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Abstract Histone acetyl transferases (HATs) play a

crucial role in eukaryotes by regulating chromatin archi-

tecture and locus-specific transcription. The GCN5 HAT

was identified as a subunit of the SAGA (Spt-Ada-Gcn5-

Acetyltransferase) multiprotein complex. Vertebrate cells

express a second HAT, PCAF, that is 73% identical

to GCN5. Here, we report the characterization of the

mammalian ATAC (Ada-Two-A-Containing) complexes

containing either GCN5 or PCAF in a mutually exclusive

manner. In vitro ATAC complexes acetylate lysine 14 of

histone H3. Moreover, ATAC- or SAGA-specific knock-

down experiments suggest that both ATAC and SAGA are

involved in the acetylation of histone H3K9 and K14 res-

idues. Despite their catalytic similarities, SAGA and

ATAC execute their coactivator functions on distinct sets

of inducible target genes. Interestingly, ATAC strongly

influences the global phosphorylation level of histone

H3S10, suggesting that in mammalian cells a cross-talk

exists linking ATAC function to H3S10 phosphorylation.
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Introduction

Post-translational modifications of histones are known to

play fundamental roles on the biology of the cell [1]. One

of these modifications, the acetylation of lysine residues,

has immediate effects on gene regulation, affects the

folding of chromatin fibers, and also plays a role in the

interaction between histones and other proteins [2–5].

Histone acetylation in general is a mark of active tran-

scription, although the different lysine residues seem to be

important for distinct biological processes. For example, it

has been reported that histone H3 K9/K14 acetylation

defines distinct chromatin regions permissive for gene

expression [3, 6]. Furthermore, histone H4K5Ac and

H4K12Ac have been suggested to function as deposition

marks for newly synthesized histones [7], while acetylation

of H4K16 leads to global opening of the chromatin due to

changes in the physico-chemical properties of the chro-

matin fiber [8]. The histone acetyl transferases that add the

acetyl group to lysines are classified into several HAT

enzyme families and have distinct substrate specificities

[9, 10]. They function as co-activators/adapters of tran-

scription, but can also acetylate non-histone substrates,

thereby regulating their activity or stability [4, 11]. GCN5

is the founding member of the GNAT family of HATs.
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While most of the metazoan genomes code for one GCN5

type factor, vertebrates have a second gene encoding PCAF

(p300/CBP associated factor), which is highly homologous

to GCN5 [4, 11, 12]. GCN5 (or PCAF) is a subunit of the

SAGA (Sgf-Ada-Gcn5 containing acetyltransferase) com-

plex that is conserved from yeast to human cells [4, 13, 14].

Eukaryotic SAGA complexes harbor 19 subunits, which

include TRRAP (or yTra1), ENY2 (or ySus1), USP22

(or yUbp8), and subunits belonging to the ADA, SPT,

TAF, and SGF group of proteins [13]. Recently, a second

GCN5-containing complex has been described from met-

azoans, called ATAC (ADA-Two-A containing) [15–18].

The ATAC complex shares a common core with SAGA,

composed of GCN5-ADA3-SGF29 and either ADA2a

(in ATAC) or ADA2b (in SAGA). Besides these subunits,

the human ATAC complexes contain a second putative

HAT, called hATAC2 (or hCSRP2BP), and five other

subunits; hYEATS2, hZZZ3, hMBIP, hWDR5, and hNC2b
in human cells or their Drosophila orthologues in dATAC.

At present, the biological function of the ATAC complex is

not well understood.

In vitro, yeast and human GCN5 acetylates mainly

histone H3K14. However, when incorporated into the

hSAGA complex, although GCN5 still shows a prefer-

ence for histone H3K14, it also acetylates H3K9 and

H3K18 [19, 20]. The Drosophila ATAC possesses dif-

ferent substrate specificity than dSAGA, since it mainly

acetylates histone H4 [16, 17, 21]. The H4 specific

activity was suggested to result from the presence of the

second HAT, ATAC2, in the complex [17]. When testing

the HAT activity of different hATAC preparations on

free histones, the Flag-MBIP immunoprecipitated (IPed)

hATAC acetylated histone H3 and H4, while the Flag-

YEATS2 IPed hATAC acetylated only histone H3

[15, 18]. Thus, at present, the function of the distinct

metazoan ATAC complexes is not clear, and the physi-

ological targets of the two known subunits with

enzymatic activities (ATAC2 and GCN5) await further

analysis. Moreover, it is not yet well understood why

metazoan cells have two different GCN5-containing HAT

complexes and whether these complexes carry out

redundant or specific functions.

Here, we report the identification of the endogenous

human ATAC complexes. We determined the composition

and the histone acetylation specificity of the hATAC

complex in vitro. Importantly, we propose that the bio-

logical relevance of having two GCN5-containing HAT

complexes, hSAGA and hATAC, manifests mainly in vivo.

We show in both Drosophila salivary glands and human

cells that the SAGA and ATAC HAT complexes respond to

different stimuli and thus play a transcriptional coactivator

function at distinct sets of target genes. We also provide

evidence for ATAC playing a role in the regulation of

global histone H3 Ser10 phosphorylation suggesting a

cross-talk between histone acetylation and phosphorylation

on histone H3 tails.

