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The NuA4 histone acetyltransferase (HAT) multisubunit complex is responsible for acetylation of histone H4
and H2A N-terminal tails in yeast. Its catalytic component, Esa1, is essential for cell cycle progression,
gene-specific regulation and has been implicated in DNA repair. Almost all NuA4 subunits have clear
homologues in higher eukaryotes, suggesting that the complex is conserved throughout evolution to metazoans.
We demonstrate here that NuA4 complexes are indeed present in human cells. Tip60 and its splice variant
Tip60b/PLIP were purified as stable HAT complexes associated with identical polypeptides, with 11 of the 12
proteins being homologs of yeast NuA4 subunits. This indicates a highly conserved subunit composition and
the identified human proteins underline the role of NuA4 in the control of mammalian cell proliferation. ING3,
a member of the ING family of growth regulators, links NuA4 to p53 function which we confirmed in vivo.
Proteins specific to the human NuA4 complexes include ruvB-like helicases and a bromodomain-containing
subunit linked to ligand-dependent transcription activation by the thyroid hormone receptor. We also dem-
onstrate that subunits MRG15 and DMAP1 are present in distinct protein complexes harboring histone
deacetylase and SWI2-related ATPase activities, respectively. Finally, analogous to yeast, a recombinant
trimeric complex formed by Tip60, EPC1, and ING3 is sufficient to reconstitute robust nucleosomal HAT
activity in vitro. In conclusion, the NuA4 HAT complex is highly conserved in eukaryotes, in which it plays
primary roles in transcription, cellular response to DNA damage, and cell cycle control.

Studies in recent years have identified several enzymes re-
sponsible for acetylation, methylation, ubiquitination, and
phosphorylation of histones. These enzymes are directly impli-
cated in gene regulation through modification of chromatin
(58). They are often part of stable multisubunit complexes that
contain protein modules thought to be important for regula-
tion, recruitment, and other specialized functions (10). Fur-
thermore, specific histone modifications have been shown to
regulate others, both on the same N-terminal tail and in a
transhistone fashion (17). These modifications can be recog-
nized by protein domains such as bromodomains (acetylated
lysine residues) and chromodomains (methylated lysine resi-
dues). Thus, posttranslational modifications of histones cannot
only directly change chromatin structure but also modulate
interactions of specific proteins with chromatin. Histone acet-
ylation is the most characterized modification and is controlled
by histone acetyltransferase (HAT) and histone deacetylase
(HDAC) complexes, which are recruited by activators and
repressors to promoter regions and regulate transcription. In
Saccharomyces cerevisiae, HAT enzymes Gcn5 and Esa1 are
present in two large protein complexes, SAGA and NuA4,
recruited to promoter regions by transcription activators (10).

NuA4 (for nucleosome acetyltransferase of H4) is a 12-
subunit HAT complex responsible for acetylation of histone
H4 and H2A N-terminal tails. The catalytic subunit Esa1 is the

only essential HAT in yeast and is homologous to human Tip60
(2, 12, 53). Both proteins have been linked to transcription
regulation, as well as DNA double-strand break repair (6, 26;
reviewed in reference 56). Other yeast subunits include Tra1,
an essential ATM family cofactor implicated in recruitment by
transcription activators (2, 9); Yng2, an ING1 tumor suppres-
sor homolog required for transcription activation by p53 and
DNA damage response (11, 41, 42); Arp4, an actin-related
protein linked to epigenetic control of transcription (20); Eaf3,
a chromodomain-containing protein related to the dosage
compensation complex in Drosophila (14); and Epl1, a Dro-
sophila E(Pc) (Enhancer of Polycomb) homolog, which is a
suppressor of position-effect variegation (7, 20). NuA4 can be
recruited by activators in vitro and in vivo to create a large
domain of histone H4/H2A hyperacetylation and activate tran-
scription (41, 47, 57, 59; A. Nourani, R. T. Utley, S. Allard, and
J. Côté, unpublished data). At least 10 of the 12 yeast NuA4
subunits have clear mammalian homologs, suggesting the ex-
istence of a NuA4 complex in mammals (see Table 1). These
homologs have been implicated in transcription activation and
cell transformation by c-Myc, E2F and E1A, p53 function,
coactivation of steroid receptors and NF-�B, DNA repair, ap-
optosis, and Alzheimer molecular onset (reviewed in refer-
ences 10 and 56).

In the present study, we investigated the existence of NuA4
complexes in higher eukaryotes. Human Tip60 and its splice
variant Tip60b/PLIP, which are both highly related to yeast
Esa1 over its entire sequence, were used in affinity purification
protocols from retrovirally transduced human cells. Western
blot/fractionation analysis, immunoprecipitation data, and
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mass spectrometry analysis showed that both Tip60 variants
are part of large multisubunit human NuA4 complexes with
HAT activity similar to the yeast complex. We found that
homologs of 11 yeast subunits are present in human NuA4 and
confirmed their stable association by reciprocal tagging. In
contrast, ruvB-like helicases and bromodomain-containing
Brd8 are specific to the human complex even though homol-
ogous proteins are present in yeast. Chromodomain-containing
MRG15 and a subset of other human NuA4 subunits, includ-
ing DMAP1 (DNMT1-associated protein 1) are also present in
distinct human complexes harboring different chromatin-re-
lated enzymatic activities. Furthermore, identification of ING3
as a subunit of human NuA4 supports a functional link be-
tween NuA4 and cell cycle control by tumor suppressor p53.
Accordingly, we show that ING3 has strong growth inhibition
activity and that Tip60 HAT activity cooperates with p53 for
activation of the p21/WAF1 gene. Finally, we purified a core
recombinant complex formed by Tip60, EPC1, and ING3 that
is sufficient to enable strong HAT activity on nucleosomal
templates. In parallel with studies in yeast, our data indicate
that NuA4 is also a primary regulator of gene expression and
cell cycle progression in human cells.

MATERIALS AND METHODS

Plasmids. The Tip60 cDNA was a generous gift from G. Chinnadurai (28) and
was subcloned by PCR into the KpnI and EcoRI sites of pcDNA3-FLAG. Tip60b
was generated by deleting exon 5 of Tip60 by site-directed mutagenesis by using
the ExSite kit (Stratagene). The Tip60 HAT-dead mutant was described previ-
ously (26). The MRG15 cDNA was amplified from a human liver cDNA bank,
and the DMAP1 cDNA was amplified from a human kidney cDNA bank. Both
were cloned into the BamHI and XhoI sites of pcDNA3-FLAG. The ING3
cDNA was amplified from a HeLa cDNA bank and subcloned into the BamHI
site of pcDNA3-FLAG.

Retroviral vectors expressing Tip60 and Tip60b fused to an N-terminal FLAG
epitope were constructed as follows. The pcDNA3-FLAG-Tip60/Tip60b con-
structs were digested with NcoI, blunted, and cut with XhoI and then ligated into
the pRevTre vector (Clontech) digested with BamHI, blunted, and cut with SalI.

