture was quenched with
6X SDS loading solution. After running out on 10% SDS-
PAGE, the gels were dried and the radioactivity was
quantified by phosphorimage analysis (Molecular Dynamics)
relative to a14C-bovine serum albumin (Amersham) standard.
Assays were performed in duplicate, and these generally
agreed within 20%.

FIGURE 2: Affinity binding assays with immobilized GST-ATF-2-b-ZIP. (A) Comparative pull-downs of wt hyperacetylated p300 HAT, wt
hypoacetylated p300 HAT, and hypoacetylated p300 HAT-∆loop. SDS-PAGE are stained with Coomassie and intensity values derived
from duplicate measurements. (B) Control experiments with lanes 1 and 3 employing resin only and GST bound to resin and lane 2
containing GST-ATF-2-b-ZIP each treated with hyperacetylated p300 HAT protein as in A.
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ATF-2-b-ZIP Acetylation for Mass Spectrometry Analysis.
GST-ATF-2-b-ZIP (5µM) was incubated with or without
wt p300 HAT domain (250 nM) in the presence of acetyl-
CoA (2 mM) in assay buffer (50 mM HEPES pH 7.9, 0.1
mM EDTA, 1 mM DTT, and 50µg/mL bovine serum
albumin) for 1 h. The proteins were digested with trypsin
(20:1 w/w) in 25 mM ammonium bicarbonate at 37°C for
18 h. Digested peptide mixtures were separated by reversed
phase HPLC on a C18 column with an acetonitrile/water/
0.1% trifluoroacetic acid solvent system. The collected
fractions were dried completely and resuspended in 3µL
of water. 0.5µL of the sample was spotted on a MALDI
target followed by the addition of 0.5µL of R-cyano-4-
hydroxycinnamic acid matrix and was allowed to dry at

room temperature. The MS and MS/MS spectra were
acquired in the positive ion mode using a Kratos Analytical
(Manchester, U.K.) AXIMA-CFR MALDI-TOF mass spec-
trometer equipped with a pulsed extraction source, a 337
nm pulsed nitrogen laser, and a curved-field reflectron. The
acceleration voltage was 20 kV. For the MS/MS spectra
metastable fragmentation was enhanced by increasing the
MALDI laser power. No collision gas was used.

In ViVo Acetylation of ATF-2, Immunoprecipitation, and
Western Blotting. 293 cells and Cos-7 cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) (Life technolo-
gies, Gaithersburg, MD) and 1% antibiotics. Cells were
treated with LPS, cycloheximide, and phorbol myristate

FIGURE 3: ATF-2-b-ZIP domain inhibits hyperacetylated p300 activity. (A) Time course of hyperacetylated (left) or hypoacetylated p300
HAT (right) (40 nM) used to acetylate peptide H4-15 peptide (100µM) in the presence of GST-ATF-2-b-ZIP domain (0, 1, 5µM; black,
blue, red, respectively). (B) Replot of 30 s time point with hyperacetylated p300 HAT data in A (left) and control using 5µM GST in place
of GST-ATF-2-b-ZIP (right). (C) Replot of 30 s time point with hypoacetylated p300 HAT data in A (left) and control using 5µM GST
in place of GST-ATF-2-b-ZIP (right).
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(PMA) with or without HDAC inhibitors (5 mM sodium
butyrate, 10 mM nicotinamide, and 100 ng/mL TSA) for 8
h. Cells were then harvested and lysed at 4°C by gentle
scraping in lysis buffer (50 mM Tris-HCl (pH 7.5), 250 mM
NaCl, 5 mM EDTA, 1 mM DTT, 0.1% NP-40 (w/v), 0.5
mM AEBSF, 1 mg/mL aprotinin/leupeptin, 2 mM NaF, and
0.5 mM Na-vanadate). Lysates were further clarified by
centrifugation at 10000g for 20 min at 4°C. The protein
concentrations of lysates were estimated by Bradford reagent.
Lysates were precleared for 5 min with 10µL of protein G
sepharose and immunoprecipitated at 4°C overnight with
mouse monoclonal anti-ATF-2 (sc-242, Santa Cruz Biotech-
nology) followed by precipitation with 30µL of protein G
for 2 h at 4°C. After two washes with PBS buffer (140 mM
NaCl, 2.7 mM KCl,10 mM Na2HPO4, 1.8 mM KH2PO4, 2
mM EDTA, 0.1% (w/v) NP-40, Roche protease inhibitor
cocktail “COMPLETE”), the immunoprecipitates were run
out on 8% SDS-PAGE, transferred to nitrocellulose mem-
brane, immunoblotted with rabbit monoclonal anti-ATF-2
(9226, Cell Signaling Technology), stripped with Pierce
stripping buffer and reprobed with rabbit polyclonal anti-
acetyl lysine antibody (Upstate 06-933), and detected using
ECL chemiluminescence as per manufacturer instructions
(Super-signal, Pierce).