Materials and methods

Antibodies

The anti-hADA2a monoclonal antibody (2AD2A1) was

raised against the peptide MDRLGSFSNDPSDKPP(C) and

its specificity tested in immunofluorescent staining (elec-

tronic supplementary material, ESM, Fig. 1). To raise

polyclonal antibodies for the ATAC subunits, the following

pepides were synthetized and coupled to ovalbumine: for

the anti-ADA2a antibody (#2619), the MDRLGSF

SNDPSDKPP(C) peptide; for the anti-hZZZ3 antibody

(#2616), the (C)GNNNGRTTDLKQQSTRESW peptide;

for the anti-mADA3 antibody (#2678), the LEGKTGHG

PGPGPGRPKSKN(C) peptide; for the anti-ATAC2 anti-

body (#2734), the IRSHLHRSDPHWTPEPD(C) peptide,

for the anti-hYEATS2 antibody (#2783), the LSQHND

FLSDKDNNSNM(C) peptide; for the anti-hMBIP anti-

body (#2786), the TRPEGIPGSGHKPNSMLR(C) peptide;

for the anti-mGCN5 antibody (#2676), the MAEPSQAP

TPAPAAQPRPL(C) peptide; and for the anti-mPCAF

(#2760) antibody, the MAEAGGAGJPALPPAPPHG(C)

peptide. The sera were affinity purified by using the Sulf-

olink Coupling Gel (Pierce) following the manufacturer’s

recommendations.

Antibodies against the following proteins have been

described earlier: GNC5: 2GC2C11 [22], TAF10:

23TA1H8 [23], TRRAP: 2TRR2D5 [24], TBP: 3G3 [25],

USP22: #2391 [26], SPT20 (p38IP): #4112 [27] and #2487

[13], WDR5: [28], HCF-1: N18 [29], NC2a and NC2b
[30].

Antibodies used for detection of histone modifications

on western blot were: H3 core: ab1791 Abcam; H3K9Ac:

#06-942 Millipore; H3S10P: #05-598 Millipore;

H3K14Ac: #07-353 Millipore; H4K5Ac: ab51997 Abcam;

H4K12Ac: ab1761 Abcam; H4K16Ac: #07-329 Millipore.

Antibodies used for ChIP were: H3 core: ab1791

Abcam; H3K9/K14Ac: #06-599 Millipore.

Drosophila antibodies used for polytene chromosome

staining

Primary antibodies were rabbit anti-FLAG (F-7425;

Sigma–Aldrich) at 1:50, monoclonal antibody against RNA

Polymerase II phosphorylated on Ser5 (H14; COVANCE)

at 1:50 and rabbit anti-Ada2b [31] at 1:25 dilution. Sec-

ondary antibodies were Texas Red Goat Anti-Mouse IgM,

l chain specific (Jackson ImmunoResearch), and Alexa
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Fluor� 488 Donkey anti-rabbit IgG (Molecular Probes) at

1:1,000 dilution.

Baculovirus infections and protein overexpression

Overexpression and protein preparation was done as

described in [32]. For the HA-ATAC2 construct, the cDNA

clone IRAUp969G0838D was purchased from ImaGENES,

the coding sequence amplified with the following primers:

50 AAGAATTCGATGGATAGTAGCATCCACCTGAG 30;
50 TCCTCGAGCTGTATTCGCATCAGCGCC 30, and

then cloned to the EcoRI XhoI sites of pCDNA3 vector

modified to contain an N-terminal HA tag. The tagged

cDNA was further cloned to pVL1393 baculovirus transfer

vector to generate recombinant virus. The hGCN5

expressing construct was described in [33].

Immunoprecipitations were carried out as described

earlier [33].

Cell growth condition, stress treatments

HeLa cells were grown in Dulbecco’s modified Medium

supplemented with 1 g/l glucose, 5% FCS, phenol red, and

gentamycine. Before TPA treatment, cells were serum

straved O/N (0.5% FCS) and then treated with 50 ng/ml

TPA during 1 h. Control treatment was carried out with

DMSO.

Chromatin immunoprecipitation (ChIP) was carried out

as described in [13].

RNA purification, reverse transcription and qPCR

Total RNA was purified using Trizol reagent (Invitrogen),

reverse transcribed by MMLV reverse transcriptase using

random hexamers, and analyzed by the quantitative PCR

(Q-PCR) machine Roche LightCycler480 with Syber

Green (Quiagen) Master mix. All the detected values rep-

resented in the manuscript have been normalized to

CyclophilinB and represent biologically independent

replicates.

siRNA

Negative control (ref. number D-001810-10), anti hZZZ3

siRNA (L-013939-01), anti hATAC2 (L-008481-00), anti

hADA2a siRNA (ref number L-017516-00), and anti

hSPT20 siRNA (ref number L-013820-00) was purchased

from Dharmacon and transfected using Lipofectamine

2000 and OptiMEM serum-free medium following the

manufacturer’s recommendations.

Nuclear extract preparation was described in [33].

Purification of histone H3/H4 dimers, octamers, mono-

and polynucleosomes was performed as described in [34].

Fly stock and generation of transgenic flies

Fly maintenance and crosses were performed as described

previously [26]. The expression constructs of FLAG-tag-

ged D12 and CG10238 in pUAST vector were sent to

bestGene (CA, USA) Drosophila embryo injection services

for generation of transgenic flies. Dpp-Gal4 (to obtain

UAS-FLAG-CG10238/dpp-Gal4 flies) and dpp.blk1-Gal4

(to obtain UAS-FLAG-D12/?;dpp.blk1-Gal4/? flies) stocks

were obtained from the Bloomington Drosophila Stock

centre.