To generate the mammalian TAP-tag C-terminal fusion expression vectors, a
BamHI/EcoRV fragment from pBS1479 (45) was subcloned into the BamHI/
EcoRV sites of pcDNA3 to generate pcDNA3-TAP. The retroviral vector
pRevTre-TAP was obtained by subcloning a BamHI/HindIII fragment from
pBS1479 into the respective sites of pRevTre. The cDNAs of Tip60, MRG15,
and DMAP1 fused to their N-terminal FLAG epitopes were amplified by PCR
and subcloned into the BamHI site of pcDNA3-TAP and pRevTre-TAP. Details
on the cloning procedure (e.g., primer sequences) are available upon request.
For expression in bacteria, cDNAs were amplified from a HeLa cDNA bank and
subcloned into the polycistronic vector according to a shuttle vector procedure
described elsewhere (55).

Antibodies. The anti-TRRAP (�-TRRAP; T-17), �-p33ING1 (C-19), �-actin
(I-19), and �-p21 (C-19) antibodies were purchased from Santa Cruz Biotech-
nologies. The �-Tip60 and �-Sin3A antibodies were purchased from Upstate
Biotechnology. The �-DMAP1, �-p53 (Ab-6), and �-FLAG M2 antibodies were
purchased from Affinity Bioreagent, Oncogene, and Sigma, respectively. These
antibodies were used at a dilution of 1:500, except for �-FLAG M2 and �-p53
(1:1,000). The �-EPC1, �-MRG15, �-BAF53a, �-Tip49a(RUVBL1), �-Tip49b
(RUVBL2), �-HDAC2, and �-GAS41 antibodies were generous gifts from dif-
ferent labs (see Acknowledgments).

Retroviral infection of cell lines and triple-affinity protein purification. MCF7
and HeLa S3 tet-off cell lines were purchased from Clontech and cultured in
Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. 293T
cells were cultured in the same medium. The retroviral packaging cell line PA317
was transfected with the different pRevTre expression vectors by using the
calcium phosphate method, and the viral load obtained was used to infect HeLa
and MCF7 cells as described by the manufacturer (Clontech). HeLa S3 and
MCF7 cells were selected for 2 weeks with 500 and 250 �g of hygromycin B/ml,
respectively, and in the presence of 1 �g of doxycyclin/ml. For suspension cul-

tures, HeLa S3 cells were cultured in Joklik modified minimum essential medium
supplemented with 10% fetal calf serum.

Nuclear extracts from HeLa S3 cells transduced with an N-terminal FLAG and
C-terminal TAP Tip60/DMAP1 constructs were performed as described previ-
ously (62) and adjusted to 0.1% NP-40. Approximately 100 mg of nuclear extract
was precleared with 250 �l of Sepharose CL-6B (Sigma) for 45 min at 4°C, and
then 500 �l of immunoglobulin G (IgG) Sepharose beads (Amersham Bio-
science) was added to the extract, followed by rotation for 2 h at 4°C. The beads
were then washed with 10 column volumes of IgG-Sepharose wash buffer (20
mM HEPES [pH 7.9], 10% glycerol, 300 mM KCl, 0.1% NP-40, 1 mM dithio-
threitol [DTT], 1 mM phenylmethylsulfonyl fluoride, 2 �g of pepstatin/ml, 2 �g
of leupeptin/ml, and 5 �g of aprotinin/ml) and equilibrated with TEV cleavage
buffer (20 mM HEPES [pH 7.9], 10% glycerol, 150 mM KCl, 0.1% NP-40, 0.5
mM EDTA, and 1 mM DTT). Bound proteins were eluted with 500 U of TEV
protease (Invitrogen) in 1.25 ml of TEV cleavage buffer for 2 h at 16°C. The
beads were washed once with 750 �l of TEV cleavage buffer, and this fraction
was pooled with the eluate and incubated with 25 �l of protein A-Sepharose
(Amersham Bioscience) for 15 min at 4°C to eliminate IgG antibodies leaking
from the IgG-Sepharose resin. The eluate was then diluted four times in cal-
modulin binding buffer (20 mM HEPES [pH 7.9], 10% glycerol, 150 mM KCl,
0.1% NP-40, 1 mM imidazole, 1 mM magnesium acetate, 2 mM CaCl2, and 1 mM
DTT supplemented with protease inhibitors) and 7.5 �l of 1 M CaCl2 was added,
along with 500 �l of calmodulin resin (Stratagene), followed by rotation for 2 h
at 4°C. The beads were then washed with 10 column volumes of calmodulin
binding buffer. Proteins were eluted with calmodulin elution buffer (20 mM
HEPES [pH 7.9], 10% glycerol, 150 mM KCl, 0.1% NP-40, 10 mM �-mercap-
toethanol, 1 mM imidazole, 1 mM magnesium acetate, and 5 mM EGTA sup-
plemented with protease inhibitors). Five fractions of 500 �l were collected and
tested for HAT activity as described previously (2). Active fractions were pooled
and then incubated with 100 �l of �-FLAG M2 resin (Sigma) overnight at 4°C.
The beads were washed with FLAG elution buffer (20 mM HEPES [pH 7.9],
20% glycerol, 0.1% NP-40, and 150 mM KCl supplemented with protease inhib-
itors) and batch eluted five times with one column volume of FLAG elution
buffer containing 400 �g of 3X FLAG peptide (Sigma)/ml. Active fractions were
precipitated with 9 volumes of cold acetone-triethylamine-acetic acid (90:5:5),
loaded on a 10% Tris-glycine gel, and silver stained. Preparative gels for tandem
mass spectrometry were stained with Sypro Ruby (Bio-Rad). Protein identifica-
tion by analysis of gel slice tryptic digests on a microcapillary reversed-phase
high-pressure liquid chromatography nanoelectrospray tandem mass spectrom-
etry on a Finnigan LCQ DECA XP Plus quadrupole ion trap mass spectrometer
was performed as described before (14).

Transfections and immunoprecipitations. Nuclear extracts from MCF7 cells
transduced with N-terminal FLAG Tip60 and Tip60b constructs were performed
as described previously (62) and diluted to 150 mM KCl with dilution buffer (20
mM HEPES [pH 7.9], 0.1% Tween 20, 10% glycerol, 5 mM MgCl2, 1 mM DTT
supplemented with protease inhibitors). The nuclear extracts (�40 mg) were
then incubated with 250 �l of �-FLAG M2 resin (Sigma) for 4 h at 4°C. The
beads were then washed three times with 300 mM KCl FLAG wash buffer (20
mM HEPES [pH 7.9], 0.1% Tween 20, 10% glycerol, 5 mM MgCl2, 1 mM DTT,
and protease inhibitors), followed by two washes at 150 mM KCl. Bound proteins
were eluted twice with 200 �g of FLAG peptide/ml in FLAG wash buffer 150 for
1 h at 4°C. The eluate was then loaded on a Superose 6HR (Pharmacia) gel
filtration column at 350 mM KCl. The chromatography was done essentially as
described previously (2) except that every parameter was scaled down 10 times
and data were processed on a SMART system (Pharmacia).