Mutagenesis of Full-Length Human ATF-2 Human Plas-
mid. pACT-ATF-2 (36) was subjected to site-directed
mutations at K357 and K374 which were created by the
QuikChange mutagenesis procedure (Stratagene). Primers
containing∼18 nucleotides on either side of the mutation
were made. Following PCR assays according to the manu-
facturer’s protocol, the DNA was digested withDpnI and
transformed intoE. coli. Positive clones were isolated, and
the introduction of the mutation was confirmed by sequence
analysis. Using the above methodology KK/RR, KK/AA,

KK/QQ, K357R, K357A, K357Q, K374R, K374A, K374Q
mutants were generated.

Luciferase Assays.Cos-7 cells were plated in 6-well flat
bottomed plates on the day prior to transfection at a density
of 2 × 104 cells/well in DMEM. Transfections were
performed using Lipofectamine-2000 (Invitrogen). The re-
porter CRE-Luc containing sequence placed at 5′ to the gene
of luciferase was employed (37). Cells were cotransfected
with 1 µg of pCRE-Luc (stratagene), 30 ng of pRL-TK-
Renilla (pRL-TK from Promega), and equal amounts of
pACT plasmids expressing wt-ATF-2, KK/RR, KK/AA, KK/
QQ, K357R, K357A, K357Q, K374R, K374A, K374Q for
36 h and treated with HDAC inhibitors (5 mM sodium
butyrate,10 mM nicotinamide, and 100 ng/mL TSA) for 8
h. Cells were lysed and firefly luciferase and Renilla
luciferase activities were measured with luciferase assay
reagent (Dual-Glow luciferase Reporter Assay system,
Promega) using a luminometer. Three replicates were
performed, and the standard errors are shown in Figure 8.
The lysates were further analyzed for amount of ATF-2
expressed in different transfection reactions by immunopre-
cipitation and immunoblotting with anti-ATF-2 antibody
(mouse monoclonal anti-ATF-2 (sc-242, Santa Cruz Bio-
technology) followed by precipitation with 30µL of protein
G for 2 h at 4°C. After two washes with PBS buffer (140
mM NaCl, 2.7 mM KCl,10 mM Na2HPO4, 1.8 mM KH2-
PO4, 2 mM EDTA, 0.1% (w/v) NP-40, Roche protease
inhibitor cocktail “COMPLETE”), the immunoprecipitates
were run out on 8% SDS-PAGE, transferred to nitrocel-
lulose membrane, and immunoblotted with rabbit monoclonal
anti-ATF-2 (9226, Cell Signaling Technology).

FIGURE 4: Proposed model to explain enhanced affinity of p300 HAT for ATF-2-b-ZIP for hyperacetylated p300 HAT.
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RESULTS

ATF-2-b-ZIP Interaction with p300 HAT.Recombinant
GST-ATF-2-b-ZIP protein was immobilized on glutathione
resin and incubated with semisynthetic p300 HAT protein.
It was found that GST-ATF-2-b-ZIP could induce selective
retention of p300 HAT compared to resin or GST alone,
consistent with prior cellular studies (Figure 2A and B).
However, the hyperacetylated p300 HAT (lane 3) was more
efficiently pulled down by GST-ATF-2-b-ZIP compared with
hypoacetylated p300 HAT (lane 5). Lanes 2, 4, and 6 show
that the p300 HAT was evenly loaded in these binding
studies since the supernatant levels remain consistent. Since
many of the acetylation sites in hyperacetylated p300 HAT
reside in a flexible loop region (33, 34), we investigated pull-

down of the loop deleted form of p300 HAT (p300 HAT-
∆loop). Strikingly, p300 HAT-∆loop, not subject to au-
toacetylation, showed retention on immobilized GST-ATF-
2-b-ZIP (lane 1) that was similar to that of hyperacetylated
p300 HAT (lane 3). These studies suggest that the p300
autoacetylated loop is not necessary for p300 HAT/ATF-2
interaction. However, the unacetylated loop may negatively
influence the interaction of p300 HAT with ATF-2-b-ZIP
as loop autoacetylation confers enhanced affinity of p300
HAT binding to ATF-2-b-ZIP.