Preparation and treatment of polytene chromosomes

Drosophila salivary glands were dissected from third instar

larvae in 40% acetic acid and fixed for 5 min in 3.7%

formaldehyde, 1% Triton-X 100, 1/29 PBS, and followed

by 2 min in 3.7% formaldehyde, 50% acetic acid on poly-L

lysine-treated slide glass. For TPA treatment, salivary

glands were dissected in 0.7% NaCl, 0.1% NP-40 solution,

incubated with 4 nM TPA in Schneider’s Drosophila

Medium (19) (Invitrogene), 10% FBS for 30 min at 25�C,

and then fixed. After fixation, polytene chromosomes were

squashed by squeezing the slide and siliconized cover slip

and were frozen in liquid nitrogen. The cover slip was

removed and dehydrated for 10 min in ice-cold 50% ace-

tone, 50% methanol solution. The slide was washed in PBS

for 10 min and, for blocking, incubated in 5% skim milk,

PBST (PBS with 0.1% Tween 20) for 1 h at RT. The

squashed polytene chromosomes were covered overnight at

4�C with the diluted primary antibody in a humid chamber.

The slides were washed three times for 5 min in PBST and

incubated with the secondary antibody for 2 h at RT. Slides

were washed three times for 5 min with PBST and

mounted with VECTASHIELD Mounting Medium with

DAPI (Vector Laboratories, Burlingame). The specimens

were photographed in confocal microscopy LSM510 (Carl

Zeiss MicroImaging).

Acetylation assays

Peptide acetylations were performed as described in [13,

35]. Briefly, 1.2 lg of peptide (corresponding to the N-

terminal tail of H3 at positions 6–20 or the N-terminal tail

of H4 from positions 1–19) was added to the immunopu-

rified protein sample together with 1 ll of H3 Acetyl

CoenzymeA (Amersham; 50 lCi/ml) in the reaction buffer

(50 mM TrisHCl pH 8, 20 mM KCl, 5 mM DTT, 4 mM

EDTA) and incubated at 30�C for 1 h. Samples were

spotted on Whatmann P81 nitrocellulose filters, washed 3

times for 10 min in ice-cold 50 mM NaHCO3 pH 9 buffer,

and dried. Filters were then dropped into 5 ml of Ready-

Safe liquid scintillation cocktail (Beckman Coulter) and
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radioactivity was quantified by an LS6000SC Beckman

counter.

Histone acetylation assay: histones were incubated with
14C-Acetyl-CoA and ATAC complex (purified from HeLa

nuclear extracts by anti-ADA2a IP followed by elution

with peptide) or SAGA complex (purified from HeLa

nuclear extracts by anti-USP22 IP followed by peptide) in

19HAT buffer (50 mM Tris pH 7.9, 10% glycerol,

0,1 mM EDTA, 50 mM KCl, 20 mM Sodium Butyrate,

1 mM DTT and protease inhibitors). The reactions were

incubated during 1 h at 30�C, stopped by adding Laemmli

buffer with 100 mM DTT and boiled for 10 min. Proteins

were then loaded on a 13% SDS–PAGE and analyzed by

coomassie brillant blue staining. The gel was then incu-

bated for 20 min in ‘‘Amplify’’ fluorographic reagent (GE

Healthcare) and dried. Blank phosphor screen (Fuji) was

placed overnight on the gel and the radioactive signal was

analysed with phosphorimager scanner Typhoon 8600.

Primers used for the RT qPCR analysis

EGR-1 RT L: ACCTGACCGCAGAGTCTTTTCC;

EGR-1 RT R: CAGGGAAAAGCGGCCAGTATAG;

FRA-1 RT L: CAGGAACCGGAGGAAGGAACT;

FRA-1 RT R: TGCTTCTGCAGCTCCTCAATCT;

c-FOS RT L: GGGGCAAGGTGGAACAGTTATC;

c-FOS RT R: TAGTTGGTCTGTCTCCGCTTGG;

CyclophilinB RT L: CTTCCCCGATGAGAACTTCAA

ACT;

CyclophilinB RT R: CACCTCCATGCCCTCTAGAAC

TTT;

GAPDH RT L: ACAGTCCATGCCATCACTGCC;

GAPDH RT R: GCCTGCTTCACCACCTTCTTG.

Primers used in the ChIP quantification reactions

EGR-1 P L: CTAGGGTGCAGGATGGAGGTG;

EGR-1 P R: TATGGGAAGCAGGAAGCCCTAA;

FRA-1 P L: GTTCCCCGAAGTCTCGGAACAT;

FRA-1 P R: GTGGTTCAGCCCGAGAACTTTT;

c-FOS P L: TTGAGCCCGTGACGTTTACACT;

c-FOS P R: TTCTCAGATGCTCGCTGCAGAT;

non-coding L:TGGAACTTCTGGAAGACACTGGAA;

non-coding R: TACACCACTCAAGGGAAACTGGAA.

Results

Composition of the endogenous hATAC complex

To isolate endogenous human ATAC complexes we carried

out immunopurification (IP) using a monoclonal antibody

raised against ADA2a (ESM, Fig. 1) that is the defining

subunit of the complex (ADA-Two-A-Containing) [15–18].

The IP was carried out on a HeLa cell nuclear extract

without overexpressing any of the putative ATAC subunits

and the proteins that coprecipitated with hADA2a were

resolved by SDS–PAGE and visualized by silver nitrate

staining (ESM, Fig. 2a). The identification of the compo-

nents of this endogenous complex by mass spectrometry

indicated mostly the presence of the same polypeptides as

the ones reported by Guelman and colleagues [15] (ESM,

Fig. 2a, and see Table 1). To further verify the presence of

all the reported subunits in our endogenous complex, we

raised specific antibodies against most of the known sub-

units of hATAC. In addition, to carry out a comparative

examination of the two human GCN5-containing com-

plexes, we have also purified endogenous hSAGA complex

by using an antibody raised against the recently identified

hSPT20 subunit [13]. Consequent comparison of the two

complexes by western blotting analysis revealed the simi-

larities and differences between hSAGA and hATAC.