293T cells were transfected with 15 �g of either pcDNA3-FLAG-ING3,
pcDNA3-TAP-MRG15, or the empty pcDNA3 vector by the calcium phosphate
method. At 48 h posttransfection (no stably integrated cell lines could be estab-
lished for these two proteins), nuclear extracts were prepared, adjusted to 150
mM NaCl, and immunoprecipitated as follows. Nuclear extracts prepared from
FLAG-ING3- or FLAG-MRG15-expressing cells were precleared with protein
A-Sepharose (Amersham Bioscience) for 45 min and then incubated with
�-FLAG M2 resin (Sigma) overnight at 4°C. The beads were then washed three
times with binding buffer (20 mM HEPES [pH 7.9], 150 mM NaCl, 0.1% NP-40,
10% glycerol, and 1 mM DTT supplemented with protease inhibitors), and
bound proteins were eluted in binding buffer supplemented with 400 �g of 3X
FLAG peptide (Sigma)/ml for 4 h at 4°C in batch. For the TAP purification of
transiently transfected MRG15-TAP, nuclear extracts were incubated with IgG-
Sepharose beads (Amersham Bioscience) overnight at 4°C. The beads were then
washed three times with IPP150 buffer (45), equilibrated with TEV cleavage
buffer, and proteins were eluted with TEV protease (Invitrogen). The eluate was
then incubated with calmodulin resin (Stratagene) for 4 h, followed by three
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washes with calmodulin binding buffer. Each fraction was then tested for HAT
and HDAC activity and by Western blot as described previously (2, 60).

In Fig. 3B, Nuclear extracts prepared from HeLa S3 cells stably expressing
Tip60-TAP and DMAP1-TAP were bound on IgG-Sepharose beads and then
eluted with TEV protease as described for MRG15-TAP. HAT assays and
Western blots were performed with the TEV eluate.

Colony formation assay. NIH 3T3 cells were transfected with 15 �g of
pcDNA3-FLAG vector alone or carrying ING3 cDNA by the calcium phosphate
method. At 48 h posttransfection, the cells were diluted serially into Dulbecco
modified Eagle medium supplemented with 10% calf serum plus 800 �g of
G418/ml. After 2 weeks of selection, resistant colonies were fixed, stained with
Giemsa, and counted. This experiment was repeated three times, with the same
results. Analysis of ING3 expression by Western blot was performed on nuclear
extracts prepared from an aliquot of the initially transfected cells, as well as from
a pool of G418-resistant cells.

RT-PCR. To determine endogenous levels of p21/WAF1, MDM2, and
GADD45 mRNAs, 293T cells were transfected with different combinations of
cytomegalovirus (CMV)-driven p53 expression vector (1 �g) and Tip60 con-
structs (pcDNA3) (19 �g) by the calcium phosphate method. At 24 h posttrans-
fection, cells were irradiated with 15 Gy using a 60Co source and lysed 5 h later,
and total RNA was extracted by using Trizol reagent (Invitrogen). After reverse
transcription (RT), PCR amplification of the target genes was done with the
specific sets of primers (sequence available on request). GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) and p53 mRNAs were used as internal con-
trols. MDM2, p53, and GAPDH were amplified for 21 cycles; p21/WAF1 and
GADD45 were amplified for 23 cycles.

Recombinant Piccolo NuA4. For analysis of the minimal domain requirement
for nucleosomal HAT activity, full-length Tip60, Tip60b, ING3, ING3(1-300),
and EPC1(1-400) proteins were expressed in Escherichia coli by using modified
T7-based expression vectors. These polycistronic expression vectors allow coex-
pression of multiple proteins in bacteria and purification of stable complexes
(55). Proteins and complexes were partially purified over Talon cobalt affinity
resin via engineered hexahistidine tags at the C terminus of Tip60(b). HAT
assays were performed by using long oligonucleosomes prepared from HeLa cells
and normalized for the amount of Tip60/Tip60b. To confirm stable association,
the core (Piccolo) hNuA4 HAT complex was purified from E. coli extracts by
using a polycistronic expression vector that coexpresses EPC1(1-400) with a
C-terminal hexahistidine tag, ING3(1-300) with a C-terminal Strep-II tag and
untagged full-length Tip60b. Soluble extracts prepared from cells induced with
0.2 mM IPTG (isopropyl-�-D-thiogalactopyranoside) were purified successively
by Talon cobalt metal affinity chromatography (Clontech) and Strep-Tactin af-
finity chromatography (IBA GmbH).

RESULTS

Human Tip60 and its splice variant Tip60b/PLIP are ho-
mologous to yeast Esa1 over the entire length of the protein. In
search of what could be functionally equivalent to yeast NuA4
in human cells we used the yeast catalytic HAT subunit in
sequence homology search. The closest Esa1 homolog is Tip60,
a human protein with similar HAT activity preference for
histone H4 N termini as a recombinant protein (63). Tip60 has
been functionally linked to activation of a number of genes by
transcription activators, namely, steroid nuclear receptors and
NF-�B, and to the cellular response to DNA damage and
apoptosis (reviewed in references 10 and 56). Tip60 has been
purified as a multisubunit complex harboring HAT activity
toward histone H4 and H2A in chromatin (26). The gene
coding for Tip60 also produces a splicing variant, Tip60b or
PLIP, which has been linked to cPLA2 signaling (51). Both
proteins are homologous to Esa1 over the entire length of the
yeast protein, spanning over the MYST and chromo domains
(Fig. 1A). Interestingly, the 52 amino acids encoded by exon 5
and missing in Tip60b are also missing in the yeast Esa1 pro-
tein. This sequence is often responsible for the detection of
Tip60 in numerous two-hybrid screens with heterologous pro-
teins (56). In an effort to study the relationship between

Tip60(b) and yeast Esa1, we produced human cell lines trans-
duced by retrovirus encoding tagged-version of Tip60 and
Tip60b under the control of a Tet-regulated CMV promoter.
This approach allowed us to obtain cells producing near phys-
iological levels of both tagged proteins, decreasing the risk of
natural protein complex disruption by overproduction of exog-
enous proteins.

Tip60 and Tip60b immunoprecipitate from nuclear extracts
as large nucleosomal HAT complexes containing several ho-
mologs of yeast NuA4 subunits. We prepared nuclear extracts
from MCF7 transduced cell lines and performed immunopre-
cipitations with FLAG antibodies, followed by peptide elution
in native conditions. Western analysis confirmed the previously
reported association of Tip60 with TRRAP, an ATM-related
cofactor required for c-Myc and E2F transcription/cell trans-
formation potential, BAF53a, an actin related protein also
required for cell transformation by c-Myc and RUVBL1/2, two
helicases highly related to Holliday junction movement respon-
sible helicases in bacteria, also required for c-Myc function (26,
33, 44, 61) (Fig. 1B). This experiment also identified three new
proteins interacting with Tip60 in vivo that are also homologs
of yeast NuA4 subunits (Table 1). EPC1 is homologous to
yeast Epl1 and has been linked to transcription regulation and
to the oncogenic function of the RET finger protein (52).
MRG15 contains two chromodomains, is homologous to yeast
Eaf3, and has been implicated in c-Myb gene expression and
cellular senescence when mutated (5, 14, 31). DMAP1 contains
a SANT domain, is homologous to the essential yeast protein
Eaf2 (Esa1-associated factor 2) and has been found associated
with DNA methyltransferase-1 and replication foci in vivo (48;
A. Auger, D. Cronier, L. Galarneau, A. Nourani, R. Utley, and
J. Côté, unpublished data). HAT assays on free histones and
oligonucleosomes with the eluted fractions showed specificity
very similar to what is obtained with yeast NuA4, i.e., H3, H2A,
and H4 on free histones but only H2A and H4 on chromatin
(Fig. 1B). Gel filtration analysis of these fractions also showed
that Tip60(b)-associated proteins coelute with the HAT activ-
ity as a single large protein complex (�1 MDa; Fig. 1C).
Importantly, the results obtained with Tip60b are indistin-
guishable from those of Tip60 (Fig. 1B to C; data not shown).
This suggests that both Tip60 isoforms are part of very similar
if not identical HAT complexes.