We next investigated the p300 HAT/GST-ATF-2-b-ZIP
interaction by analyzing GST-ATF-2-b-ZIP’s effects on
p300-mediated acetylation of a histone-derived peptide
substrate H4-15. It was found that GST-ATF-2-b-ZIP but

FIGURE 5: ATF-2-b-ZIP is acetylated by p300 HAT. (A) Hypoacetylated p300 HAT-mediated acetylation of GST-ATF-2-b-ZIP (2.5µM)
vs time with 40 nM p300 HAT (relative acetylation values at 0.5 min, 38%; 1 min, 50%, 2 min, 68%, and 4 min, 100%). (B) Acetylation
of GST-ATF-2-b-ZIP (5µM) vs GST (5µM) by hypoacetylated p300 HAT (0 or 40 nM). (C) Concentration dependence of acetylation of
GST ATF-2-b-ZIP by hypoacetylated p300 HAT. (D) Comparison of hyperacetylated p300 HAT and hypoacetylated p300 HAT catalyzed
acetylation of GST-ATF-2-b-ZIP. GST-ATF-2-b-ZIP (5µM) incubated with hyper/hypoacetylated p300 HAT domain (40 nM) for 4 min.
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not GST alone could inhibit the acetylation of H4-15 peptide
substrate by hyperacetylated p300 in a concentration-
dependent manner of the inhibitor (Figure 3). Inhibition of
hypoacetylated p300 by GST-ATF-2-b-ZIP was much less
(Figure 3), which was especially noteworthy because of the
lower baseline rate of hypoacetylated p300 compared with
hyperacetylated p300. The potency and selectivity of GST-
ATF-2-b-ZIP inhibition was most striking with the hyper-
acetylated form of p300 HAT at the short time points. As
shown in Figure 3B and 3C, at 30 s reaction time, 1µM
acetylation of GST-ATF-2-b-ZIP resulted in 50% inhibition
of p300 HAT activity whereas 5µM of GST-ATF-2-b-ZIP
led to less than 20% hypoacetylated p300 HAT at this time
point. GST alone did not significantly inhibit p300 HAT
whether hypo- or hyperacetylated at these time points (Figure
3B and 3C). These results suggest that ATF-2-b-ZIP binds
more tightly to hyperacetylated p300 HAT, consistent with
the pull-down experiments (Figure 2). Taken together, these
data suggest a structural model in which loop autoacetylation

exposes a binding site for ATF-2-b-ZIP, blocking p300 HAT-
mediated histone acetylation (Figure 4).

ATF-2-b-ZIP as a p300 Substrate.We also investigated
the effect of ATF-2 on p300 HAT autoacetylation. Analogous
to p300 HAT inhibition of histone peptide acetylation, GST-
ATF-2-b-ZIP could block p300 HAT autoacetylation (data
not shown). Accompanying this inhibition of autoacetylation
was the rather interesting appearance of radiolabeling of
GST-ATF-2-b-ZIP, consistent with p300-mediated acetyla-
tion of GST-ATF-2-b-ZIP (Figure 5). In comparison to GST-
ATF-2-b-ZIP, GST alone was minimally acetylated by p300
HAT (Figure 5B and C), suggesting that the targeted lysines
were within the ATF-2 moiety. Kinetic analysis of p300-
mediated GST-ATF-2-b-ZIP acetylation showed a time-
dependent increase in GST-ATF-2-b-ZIP acetylation by p300
HAT over 4 min (Figure 5A). There was little evidence of
saturation of GST-ATF-2-b-ZIP up to 5µM of protein,
suggesting that the apparentKm for GST-ATF-2-b-ZIP was
greater than 5µM. Interestingly, hyperacetylated p300 HAT
showed about 1.8-fold greater efficiency than hypoacetylated
p300 HAT in catalyzing acetyl transfer to GST-ATF-2-b-
ZIP. The increased rate with hyperacetylated p300 may
reflect tighter interaction with ATF-2-b-ZIP or a relief of
autoinhibition by loop displacement.