Common subunits present in both complexes are: hGCN5,

hADA3 and hSGF29 (Fig. 1a). Human ATAC specific

components are: hYEATS2, a large protein containing a

so-called YEATS domain with no known function; hZZZ3,

a potential transcription factor with zinc finger and SANT

domains; hATAC2 containing a putative acetyl transferase

domain; hADA2a, a known adaptor protein affecting the

activity of hGCN5 [36]; hMBIP that was shown to interact

with the MAPK upstream kinase [37]; and hWDR5 also

known as a subunit of the MLL complex [38] (Fig. 1a lane

2). Importantly, SAGA specific subunits such as hTRRAP,

hUSP22 and hTAF10 did not copurify with hADA2a

(Fig. 1a lane 2). As TBP and HCF1 were reported to

interact with the anti-Flag-YEATS2 purified hATAC

complex [18] (Table 1), we tested the presence of these

factors in our endogenous ATAC complex preparations. In

good agreement with our mass spectrometry data, neither

TBP nor HCF1 could be detected in the complex by western

blot analysis (data not shown).

To further confirm our results on the composition of the

endogenous hATAC complex, we carried out reciprocal

IPs with antibodies raised against the putative ATAC

subunits, such as hGCN5, hADA3, hATAC2, hZZZ3,

hMBIP, and hYEATS2. Western blot analyses of samples

eluted by excess of the antigene peptide show that besides

the common subunits (hGCN5, hADA3, and hSGF29), the

ATAC specific proteins (hZZZ3, hYEATS2, hATAC2,

hMBIP, and hWDR5) copurify with the precipitated pro-

teins in all the cases (Fig. 1b). On the other hand,

antibodies against common subunits of SAGA and ATAC

(anti-hGCN5 or anti-hADA3) also pull down hSAGA

specific subunits, such as hTRRAP, hUSP22, and hTAF10

(Fig. 1b lanes 2, 3). Based on our observations, we con-

clude that hADA2a, hGCN5, hADA3, hSGF29, hZZZ3,
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Table 1 Subunit composition

of the known Drosophila and

human ATAC complexes

Drosophila ATAC

subunits [16, 17]

Human ATAC

purified by

anti-flagYEATS2

IP [18]

Human ATAC

purified by

anti-flagMBIP

IP [15]

Human ATAC

purified by

anti-hADA2a IP

(present work)

dGCN5 hGCN5 hGCN5 hGCN5

hPCAF hPCAF

dADA2a hADA2a hADA2a hADA2a

dADA3 hADA3 hADA3 hADA3

dATAC1 (CG9200) ZZZ3 ZZZ3 ZZZ3

dATAC2 (CG10414) hATAC2 (hCSRP2BP) hATAC2 (hCSRP2BP) hATAC2 (hCSRP2BP)

CG30390 hSGF29 hSGF29 hSGF29

dATAC3 (CG32343)

HCF HCF1

WDS WDR5 WDR5 WDR5

D12 YEATS2 YEATS2 YEATS2

NC2b NC2b NC2b NC2b

CG10238 MBIP MBIP MBIP

UBAP2L

CHRAC14 POLE3

POLE4

MAP3K7

TBP

C

common

subunits

ATAC

subunits

SAGA

subunits

A B
GCN5

ZZZ3

USP22

TRRAP

WDR5

TAF10
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SGF29

YEATS2

MBIP

ATAC2

1 2 543213 876
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Fig. 1 Subunit composition of the endogenous human ATAC

complex. a Comparison of an anti-ADA2a and an anti-hSPT20 IP

reveals the differences in composition of hATAC and hSAGA,

respectively. The two complexes were purified from HeLa nuclear

extract (NE) by means of antibodies developed against hADA2a (lane
2) or hSPT20 (lane 3) and the coprecipitated proteins were detected

by western blotting. b Different IPs demonstrate the existing

interactions between hSAGA and hATAC subunits. The common,

the ATAC-specific and the SAGA-specific, subunits are marked on

the left side of the figure. c NC2b, but not NC2a is a component of the

hATAC complex, as it copurifies with other subunits of the complex

both in anti-ADA2a (lane 2) and in anti-NC2b (lane 4) IPs. Asterisk
the heavy chain of the antibody
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hATAC2, hYEATS2, hMBIP, and hWDR5 are all bona

fide subunits of the endogenous ATAC complex in human

cells.

As we have also obtained one peptide by mass spec-

trometry corresponding to the NC2b (also called Dr1;

[39–41]) in one of our ATAC purifications, and as NC2b
has been reported to be a component of the Flag-purified

ATAC complexes [15, 18], we have investigated the

interaction between hADA2a and the two subunits of the

NC2 complex, NC2a and NC2b [30, 42]. Our results

clearly show that only NC2b is associated with the

endogenous hATAC complex since an antibody against

NC2b coprecipitated the tested hATAC subunits and, vice

versa, the anti-ADA2a IP precipitated NC2b (Fig. 1c lanes

2, 4). In contrast, the anti-NC2a antibody coprecipitated

only NC2b, but no ATAC subunits (Fig. 1c lane 3). Thus,

NC2b is also a bona fide subunit of the endogenous

hATAC complex.