Triple-affinity purification of Tip60 identifies multiple sta-
bly associated proteins homologous to yeast NuA4 subunits.
To fully characterize the Tip60-containing HAT complex, we
produced transduced HeLa cell line expressing a triple-tagged
version of Tip60. The protein harbors a FLAG epitope at its N
terminus and a tandem affinity purification (TAP [45]) tag at its
C terminus. The TAP tag allows two-step affinity purification
by binding to IgG-Sepharose, TEV protease native elution,
binding to calmodulin resin, followed by EGTA elution. Fi-
nally, the EGTA eluate is bound to anti-FLAG resin followed
by peptide elution (Fig. 2A). This protocol allowed us to obtain
near homogenous material that could be analyzed by silver
staining and tandem mass spectrometry (Fig. 2B). The amount
of purified material obtained was relatively small presumably
because the Tip60 protein is highly regulated through MDM2-
dependent targeting to the proteasome (29). Tip60-associated
proteins identified by Western analysis and/or mass spectrom-
etry are labeled on the right of the gel in Fig. 2B and listed in
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Fig. 2C (an example of Western analysis is shown in Fig. 3B,
lane 2). These data demonstrate that all previously reported
and new proteins identified in Fig. 1 were confirmed as stable
Tip60-associated molecules. A splice variant, as well as a para-
log of EPC1, were found, suggesting that this key subunit could
create distinct functional complexes, e.g., in different cell types
or during development (Fig. 2C). New proteins identified by
mass spectrometry include GAS41, a protein related to AF9/
ENL leukemogenic factors, amplified in early glioma, and es-
sential for cell viability (16, 65) (Fig. 2C). GAS41 is homolo-
gous over the entire length of the protein to yeast Yaf9, a
stable subunit of the NuA4 complex in yeast (Table 1) (30; H.
Zhang, D. O. Richardson, R. T. Utley, Y. Doyon, J. Côté, and
B. R. Cairns, unpublished data). ING3 is a member of the
inhibitor of growth (ING) family of growth regulators which

encompass the tumor suppressor ING1 and are linked to p53
function in transcription and apoptosis (15). ING3 itself is a
candidate tumor suppressor that modulates p53-mediated
transcription and apoptosis (23, 38). ING3 is homologous to
yeast NuA4 subunit Yng2, one of the three ING proteins in
yeast, which is required for p53-dependent transcription in
yeast through specific recruitment of NuA4 activity (41, 42; see
below). Finally, an uncharacterized 201-amino-acid protein
(FLJ11730) was identified in the purified complex which shows
clear homology to the yeast NuA4 subunit Eaf6 (Esa1-associ-
ated factor-6; N. Lacoste, S. Allard, and J. Côté, unpublished
data). Since nine of the proteins that copurified with Tip60 are
homologous to subunits of the yeast NuA4 HAT complex, this
strongly suggests that the complex we have purified is the
human counterpart of the yeast complex.

FIG. 1. Tip60 and Tip60b are associated with homologs of yeast NuA4 complex subunits. (A) Amino acid sequence alignment between the yeast
Esa1, human Tip60, and Tip60b/PLIP histone acetyltransferases. The chromodomain and MYST HAT family homology regions are indicated.
(B) Nuclear extracts from mock, FLAG-Tip60, and FLAG-Tip60b-transduced MCF7 cells were immunoprecipitated with �-FLAG resin, eluted
with FLAG peptide, and analyzed by Western blotting with antibodies against protein homologous to yeast NuA4 subunits. Native FLAG eluates
were also tested in HAT assays on free histones and chromatin substrates. Specific association of actin with Tip60(b) cannot be concluded from
this experiment since it is also detected in the control lane. Proteins previously shown to be associated with Tip60 are marked with an asterisk (26).
(C) Tip60b is part of a large HAT protein complex. The Tip60b FLAG eluate from panel B was purified over a calibrated Superose 6HR gel
filtration column, and fractions were analyzed by Western blotting and HAT assay. Tip60b, EPC1, and H4/H2A HAT activity coelute as a single
high-molecular-mass complex of �1.8 MDa. Molecular mass standards eluted as follows: void volume, fraction 19; 670 kDa, fraction 28; 158 kDa,
fraction 32; 44 kDa, fraction 35; and 17 kDa, fraction 37.
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ruvB-like helicases and a bromodomain-containing protein
are specific to the human complex but have evolutionary con-
served links with yeast NuA4. The identification of ruvB-like
helicases in the initial purification report on Tip60 laid doubts
on the functional equivalence to Esa1 as the yeast NuA4 com-
plex does not contain such subunits (26). The subsequent iden-
tification of another associated factor, SWI2/SNF2-like
ATPase-containing p400/hDomino, added to these doubts
since yeast NuA4 also does not contain this protein domain
(19; Allard et al., unpublished). Here we confirmed the pres-
ence of both ruvB-like helicases and p400/hDomino in the
human complex (Fig. 2). As previously reported, RUVBL1/2
are overstoichiometric subunits compared to Tip60 presum-
ably because of their hexameric ring structure within the com-
plex (26). p400/hDomino has been functionally and physically
associated to cellular transformation by oncoprotein E1A and
transcription regulation (19). In Drosophila the domino gene
has been characterized as an enhancer of polycomb mutations
and a weak suppressor of position-effect variegation (49).
Upon closer analysis of p400/hDomino amino acid sequence
we realized that, aside from the central SWI2-related domain
(amino acid [aa] 1051 to 1625), three additional domains are
present which are also found in the yeast NuA4 subunit Eaf1
(Esa1-associated factor 1, also named Vid21 in databases).
These include the HSA (helicase/SANT-associated [13], aa 764
to 835), SANT (1) (aa 2328 to 2395), and C-terminal Q-rich
domains and are similarly arranged (N to C termini) in Eaf1. A
highly charged region just downstream of the HSA domain is
also found in both Eaf1 and p400/hDomino (data not shown;
Auger et al., unpublished). These homology regions suggest
that p400/hDomino could be the human functional homolog of
yeast Eaf1 in NuA4, bringing the number of conserved sub-
units to 11 of 12. Strikingly, the SWI2-related domain specific
to the human protein is found to be responsible for association
of the ruvB-like helicases (19). Thus, the absence of such
domain in yeast NuA4 also explains the lack of ruvB-like he-
licases in the yeast complex. Interestingly, we recently charac-
terized a yeast protein complex sharing 4 subunits with NuA4
and containing Swr1, a SWI2-like ATPase related to the one
present in p400/hDomino, and Rvb1/2, two ruvB-like helicases
(Auger et al., unpublished).