To further probe the ATF-2-b-ZIP modification, we
undertook a mass spectrometric analysis of b-ZIP modifica-
tion. Using a combination of tryptic digestion and MALDI
mass spectrometry, we obtained unequivocal evidence for
two acetylation sites in ATF-2-b-ZIP at Lys-357 and Lys-
374 (Figure 6). Tryptic digestion at lysine and argine residues
(but not acetylated lysine residues) resulted in two peptides:
KAcFLER and KAcVWVQSLEK, whose MS/MS spectra
revealed the sequence-specific fragmentation shown in Figure
6a and Figure 6b, respectively, consistent with acetylation
at these sites. The sequences of the two acetylation site-
containing peptides were unambiguously determined by the
series of b- and y-type fragment ions (38) present in the
MALDI MS/MS spectra. The b2 fragments in both spectra
contain acetylated lysine residues. In addition, modified
lysine residues were further confirmed by the two marker
ions atm/z 143 (acetylated lysine immonium ion) andm/z
126 (loss of NH3 from the acetylated lysine immonium ion).
It should be noted that each of these sites contains several
proximal basic residues, with two Arg and one Lys on the
N-terminal side of Lys-357 and one Lys and one Arg on the
N-terminal side of Lys-374. The preference for nearby
positively charged residues in p300 substrate acetylation sites
has been noted and discussed previously (35).

FIGURE 6: MALDI MS/MS spectra of two acetylated peptides
obtained from the tryptic digest of the GST-ATF-2 b-ZIP domain:
(A) KAcFLER and (B) KAcVWVQSLEK; the peaks labeled as KAc
represents the characteristic ions of acetylated lysine residue. The
y-series ions labeled on the spectra refer to cleavages at the peptide
amide bonds with positive charge retention on the C-terminal frag-
ment, according to the nomenclature by Biemann (46). (C) Sequence
of ATF-2 b-ZIP indicating acetylation sites at K357 and K374.

FIGURE 7: ATF-2 acetylation in cell culture. 293 and Cos 7 cells
were treated with TNFR, cycloheximide, PMA, or HDAC inhibitors
as indicated, and ATF-2 was immunoprecipitated and blotted with
anti-ATF-2 and anti-acetyl-Lys as indicated.
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ATF-2 Acetylation in ViVo. To investigate the possibility
that endogenous ATF-2 is subject to acetylation in vivo, we
carried out immunoprecipitation-Western blot analysis with
and without anti-acetyl-lysine antibodies (Figure 7). We
found that ATF-2 showed significant staining with anti-
acetyl-lysine antibodies in both 293 and Cos 7 cell lines.
This staining was greatly enhanced by the addition of HDAC
inhibitors, suggesting that ATF-2 acetylation is governed by
the equlibrium resulting from the opposing actions of
acetyltransferases and deacetylases. It is known that ATF-2
transcriptional activation can be stimulated by stress condi-
tions such as inflammatory mediators or protein synthesis
inhibition (26-31). However, unlike responses involving
changes in phosphorylation (26-31), enhanced acetylation
of ATF-2 was not observed by pretreatment with stress
agents TNF-R, PMA, or cycloheximide, suggesting that these

phosphorylations by MAP kinases are not correlated with
lysine acetylation.

Role of ATF-2 Acetylation in Transcription.We employed
a transcriptional reporter assay containing a CRE promoter
driving the production of luciferase in Cos 7 cells (37). As
shown in Figure 8, the endogenous expression of ATF-2 in
these cells was relatively low, thus allowing a simple
comparison of transfected wt and mutant ATF-2 induced
transcription. As can be seen, wt ATF-2 transfected cells
led to a 10-fold enhanced luciferase signal compared to
controls (Figure 8). However, the non-acetylatable ATF-2
double mutant KK357/374RR (KK/RR) showed 2-fold less
transcriptional activation compared to wt ATF-2 in these
experiments (Figure 8). A series of other single and double
Lys mutant constructs displayed similar results to KK/RR
suggesting that each of these Lys residues is required for