In summary, our results provide evidence for the exis-

tence of an endogenous ATAC complex containing at least

ten subunits (see Table 1).

In vitro hATAC and SAGA acetylate histone H3 K14

After the purification of the endogenous ATAC complex

from human cells, we aimed to test its substrate specificity

and compare it to that of hSAGA. To this end, we per-

formed in vitro acetylation assays on wild-type and

mutated N-terminal histone tail peptides. In each mutant

peptide, we changed one acetylable lysine (K) residue to

arginine (R) that mimics the non-acetylated form of the

amino acid. First, we analyzed the substrate specificity of

the two GCN5-containing complexes, ATAC and SAGA,

in peptide acetylation assay. Both complexes were purified

from HeLa cells by specific IPs and normalized for the

content of the common subunits (ESM, Fig. 3a). Surpris-

ingly, in this in vitro peptide acetylation test, we observed

no difference between hSAGA and hATAC, as both

complexes showed a preference for acetylating histone

H3K14 (Fig. 2a, b).

Next, we analyzed the activity of the two ATAC-asso-

ciated HAT enzymes alone. Both recombinant enzymes

(flag-GCN5 and HA-ATAC2) were purified from baculo-

virus infected SF9 insect cells by immunoprecipitation and

consecutive peptide elution (ESM, Fig. 3b). While GCN5

showed specificity toward H3K14 in these reactions

(Fig. 2c), ATAC2 had no detectable activity even when ten

times more enzyme was added to the reactions (Fig. 2d).

Thus, our data suggest that the second putative acetyl-

transferase subunit of the ATAC complex is inactive in

vitro on the tested histone tail peptides.

To exclude the possibility that the use of non-physio-

logical substrates (i.e., short peptides) changes the specificity

of the enzymes in the complexes, we tested the HAT

activity of ATAC and SAGA on purified full-length histone

H3–H4 dimers and histone octamers containing all the four

core histones. In these acetyltransferase assays, both SAGA

and ATAC complexes acetylated mainly histone H3

(Fig. 2e). Similar results were obtained when we tested the

acetyltransferase activity of the two complexes on mono-

and polynucleosomes (Fig. 2f). Note, however, that

polynucleosomes seemed to be better substrates than

mononucleosomes. Our results are in good agreement with

those of the Martinez group [18], and suggest that, in spite

of the evolutionary conservation of the protein sequences

from Drosophila to human, the human complex has no or

very weak H4 specificity in vitro. Thus, the functional

difference between the human SAGA and ATAC com-

plexes seem not to be related to their histone substrate

specificity.

ATAC complexes containing either GCN5 or PCAF

exist in mouse fibroblasts

The fact that the ATAC complex contains two HATs

(GCN5 and ATAC2) raised the possibility that the two

enzymes may have overlapping or redundant activities

within the complex. To be able to measure the activity of

ATAC2 alone in the context of the intact ATAC complex,

we decided to purify ATAC complexes from Gcn5hat/hat

mouse embryo fibroblasts (MEFs), in which the GCN5

catalytic activity was inactivated by double E568A and

D608A mutations in the HAT domain [43]. We prepared

nuclear extracts from wild-type (?/?) and Gcn5hat/hat

MEFs and carried out IPs using the above described anti-

ADA2a antibody (Fig. 3a, elution 1). Surprisingly, in

nuclear extracts prepared from Gcn5hat/hat mutant MEFs,

PCAF expression was significantly up-regulated (2- to

3-fold), indicating that, when GCN5 is inactivated, cells

compensate the loss of its activity with that of its para-

logue (see Introduction and Fig. 3b lane 2). Note that

similar results were described in a different cellular system

[44]. Moreover, our western blot analysis indicated that

ATAC, purified by a simple anti-ADA2a IP, contained

both PCAF and GCN5 (Fig. 3b lanes 3, 4). The question

thus rose whether these complexes can be separated into

fractions containing exclusively GCN5 or PCAF. Alter-

natively, a given ATAC complex might contain both

GCN5 and PCAF. To decide, the ADA2a-containing

complexes were re-IPed with an anti-GCN5 antibody (see

Fig. 3a). When the GCN5-free supernatant of this second

anti-GCN5 IP was compared to the GCN5-containing

elution fraction by western blot (elution 2 on Fig. 3a), it

became clear that we have separated PCAF-containing

ATAC complexes (hereafter called P-ATAC) from

GCN5-containing complexes (hereafter called G-ATAC)
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(Fig. 3b, compare lanes 5–6 with 7–8). These results

clearly demonstrate that vertebrate cells contain both

G-ATAC and P-ATAC complexes and that the presence

of GCN5 or PCAF in these complexes is mutually

exclusive.

The in vitro HAT activities of the different ATAC

complexes

To measure the acetyltransferase activity of ATAC2 in

ATAC, we have compared the HAT activities of the above
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Fig. 2 Histone acetyltransferase activity of the human GCN5 con-

taining complexes and their HAT subunits. a–d Acetylation activity

of endogenous purified hATAC (a), hSAGA (b), recombinant (rec)

GCN5 (c), and recombinant ATAC2 (d) on histone tail peptides was

measured by liquid scintillography. Histone H3 peptides are shown in

gray, histone H4 peptides and the reaction without peptide are in

black. Note that, due to the described weak HAT activity of
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purified GCN5- or GCN5hat-containing ATAC complexes

on histone tail peptides as previously (see Fig. 2). Sur-

prisingly, in this in vitro peptide acetylation test using

either the H3 (aa 6–20) or the H4 peptide (aa 1–19), we

observed no activity of the G-ATAChat complex, while

wild-type G-ATAC acetylated the H3 peptide as before

(Fig. 3c). This result, together with the lack of activity

obtained with recATAC2 on histone tails (Fig. 2d), sug-

gests that the mammalian ATAC2 is inactive in vitro in

conditions that are appropriate for the GCN5 HAT activity.