The presence of Brd8, a bromodomain-containing factor, is
also specific to the human NuA4 complex. This gene produces

at least two splicing isoforms, the longer (1,235 aa) harboring
two bromodomains (aa 705 to 813 and aa 1101 to 1209) and the
shorter (951 aa) containing only one. These two variants are
most likely present in hNuA4 since the Brd8 mass spectrom-
etry hits correspond to a protein doublet �150 kDa and in-
clude a peptide specific to the shorter form (data not shown).
The shorter isoform, also named p120, was shown to interact
with the thyroid and 9-cis-retinoic acid receptors (TR and
RXR) and coactivate both in a ligand-dependent fashion (34,
35). Interestingly, the larger double-bromodomain isoform has
regions homologous to the double bromodomain-containing
protein Bdf1 in yeast. Bdf1 has been shown to preferentially
bind hyperacetylated histone H4 through its bromodomains,
and its deletion is lethal when combined with a mutant allele of
ESA1 (32). The presence of Brd8 in human NuA4 complexes
could reflect the Bdf1-Esa1 functional interaction in yeast.

SANT-domain protein DMAP1 links NuA4 to DNA replica-
tion and is also present in distinct protein complexes with
SWI2-related ATPase activities. To confirm the stable associ-
ation of the identified proteins within a human NuA4 complex,
we produced transduced cell lines expressing a TAP-tagged
version of DMAP1 (Fig. 3). DMAP1 is homologous to yeast
Eaf2 (also named God1 in databases) over the entire length of
the protein (Fig. 3A) and provides a connection between the
NuA4 HAT and the process of DNA replication. DMAP1 was
shown to interact with DNA methyltransferase 1 (DNMT1)
and associates with DNA replication foci in vivo in a DNMT1-
dependent manner (48). When nuclear extract from TAP-
tagged DMAP1-expressing cells was fractionated over IgG-
Sepharose and analyzed by Western blots, the same set of
copurifying polypeptides was identified as for Tip60 (Fig. 3B).
The fraction was also tested for HAT activity and demon-
strated specificity identical to the Tip60 fraction (data not
shown). On the other hand, the Western signal for Tip60 in the
TAP-DMAP1 fraction is very weak, suggesting a heteroge-
neous population of DMAP1 complexes (Fig. 3B, compare
lanes 2 and 3). This idea was confirmed upon triple affinity
purification of DMAP1-associated proteins, followed by tan-
dem mass spectrometry analysis. Figure 3C shows a protein gel
of the purified material stained with quantitative Sypro Ruby
red dye. While the pattern of bands appeared similar to the
purified Tip60-TAP complex, the relative amounts varied
greatly. Though DMAP1-TAP purification yielded significantly

TABLE 1. Human homologs to yeast NuA4 subunits

Yeast NuA4
subunit Human homolog(s) Domain(s)a

Tra1 TRRAP (transformation/transcription domain-associated protein) PI-3 kinase/ATM
Eaf1 hDomino? (p400) SANT, HSA
Epl1 Enhancer of Polycomb (EPC1, EPC-like) EpcA
Eaf2 DMAP1 (DNMT1-associated protein) SANT
Arp4 BAF53a (BRG1-associated factor) Actin related
Esa1 Tip60/Tip60b (Tat interactive protein) Chromodomain/MYST HAT
Eaf3 Mortality factor related genes (MORF4, MRG15/X) Chromodomains
Act1 Actin
Yng2 Inhibitor of growth gene family (ING1 to -5) PHD finger
Eaf5 ?
Yaf9 YEATS family (AF9, ENL, GAS41) YEATS
Eaf6 hEaf6 (FLJ11730)

a PI-3 kinase, phosphatidylinositol 3-kinase.
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more material, much lower specific activity was observed in the
HAT assay (data not shown). Furthermore, Tip60 and MRG15
proteins are underrepresented such that they were only detect-
able in previous fractions. When the purified material was
fractionated by gel filtration as in Fig. 1C a larger elution
profile of EPC1 was observed, whereas DMAP1 signal peaked
at slightly smaller size, arguing for more than one protein
complex (data not shown). This was confirmed by the identi-

fication of two new proteins that were not found in the Tip60-
TAP purified material. SRCAP (Snf2-related CBP activator
protein) is another large protein (2,971 aa) and contains a
SWI2-related ATPase domain very close to the one present in
p400. However, SRCAP does not contain HSA and SANT
domains. SRCAP has been found previously to bind and co-
operate with the CREB-binding protein (CBP) to activate
transcription (27, 36). YL-1 is a nuclear protein that is able to

FIG. 2. Purification of the Tip60-associated proteins identifies the human NuA4 HAT complex. (A) Scheme of the protocol for triple-affinity
(using TAP [protein A/calmodulin binding peptide] and FLAG tags) purification of the Tip60-containing complex. (B) Silver-stained gel of
mock-treated and triple-affinity-purified material. The Tip60-containing complex was purified from N-terminal FLAG- and C-terminal TAP-tagged
Tip60-transduced HeLa cells and then analyzed by silver staining. An extract from nontransduced cells was used as control. Specific bands not
present in the control and identified by mass spectrometry and/or Western analysis are labeled on the right. Nonspecific bands are labeled with
asterisks. (C) Tip60-associated proteins were identified by tandem mass spectrometry. Tryptic digestion of gel slices from a sample as in panel B
were analyzed by tandem mass spectrometry. The proteins identified are listed with the number of different peptide sequences detected for each
of them (their lengths in amino acids are indicated in parentheses). Each protein is homologous to a yeast NuA4 subunit, with the exception of
Brd8 and RUVBL1/2. MRG15, did not produce peptide hits but was identified by Western analysis. Proteins with asterisks indicate the detection
of protein products from splice variants. One mass spectrometry hit was specific for the shorter isoforms of both Brd8 (also known as p120) and
EPC1 (also known as EPC2). p400 is named hDomino because of the close homology with mouse and Drosophila Domino proteins (43). Identified
human protein FLJ11730 is named hEaf6 because of the homology with the yeast NuA4 subunit Eaf6. The accession number for the EPC1 paralog
named EPC-like is NP�056445.
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FIG. 3. SANT domain-containing protein DMAP1 is a stable subunit of the human NuA4 complex. (A) Amino acid sequence alignment
between yeast NuA4 subunit Eaf2, human DMAP1, and a Drosophila homologous protein (dEaf2, accession number AAF57436). The conserved
SANT domain region is indicated. (B) DMAP1 associates with the same set of proteins as Tip60. Nuclear extracts from FLAG-Tip60-TAP,
FLAG-DMAP1-TAP, or mock-transduced HeLa S3 cells were partially purified over IgG-Sepharose beads, and the TEV eluate was analyzed by
Western blotting as in Fig. 1B. (C) Triple affinity purification of DMAP1 identifies distinct non-HAT complex(es). The DMAP1-containing
complexes were purified as in Fig. 2 and analyzed on a gel by quantitative Sypro Ruby staining. Proteins identified by Western analysis or tandem
mass spectrometry are labeled on the right. New proteins not identified in the Tip60 purification are in italics. The positions of MRG15 and Tip60
based on Western analysis of the previous fraction are given in parentheses. The asterisk indicates a nonspecific band. A significant amount of
GAS41 protein was also detected but was run out of the gel presented here (see Western signal in panel B). The numbers of specific peptide
sequences obtained by tandem mass spectrometry analysis performed as described for Fig. 2 are as follows: 6 for TRRAP, 8 for p400/hDomino,
7 for SRCAP (2,971 aa), 4 for Brd8, 13 for DMAP1, 4 for YL-1 (364 aa), 10 for RUVBL1, 14 for RUVBL2, 5 for BAF53a, and 5 for actin.
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act as a specific cell transformation suppressor when overex-
pressed (25). Altogether these data indicate that DMAP1 is
present in the NuA4 complex and at least one other distinct
non-HAT complex with SWI2-related ATPase activity. The
distinct complex(es) contain(s) other subunits shared with
NuA4, including TRRAP, p400/hDomino, Brd8, RUVBL1/2,
BAF53a, actin, and GAS41. This is in agreement with pub-
lished work on p400/hDomino that identified a TRRAP/p400
complex lacking Tip60 and HAT activity (19). The function of
these distinct complexes containing SWI2-related ATPase ac-
tivities remains to be investigated.