FIGURE 8: Mutational analysis of Lys-357 and Lys-374 in ATF-2 on transcriptional regulation using a CREB luciferase reporter plasmid.
(A) Cell lysates were analyzed for luciferase activity. The bars from left to right are as follows: C, control; CRE, pCRE-luc plasmid alone;
Renilla, Renilla plasmid alone; Wt, ATF-2, pCRE-luc, Renilla together (as for all of the ATF-2 mutants to the right of Wt); KK/RR, double
lysine to arginine mutant; K357R; K357A; K357Q; K374Q; KK/AA, double lysine to alanine mutant; KK/QQ, double lysine to glutamine
mutant; K374R; K374A. Anti-ATF-2 immunoblots show comparable transfection efficiency and ATF-2 stability in overexpressing conditions.
(B) Sequence alignment of acetylated lysines-357 and 374 in human ATF-2 b-ZIP domain shows partial or full conservation in related
transcription factors human CREB5, human ATF3, and chicken ATF-2.
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maximal ATF-2 transcriptional enhancement (Figure 8). It
is noteworthy that Lys replacements with Arg (charge
conservation with Lys), Gln (potential mimic of acetyl-Lys),
or Ala all showed similar reductions indicating a specific
need for the physiologic side chain and/or acetylated lysine.

DISCUSSION

Since the molecular identification of HATs and histone
deacetylases in the mid-1990s, reversible protein acetylation
has become an increasingly commonly observed mode of
gene regulation (5). In this study, we have explored two
potential new roles for protein acetylation. On the one hand,
we have found that reversible autoacetylation of p300 HAT
regulates its binding interaction with the ATF-2-b-ZIP
domain. On the other hand, we have shown that p300 HAT
can catalyze the acetylation of the ATF-2-b-ZIP domain on
at least two Lys sites. Given the importance of ATF-2 and
p300/CBP in gene regulation, these findings may have
significance for the control of a broad array of transcriptional
events.

Mechanistically, the enhanced association of ATF-2 and
p300 HAT offers an unusual example of acetylation modu-
lating protein-protein interaction. It is now well-accepted
that bromo domains can bind to acetyl-lysine sequences in
proteins (39). Moreover, there are examples where lysine
acetylation can directly modulate protein-DNA interactions
(10, 40, 41). However, there is limited information regarding
situations where protein acetylation enhances a protein-
protein interaction without bromo-domain involvement (12,
20). In the ATF-2-b-ZIP case, it is proposed that the role of
p300 autoacetylation on ATF-2 interaction is indirect since
hypoacetylated p300 HAT lacking its regulatory loop was
able to bind to ATF-2-b-ZIP about as well as hyperacetylated
p300 HAT containing its regulatory loop. These findings
should stimulate further efforts to search for a broader range
of mechanisms of how lysine acetylation can affect protein-
protein interactions.

The enhanced affinity of autoacetylated p300 for ATF-2
may serve two important functions. First, it may strengthen
the targeting of p300 to ATF-2 regulated genes (26-31).
Second, since ATF-2 can block p300’s catalytic action on
histone peptide substrate, it may suppress histone acetylation
at a given promoter (22). The relative significance of these
two functions should be a consideration in future transcrip-
tional studies. In this light, the apparent ability of p300
conformational changes to modulate other protein-protein
interactions in transcriptional regulation should be considered
(42, 43). It has been shown that binding of p300 to the
preinitiation complex can be modulated by autoacetylation
of p300 (43).

An increasing number of acetyltransferase protein sub-
strates of p300/CBP have been uncovered, and in this report
we add ATF-2 (10-20). It has been reported several years
ago that ATF-2 may have intrinsic acetyltransferase activity
(44). While this has not yet been further confirmed, the
acetylation of ATF-2-b-ZIP is clearly p300 HAT dependent
in vitro. We demonstrate that ATF-2 can be acetylated on
Lys-357 and Lys-374 and that these sites are mutationally
sensitive for transcriptional regulation from the CRE reporter.
These lysine modifications may exert at least two influences
on ATF-2. Since these lysines are within the DNA binding

domain (45), acetylation may change the conformation or
affinity of the ATF-2-DNA complex. Alternatively, Lys
modifications could affect the intramolecular inhibitory
interaction between the N- and C-terminal domains of ATF-2
(4). Distinguishing among these possibilities will require
careful biochemical characterization of full-length ATF-2.
It is also noteworthy that one of these acetylation sites (Lys-
374) is conserved in the transcription factors CREB5 and
ATF3 indicating potential regulatory significance in these
pathways.
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