Moreover, in this in vitro test, the HAT specificity of

P-ATAC was similar to that of G-ATAC (Fig. 3c). Thus,

our observations suggest that (1) in vertebrates at least two

different ATAC complexes exist with very similar com-

position and in vitro substrate specificity, (2) the mouse or

human ATAC2 may have non-histone substrates, and (3)

that in vitro no significant differences could be determined

between the HAT activities of SAGA and ATAC.

ATAC- or SAGA-specific knock-downs lead to a drop

in global histone H3 acetylation on K9 and K14,

but do not affect histone H4 acetylation levels

To further analyze the differences between the two human

GCN5-containing complexes in vivo, we tested how the

global level of post translational modifications of histones

are affected in cells where either an ATAC-specific or a

SAGA-specific subunit was knocked down by using

siRNAs. HeLa cells were transfected with control non-tar-

geting siRNA (NC), anti-SPT20 siRNA (SAGA-specific) or

anti-ADA2a (ATAC-specific) siRNA (Fig. 4a). At 48 h

post-transfection, cell extracts were prepared and analysed

by western blotting. The knock-down of SPT20 or ADA2a

was efficient since we obtained a clear reduction in the

respective protein levels (Fig. 4a). Next, the amount of

histone content in each extract was normalized using an

antibody recognizing the core domain of histone H3 (Fig. 4b

upper panel). Surprisingly, compared to the control, only the

H3K9Ac and the H3K14Ac marks were reduced and this

reduction was of similar extent in both siADA2a and siS-

PT20 treated cells (Fig. 4b, c). On the other hand, the

acetylation marks located on histone H4, such as K5Ac,

K12Ac, and K16Ac, were unaffected in our siRNA-trans-

fected cells. These experiments show that, similarly to the in

vitro experiments, on global histone acetylation levels no

significant differences could be determined between the

HAT activities of SAGA and ATAC. Also, in HeLa cells,

the knock-down of ATAC- and SAGA-specific subunits do

not influence globally the histone H4 acetylation.

ATAC-specific knock-down leads to a drop in global

histone H3 phosphoryalation on serine 10

As the Drosophila ATAC complex was shown to influence

histone H3S10 phosphorylation [45], we have also tested

whether ATAC- or SAGA specific knock-downs affect
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H3S10 phosphorylation in human cells. Interestingly, we

found that in HeLa cells with decreased ADA2a levels the

H3S10 phosphorylation mark was reduced to 36% of the

control, while the effect of SAGA knock-down was much

milder (70%) (Fig. 4b, c). Importantly, this result defines

an evolutionarily conserved cross-talk linking ATAC HAT

function to H3S10 phophorylation.

dATAC and dSAGA regulate different inducible genes

in Drosophila salivary glands in vivo

To explore the in vivo functional differences between

ATAC and SAGA complexes, first we examined the

localization of the complexes in salivary glands on poly-

tene chromosomes of Drosophila. To be able to visualize

the recruitment of dATAC specific subunits and compare

the function of dATAC to dSAGA, transgenic flies were

generated in which two dATAC-specific subunits, D12

(homologue of hYEATS2) and CG10238 (homologue of

hMBIP, see Table 1), were Flag tagged. The localization of

ADA2b, a SAGA specific subunit, was followed by an anti-

dADA2b antibody labeling. For detecting the polymerase,

we used an antibody raised against the serine 5 phos-

phorylation of the CTD of the large subunit of Pol II (Pol II

Ser5P), which is a marker for Pol II incorporating in a

functional preinitiation complex (PIC). Interestingly, under

non-stimulated conditions, all the bands stained by anti-

bodies against Flag-D12, Flag-CG10238, or ADA2b

localized to euchromatic segments giving weak DAPI

signal (Fig. 5a, c, e). Although ATAC and SAGA were

suggested to function in histone modification and tran-

scriptional regulation, our in vivo results in these non-
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stimulated conditions showed only rare colocalization of

dATAC or dSAGA with RNA Pol II. To establish the role

of ATAC in transcription activation, we induced genes by a

TPA (12-O-tetradecanoylphorbol-13-acetate)-treatment

and tested the recruitment of the dATAC complex to the

transcriptionally active loci. Following the TPA-treatment,

we observed an increased recruitment of dATAC (visual-

ized by D12 and CG10238) to Pol II positive chromosome

regions (see white arrows in Fig. 5b, d). In striking contrast

to dATAC subunits, the dSAGA-specific subunit ADA2b

showed no recruitment to the active bands following TPA

induction (see Fig. 5f). These in vivo results suggest for the

first time that SAGA and ATAC regulate different set of

genes depending on the cellular stress received.

hATAC is recruited to the promoter of immediate early

genes in human cells

The above-described in vivo results obtained on Drosophila

salivary gland polytene chromosomes hinted at regulatory

mechanisms in which the function of SAGA and ATAC do

not overlap. In addition, our recent results showed that

human SAGA is not involved in the transcription activation

of immediate early (IE) genes [13]. Thus, we tested whether

hATAC would participate in the regulation of IE genes

following stimulation. To this end, we analyzed the

recruitment of the hATAC complex to IE gene promoters

after TPA treatment by chromatin immunoprecipitation

(ChIP) in HeLa cells. First, we examined the mRNA level
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of three IE genes (c-FOS, FRA-1, and EGR-1) after 1 h of

TPA treatment. As a result, we obtained a 3- to 20-fold

stimulation of these mRNA species compared to the con-

trol, while the expression of GAPDH mRNA remained

unchanged (Fig. 6a). We also carried out a control DMSO

treatment, where we obtained no significant effect on the

expression of IE genes (not shown). Then, we prepared

chromatin from both non-treated and TPA-induced cells

and carried out ChIPs by using antibodies raised against

RNA Pol II, hATAC subunits (hADA3, hZZZ3), and a

hSAGA-specific subunit (hSPT20). The results showed

that, together with RNA Pol II, subunits of the hATAC

complex (hZZZ3 and hADA3) got recruited to the three IE

promoters after TPA treatment in human cells (Fig. 6b–d).