Chromodomain protein MRG15 implicates NuA4 in cell
proliferation control and is also present in an HDAC complex.
MRG15 is highly related to yeast Eaf3 and again links the
NuA4 complex to the control of cell proliferation (14, 31). Its
N-terminal chromodomain is truncated in a cell senescence-
inducing mutant (MORF4; see reference 5). Fractionation of

MRG15-TAP extract over IgG-Sepharose and calmodulin res-
ins also confirms the stable association of MRG15 within the
human NuA4 complex since the same set of proteins and HAT
activity were observed (Fig. 4A and C). On the other hand, the
activity was quite low which could be explained by the fact that
MRG15 yeast homologs (Eaf3 and Schizosaccharomyces
pombe Alp13) have also been found as part of Sin3/HDAC
complexes (22, 39; Auger et al., unpublished). MRG15 itself
has been found to interact with mSin3A and implicated in
transcription repression (64). We confirmed that human
MRG15 is also a subunit of a Sin3/HDAC complex by Western
blot, immunoprecipitation, and HDAC assays (Fig. 4B and D).
Immunoprecipitation of MRG15 from nuclear extract brings
down Sin3A and HDAC2 (Fig. 4B), and the pelleted material
contains significant amount of sodium butyrate-sensitive
HDAC activity (Fig. 4D). These results, along with the litera-
ture, indicate that MRG15 is a stable subunit of both HAT and

FIG. 4. The chromodomain-containing MRG15 protein is present in both hNuA4 HAT and Sin3A/HDAC complexes. (A) MRG15 copurifies
with specific subunits of the hNuA4 complex and nucleosomal H4/H2A HAT activity. Nuclear extracts from 293T cells transiently transfected with
MRG15-TAP or mock transfected with pcDNA3-TAP were sequentially purified over IgG-Sepharose and calmodulin beads, analyzed by Western
blotting, and nucleosomal HAT assay. Some nonspecific HAT activity was detected in the mock purification of this experiment, presumably due
to high-copy transfected plasmid, but specific H4/H2A HAT activity is clearly seen in the tagged MRG15 fraction. (B) MRG15 coimmunopre-
cipitates with a Sin3A/HDAC complex. Nuclear extracts from 293T cells transiently transfected with FLAG-MRG15 or mock transfected with
pcDNA3-FLAG were immunoprecipitated with �-FLAG resin, eluted with FLAG peptides, and analyzed by Western blot. (C) Increasing amounts
of the native FLAG eluates from the experiment in panel B (1 and 2 �l) were tested for HAT activity with oligonucleosomes as the substrate.
(D) The same eluates were also tested for HDAC activity by using in vivo-labeled purified free core histones. The specificity of the detected activity
was verified by incubation with the HDAC inhibitor sodium butyrate (25 mM).
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HDAC complexes, suggesting a common specific role in reg-
ulating interaction with chromatin, most likely through its
chromodomains.

ING3 confirms NuA4 function in p53-dependent transcrip-
tion and cell cycle control. During our preliminary sequence
analysis of potential human homologs of yeast Yng2, we did
not suspect ING3 as the human functional counterpart. This
was due to the fact that ING3 is larger than the other ING
family members and contains a central serine-rich region with
no obvious homology. Upon reexamination, the first and last
100 aa of ING3 are in fact the best human match for the
equivalent regions in Yng2 (Fig. 5A). The C-terminal region
contains the PHD finger domain, while the N-terminal region
is responsible for anchoring Yng2 in the yeast NuA4 complex,
an association required for Esa1-dependent acetylation of
chromatin in vitro and in vivo (7, 41). Again, fractionation of
cells expressing an epitope-tagged version of ING3 identified
the same set of copurifying polypeptides and HAT activity
compared to tagged-Tip60 (Fig. 5B). Importantly, Tip60b was
also detected, further confirming that both Tip60 isoforms are
part of similar if not identical complexes.

Since ING3 is part of a family of growth regulator proteins,

we tested this activity by colony formation assay after transfec-
tion and selection for 2 weeks. Figure 5C shows representative
Giemsa staining of petri dishes which clearly demonstrates that
ING3 has strong growth suppressor activity (�20% of colony
formation compared to empty vector). Western analysis of the
limited viable clones obtained suggested that they lost expres-
sion of the ING3 transgene (Fig. 5C, lower panel). Tumor
suppressor ING1 has been suggested to interact with p53 in
vivo and regulate its transcription potential (21). ING2 was
also shown to affect p53-dependent transcription by modula-
tion of its acetylation level (37). In a recent independent study,
overexpression of ING3 was shown to inhibit growth in a p53-
dependent fashion and stimulate p53-dependent transcription
(38). We investigated if ING3’s role in p53 function is through
its association with Tip60 in human NuA4. It is important to
note that Tip60 is unable to directly acetylate p53 in vitro (data
not shown). We transfected cells with p53 in the absence or
presence of Tip60 or Tip60 HAT-dead mutant (26), irradiated
them with 15 Gy, and analyzed by RT-PCR the transcription of
the endogenous p53-regulated p21/WAF1, GADD45, and
MDM2 genes (Fig. 5D). In these conditions p53 transactivates
the p21/WAF1 gene as part of the process of DNA repair

FIG. 5. The PHD finger protein ING3 implicates human NuA4 in p53-dependent transcription activation and growth control. (A) Diagram of
homology regions between yeast Yng2 and human ING3 (�30% identity, 48% similarity). (B) ING3 coimmunoprecipitates with human NuA4
subunits and histone H4/H2A HAT activity. Nuclear extracts from 293T cells transiently transfected with FLAG-ING3 or mock transfected with
pcDNA3-FLAG were immunoprecipitated with �-FLAG resin, eluted with FLAG peptides, and analyzed by Western blot and HAT assay. Note
that both Tip60 HAT isoforms are detected. (C) Chronic overexpression of ING3 suppresses cell growth. NIH 3T3 cells were transfected with
FLAG-ING3 or pcDNA3-FLAG, diluted serially, and selected for 2 weeks with G418. Resistant colonies were stained with Giemsa and analyzed
for ING3 expression by Western blot on protein extracts. G418-resistant clones have lost ING3 expression (BAF53a signal is used as internal
control). (D) Tip60 stimulates p53-dependent transcription after gamma irradiation. RT-PCR analysis of the endogenous p21/WAF1, MDM2, and
GADD45 mRNAs in 293T cells transfected with different combinations of CMV-driven p53, wild-type Tip60 (wt) and Tip60 HAT-dead mutant
(mut.) expression plasmids. All cells were gamma irradiated with 15 Gy. p53 and GAPDH mRNA signals are used as internal controls. Protein
extracts were made in the same conditions and analyzed by Western blotting with �-p21 and �-p53 antibodies to show the significant increase of
p21/WAF1 protein in the presence of wild-type Tip60 but not with the mutant, even though p53 was highly expressed (lower panel).
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checkpoint. Transfection of p53 alone was found to stimulate
p21/WAF1, GADD45, and MDM2 gene transcription by 1.4-,
2.7-, and 3.7-fold, respectively (lane 2). In the presence of
exogenous Tip60, p21/WAF1, GADD45, and MDM2 tran-
scription was further stimulated by 1.9-, 1.6-, and 1.5-fold,
respectively, arguing that Tip60 works as a coactivator of p53-
driven transcription (lane 3). When the HAT mutant Tip60
protein was expressed, this stimulation was lost, and the level
of p21/WAF1, GADD45, and MDM2 transcription dropped to
levels just slightly lower than with p53 alone, suggesting a small
dominant-negative effect (98, 79, and 88% of p53 alone signal,
respectively; Fig. 5D, lane 4). These variations are relatively
small but have significant effects since Western analysis of the
p21 protein in the same conditions shows a clear increase of
protein level in the presence of Tip60 but not with the mutant
form (Fig. 5D, lower panel). Importantly, the Tip60 protein
itself, like p53, is highly and directly regulated by the MDM2
ubiquitin ligase (29), which could explain in part the relatively
small effects detected by RT-PCR. These data indicate that the
human NuA4 complex plays a role in p53-dependent transcrip-
tion in vivo, in agreement with the presence of the ING3
subunit and previous reports implicating TRRAP-containing
HAT complexes (3, 4). This is also consistent with our study in
the yeast system where we showed direct interaction between
NuA4 and p53 activation domain that allows recruitment to
promoter regions, localized histone H4 hyperacetylation, and
transcription activation (42).

A recombinant trimeric complex formed by Tip60, EPC1,
and ING3 is sufficient to enable strong HAT activity toward
chromatin substrates. During our studies on the yeast NuA4
complex, we found that nucleosomal HAT activity depends on
a core complex of Esa1, Epl1, and Yng2 named Piccolo NuA4
(picNuA4). Native picNuA4 complex was also found in cell
extracts and could be responsible for global nontargeted acet-
ylation of chromatin in vivo (7). The first 380 aa of Epl1
physically bridge together Esa1 and Yng2, where Yng2 is re-
quired for robust acetylation of chromatin substrates (Esa1
alone can only acetylate free histones) (7; W. Selleck, J. Côté,
and S. Tan, unpublished data). To investigate the structural
and enzymatic relationship between yeast and human NuA4
complexes, we used a polycistronic bacterial expression vector
(55) to coproduce recombinant forms of 6XHIS-tagged Tip60
or Tip60b, nontagged EPC1(1-400), and ING3. After single-
step affinity purification, we used these recombinant proteins
in HAT assays with oligonucleosomes (Fig. 6A). As previously
shown (26), Tip60 by itself is unable to acetylate chromatin
substrates in vitro, and the same can now be said for Tip60b.
On the other hand, when these are coproduced with EPC1(1-
400) and ING3, potent nucleosomal acetyltransferase activities
are detected (Fig. 6A). Analogous to what has been found with
the yeast complex, the ING3 PHD finger region is not required
for nucleosome acetyltransferase activity [ING3(1-300) con-
struct]. To confirm that a stable trimeric complex was formed,
we coexpressed in bacteria His6-tagged EPC1(1-400), STR-
tagged ING3(1-300), and untagged Tip60b in bacteria. After
successive affinity purification with both HIS and STR tags,
purified material was analyzed on gel (Fig. 6B). The presence
of all three proteins was confirmed by Coomassie blue staining,
Western blot, and HAT assay (data not shown). These data
demonstrate that Piccolo NuA4 structure and activity are also

conserved from yeast to humans. Thus, the nucleosomal HAT
activity associated with human Tip60 proteins is based on the
same structural and enzymatic features as the yeast Esa1 pro-
tein, with a primary role for EPC and ING subunits in the
NuA4 complexes.

DISCUSSION

Collectively, the data presented here using three different
human cell types clearly demonstrate the presence of NuA4
HAT complexes in higher eukaryotes. The subunit identifica-
tions indicate a strikingly high level of structural conservation,
i.e., 11 of 12 subunits conserved from yeast to humans. We also
showed that chromatin modification by the complex functions
through a highly conserved enzymatic core complex, i.e., Pic-
colo NuA4. Finally, we presented evidence supporting a role
for the human NuA4 complex in the control of cell prolifera-
tion in part by cooperation with p53 in transcription regulation
of cell cycle control genes. Interestingly, the previously pro-
posed role of Tip60 in gamma irradiation induced DNA dam-
age response is also conserved since Esa1 is required for DNA
double-strand break repair in yeast (6, 26).

Human NuA4 subunit identifications highlighted multiple
protein domains that have been linked to chromatin function,
all encompassed in the same multiprotein complex. Besides the
MYST HAT domain of Tip60, hNuA4 contains chromodo-
mains that have been proposed to be methylated-histone or
RNA-binding modules, bromodomains that can be acetylated-
histone binding modules (reviewed in reference 17), SANT
domains that have been proposed to bind histone tails (8, 54),
an ATPase domain of the SWI2 family of chromatin remod-
elers (58), an actin-related globular domain that may have
histone chaperone activity (20, 50), a PHD finger domain
which is commonly found in chromatin modifying complexes
and a phosphatidylinositol 3-kinase domain related to ATM/
ATR, which phosphorylate histone H2A.X in response to
DNA damage (46). The presence of the essential GAS41 pro-
tein, a member of the AF9/ENL-related (YEATS) family, also
confirmed the exclusive association of these proteins to tran-
scription/chromatin-modifying complexes, including yeast
NuA4, NuA3, Sas2, SWI/SNF, TFIID/mediator/TFIIF, and
human SWI/SNF complexes (40, 56). We showed that the
Enhancer of Polycomb homology domain of human EPC1, like
Epl1 in yeast (7), is a conserved functional key for histone
acetylation since it bridges the MYST HAT with the ING
protein to enable potent nucleosome histone acetyltransferase
activity (Fig. 6). Interestingly, a splice variant and a distinct
protein highly related to EPC1 were also found in the human
NuA4 complexes, suggesting the possibility of functionally dif-
ferent complexes within the same cell or specific to cell types,
development stages.