At the same time, no increase in the occupation of these loci

was observed for hSPT20, which is a hSAGA specific

subunit (Fig. 6e). The amount of the IPed control region (a

genomic region not harboring any Pol II transcription unit)

remained unchanged following the TPA treatment (Fig. 6b–

e) and was close to levels obtained with negative control

anti-GST ChIP (not shown). Note that TPA did not induce

the expression of the tested ATAC or SAGA subunits in the

cells (ESM Fig. 4). These results together with those

obtained with Drosophila salivary gland stainings show that

ATAC, but not SAGA, is recruited to TPA-induced gene

promoters. Thus, our observations indicate for the first time

a differential recruitment of the two HAT complexes,

ATAC and SAGA, to stress-regulated genes in mammalian

cells.

Knock-down of ATAC subunits leads to defects

in the TPA-induced gene expression

Next, we analyzed whether the knock-down of ATAC

subunits influences the regulation of the above tested TPA-

regulated genes. After transfection of HeLa cells with

siRNA against hZZZ3 or hATAC2, we observed a *50%

decrease in the corresponding mRNA levels (Fig. 7a) and

a * 75% decrease in the protein levels of these two ATAC

subunits, respectively (Fig. 7b), when compared to the

control siRNA-transfected cells. To analyze the effect of

the knock-down of a SAGA specific subunit, we carried out

anti-SPT20 RNAi experiments in parallel. Following TPA-

treatment in ZZZ3- or ATAC2-siRNA-transfected cells,

the transcriptional activation of the tested IE genes was

significantly reduced to *50% of the negative control

situation (Fig. 7c–e). At the same time, knock-down of

SPT20 had no significant effect on the up-regulation of IE

genes. This is in good agreement with our previous

observations showing that SAGA is not required for IE

gene induction [13]. The siRNA transfections had no effect

on the GAPDH mRNA level (Fig. 7f). Altogether, these

results confirm that ATAC, but not SAGA, is recruited to

the promoters and is required for the induction of the

studied TPA-induced genes.

ATAC is indispensable for the correct histone

H3 acetylation status of IE gene promoters

both under non-induced and activated conditions

As the above results indicated that the knock-down of

ATAC subunits leads to defects in the induction of IE gene

expression and that the global levels of both H3K9Ac and

H3K14Ac were decreased in cells deficient for either their

SAGA or ATAC function (Figs. 4 and 7), we tested whe-

ther the knock-down of ATAC- and SAGA-specific

subunit(s) influences the acetylation at specific gene loci.

Thus, we carried ChIP experiments to test the H3 acety-

lation at positions K9 and K14 on histone H3 at the

promoters of IE genes that we found to be regulated only

by ATAC (see Figs. 6 and 7). HeLa cells were transfected

either with non-targeting siRNA (NC), or siRNA against

ADA2a or SPT20. At 48 h after transfection, the cells were

serum starved overnight and then half of them treated with

TPA for an hour as above. Chromatin was prepared and

subjected to two different IPs. The anti-H3 core IP served

as a control, while the IP using the anti-H3K9/K14Ac

antibody highlighted the changes of this active chromatin

mark at the tested genomic regions. All values obtained

were normalized with those obtained at a non-coding

region, where no transcriptional regulation takes place,

thus the level of the histone marks remains unchanged. No

significant changes were obtained in H3 levels at the tested

IE gene promoters following TPA treatment (Fig. 8a). As

expected, in the control siRNA-treated cells, the histone H3

acetylation level increased considerably (3- to 6-fold) at all

the three IE promoters tested (see NC in Fig. 8b). Simi-

larly, an increase in H3K9 and K14 acetylation was also

observed in siSPT20-transfected cells; however, the

increase was less pronounced (2-fold; Fig. 8b). Surpris-

ingly, in siADA2a-transfected cells, the H3K9 and K14

acetylation pattern was completely deregulated before

activation. In the non-treated cells, the H3K9 and H3K14

positions became highly acetylated at the promoters of

these three, normally silent, genes. The fact that the pres-

ence of the positive H3K9/K14Ac histone mark at the

promoter of IE genes does not correlate with the tran-

scriptional status of the genes (Fig. 8, see also Figs. 6a and

7c–e) suggests that the H3K9 and H3K14 acetylation

marks alone are not sufficient for recruiting the Pol II

transcription machinery (see also Discussion). Addition-

ally, in the siADA2a-transfected cells, following TPA

induction, the H3K9/K14 acetylation dropped at the three

tested promoters, when compared to the non-treated cells

(Fig. 8b). This deregulated acetylation balance at the IE

promoters may thus be responsible for the impaired
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activation of the IE genes in ATAC knock-down cells (see

Fig. 7c–e). In all, our observations suggest that ATAC is

indispensable for the transcriptional regulation of IE genes

both in non-induced and in activated situation, while

SAGA is not required.