Identification of a bromodomain-containing subunit in hu-
man NuA4 distinguished it from its yeast counterpart. Brd8
links NuA4 to ligand-dependent transcription regulation by the
thyroid hormone receptor (35) and could be implicated in local
retention on chromatin after initial recruitment of NuA4 (24).
Interestingly, Brd8 is related to yeast Bdf1, which has been
shown to functionally interact with Esa1 and preferentially
bind acetylated histone H4 (32). Genetic interactions have also
been detected between yeast NuA4 and other bromodomain-
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containing proteins (N. Bouchard and J. Côté, unpublished).
Another protein that initially appeared specific to the human
complex is p400/hDomino. We propose that in fact yeast NuA4
subunit Eaf1 is the functional homolog of p400/hDomino since
they share four regions of homology, including SANT and
HSA domains (A. Auger, D. Cronier, L. Galarneau, A. Nou-
rani, R. T. Utley, and J. Côté, unpublished data). However,
Eaf1 lacks the SWI2-related ATPase domain of p400/
hDomino. Interestingly, the remaining proteins specific to the
human NuA4 complex are the ruvB-like helicases (RUVBL1/
2), which are likely implicated in the DNA repair function of
the complex. We speculate that their absence in the yeast
complex is explained by the lack of the SWI2 domain in Eaf1
since they were shown to depend on this domain for interac-
tion with p400/hDomino (19). In fact, we recently character-
ized a separate non-HAT yeast complex that shares four sub-
units with NuA4 and contains a SWI2-related protein, Swr1,
and ruvB-like helicases, Rvb1/2 (A. Auger, D. Cronier, L.
Galarneau, A. Nourani, R. T. Utley, and J. Côté, unpublished

data). This raises the possibility that the human NuA4 complex
is functionally equivalent to a fusion of two distinct complexes
in yeast, one harboring HAT activity and the other involved in
ATP-dependent chromatin remodeling.

Our finding of DMAP1 in human NuA4 implicates the com-
plex in DNA replication since this protein has been found
associated to the major DNA methyltransferase at replication
foci (48). On the other hand, we did not detect DNMT1 signals
in our NuA4 purification (data not shown). Thus, the interac-
tion could be transient or DMAP1 may have other roles out-
side of NuA4. Indeed, we found that DMAP1 is also present in
one or more distinct protein complexes (Fig. 3C). The complex
or complexes lack HAT activity but contain ruvB-like helicases
and SWI2-related ATPase subunits. p400/hDomino was previ-
ously shown to be part of a non-HAT complex containing other
proteins that are also found with Tip60 (19). We now show that
one of these proteins is DMAP1. Another SWI2-related
ATPase was also identified in DMAP1 purification, SRCAP.
This large protein is related to p400/hDomino over the SWI2

FIG. 6. Conservation of the core nucleosomal acetyltransferase trimeric complex, Piccolo NuA4, from yeast to humans. (A) Coexpression of
EPC1 and ING3 with His-tagged Tip60 and Tip60b in bacteria enable their HAT activity on chromatin substrates. Tip60(b) were affinity purified
from bacteria expressing each protein alone or in conjunction with EPC1 conserved N-terminal domain [EPC1(1-400)] and ING3 with or without
its C-terminal PHD finger [ING3(1-300)]. Relative nucleosomal HAT activity of affinity-purified HIS-tagged Tip60 and Tip60b were measured by
liquid scintillation counting of HAT assays on oligonucleosomes while the amount of Tip60(b) was kept constant (evaluated by Western blot). Note
that Tip60 and Tip60b are not able to acetylate chromatin by themselves and that ING3 PHD finger is not required for nucleosomal HAT activity.
Average counts per minute (cpm) from four different HAT assays are shown (ctl, 276 	 74; Tip60, 425 	 162; Tip60b, 273 	 25; Tip60/EPC1(1-
400)/ING3, 4,872 	 271; Tip60b/EPC1(1-400)/ING3, 9,714 	 531; Tip60/EPC1(1-400)/ING3(1-300), 7,876 	 873; Tip60b/EPC1(1-400)/ING3(1-
300), 11,522 	 1,417). (B) Tip60, EPC1 and ING3 form a stable trimeric complex when coexpressed in bacteria. Protein extract from bacteria
coexpressing EPC1(1-400) with a C-terminal His6 tag, ING3 (1-300) with a C-terminal Strep-II tag and untagged full-length Tip60b was
successively affinity purified on Talon cobalt and Strep-Tactin resins and analyzed on gel after Coomassie blue staining. The presence of all three
proteins was confirmed by Western blot and HAT activity (not shown).
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domain but lacks the SANT and HSA domains. It was shown
to be involved in transcription regulation by CBP (27, 36).

The presence of MRG15 in human NuA4 confirms its im-
portance in the control of cell proliferation. Mortality factor-4
is a truncated version of MRG15 lacking the N-terminal chro-
modomain that induces senescence in a number of cell lines
(5). We show that, like homologs in lower eukaryotes (14, 39),
MRG15 is present in both NuA4 HAT and Sin3/HDAC com-
plexes. This certainly reflects its key role in the interaction of
these complexes with chromatin, most likely through the chro-
modomain. Implication of human NuA4 in the control of cell
division was recently highlighted by a study showing recruit-
ment of Tip60 and p400/hDomino to promoter regions by Myc
in vivo (18). Our identification of candidate tumor suppressor
ING3 further supports an important role for NuA4 in cell cycle
control. Furthermore, ING3 also links hNuA4 to p53 function
in transcription and apoptosis (15, 38). Accordingly, we show
that Tip60 can affect p53-dependent transcription in vivo, a
result reminiscent of our study with the yeast complex (41, 42).
It will be interesting to continue the structural and functional
characterization of human NuA4 complexes since they are
poised to play essential roles in such diverse nuclear functions
as gene regulation, DNA repair, and cell cycle control.
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John, and J. L. Workman. 1998. Transcriptional activators direct histone
acetyltransferase complexes to nucleosomes. Nature 394:498–502.

58. Vaquero, A., A. Loyola, and D. Reinberg. 2003. The constantly changing face
of chromatin. Sci. Aging Knowl. Environ. 2003:RE4. [Online.]

59. Vignali, M., D. J. Steger, K. E. Neely, and J. L. Workman. 2000. Distribution
of acetylated histones resulting from Gal4-VP16 recruitment of SAGA and
NuA4 complexes. EMBO J. 19:2629–2640.

60. Wade, P. A., P. L. Jones, D. Vermaak, and A. P. Wolffe. 1999. Purification of
a histone deacetylase complex from Xenopus laevis: preparation of substrates
and assay procedures. Methods Enzymol. 304:715–725.

61. Wood, M. A., S. B. McMahon, and M. D. Cole. 2000. An ATPase/helicase
complex is an essential cofactor for oncogenic transformation by c-Myc. Mol.
Cell 5:321–330.

62. Workman, J. L., I. C. A. Taylor, R. E. Kingston, and R. G. Roeder. 1991.
Control of class II gene transcription during in vitro nucleosome assembly.
Methods Cell. Biol. 35:419–447.

63. Yamamoto, T., and M. Horikoshi. 1997. Novel substrate specificity of the
histone acetyltransferase activity of HIV-1-Tat interactive protein Tip60.
J. Biol. Chem. 272:30595–30598.

64. Yochum, G. S., and D. E. Ayer. 2002. Role for the mortality factors MORF4,
MRGX, and MRG15 in transcriptional repression via associations with Pf1,
mSin3A, and transducin-like Enhancer of Split. Mol. Cell. Biol. 22:7868–
7876.

65. Zimmermann, K., K. Ahrens, S. Matthes, J. M. Buerstedde, W. H. Stratling,
and L. Phi-van. 2002. Targeted disruption of the GAS41 gene encoding a
putative transcription factor indicates that GAS41 is essential for cell viabil-
ity. J. Biol. Chem. 277:18626–18631.

1896 DOYON ET AL. MOL. CELL. BIOL.