Discussion

Metazoan ATAC complexes are conserved

through evolution

Although GCN5 was the first enzyme identified to link

histone modification and regulation of gene expression

[46], it was only during recent years that data shed light on

the existence of several GCN5-containing complexes in

vivo in metazoans. The first indication came from the

discovery that in metazoans and in plants the yeast Ada2

protein, an adaptor having effect on the activity of GCN5

activity [36, 47], has two orthologues: ADA2a and ADA2b

[31, 48, 49]. These two orthologues in plants and Dro-

sophila have distinct biological functions [50, 51]. Both

ADA2a and ADA2b are essential in Drosophila [51], and

the two proteins associate with dGCN5 in the context of

two different complexes. While SAGA is a well-studied

transcriptional co-activator complex [4, 52], the second

complex, ATAC, was long over-looked in the different

studies. The first signs of its presence in metazoans

emerged during the determination of size of ADA2a- and

ADA2b-containing complexes [16, 31]. The genetic anal-

ysis of mutant flies also suggested that two different

assemblies are at play on the genome and that the substrate

specificities of SAGA and ATAC differ in vivo [21, 51].

Further analysis of the dATAC complex established that a

second HAT enzyme, dATAC2, is also part of the complex

that seems to acetylate histone H4 at position H4K16

during Drosophila embryogenesis [17]. This observation,

however, contradicts the results obtained on the polytene
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chromosomes prepared from ADA2a mutant flies, which

show a clear decrease in acetylated H4K5 and H4K12

levels, while the H4K16 hyperacetylation on the male X

chromosome is not altered [21, 53]. The different results of

the two systems still await a precise analysis and

explanation.

Considering the high conservation of the known sub-

units of both dSAGA and dATAC through evolution

(reviewed in [4, 54]), the identification of an ATAC-like

complex in vertebrates was expected. Early publications

provided evidence for the interaction between hADA2a

and hGCN5 or its mammalian-specific homologue PCAF

[14, 55], but results clearly showing that both ATAC and

SAGA exist in human cells were lacking until the last year

[15, 18]. Our present study validates the results obtained by

overexpressing one of the ATAC subunits and using it for

consequent immunopurification [15, 18]. At the same time,

some of the identified components of the hATAC purified

by an anti-flag IP seem to be missing in our endogenous

system (see Table 1). Wang and colleagues reported the

presence of additional proteins in the ATAC purification

associating with the Flag-tagged YEATS2 (i.e., UBAP2L,

MAP3K7, POLE4, and TBP) [18]. These subunits or their

Drosophila orthologues have not been identified in our

endogenous complex or in the other reported ATAC

complexes ([15, 17] and our study) (Table 1). Interestingly,

dHCF1 and its human homologue were described to be

components of the dATAC- and the Flag-tagged hY-

EATS2-containing hATAC complexes (Table 1); however,

in our endogenous ATAC preparations and in that purified

by Guelman and colleagues [15], no hHCF1 was identified

either by mass spectrometry or by western blot analysis.

A strikingly high level of conservation exist between the

human and Drosophila ATAC complexes in composition

(see Table 1), though some differences remain. So far no

human homologue of dATAC4 (GABPb2) has been found

in human ATAC preparations. Moreover, the Drosophila

and the human ATAC complexes seem to vary both in their

substrate specificity and their overall size. While the dA-

TAC complex is clearly smaller than dSAGA [17, 31, 48],

analysis of the endogenous or the Flag-purified human

ATAC highlights a surprisingly large and variable size of

the human complexes (from 2 MDa to about 600 kDa)

([15], and our unpublished results). These observations

predict the future identification of new subunits that might

be human specific, as the sum of the masses of the already

identified subunits is only about 800 kDa. Alternatively,

hATAC complexes may have heterogeneous stoichiometry

of certain subunits or simply heterogeneous shapes possi-

bly due to binding of ATAC to nucleic acids or to other

substrates. In contrast, the human SAGA complex seems to

have a well-conserved size (of about 2 MDa) and structure.

Our results together with those published recently [15,

18] point to a difference between the human and the

Drosophila ATAC complexes. While in the case of the fly

ATAC complex a strong histone H4 specific activity was

documented, in the case of hATAC this activity is hardly

detectable in vitro and in vivo. The in vitro observed dif-

ferences between the substrate specificity of the Drosophila

and the human ATAC complexes could be explained by

eventual non-optimal conditions used in the reactions;

however, the in vivo differences are more difficult to rec-

oncile. In this respect, it is worth noting that, while the

Drosophila ATAC2 enzyme was shown to acetylate

H4K16 [17], its human homologue shows no measurable

activity on histone tail peptides as substrates in vitro, nei-

ther when isolated nor in the context of the ATAC complex

(see Figs. 2d and 3c). This discrepancy may be explained
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Fig. 8 Histone H3 acetylation is strongly affected in ATAC deficient

cells at the promoter of IE genes. a ChIP results of siRNA-transfected

cells obtained at the promoter of three IE genes (see Fig. 6a for

indications) are represented before and after induction with TPA

treatment (white and gray bars, respectively). The chromatin was

immunoprecipitated with an antibody recognizing the core domain of

H3. Results were normalized with those obtained at a non-transcribed

region of the genome. The siRNA used for knocking down specific

subunits of ATAC or SAGA is marked on the axis. b ChIP results

obtained with an antibody specifically recognizing the H3K9/K14Ac

signal shows perturbation at the promoter of TPA induced genes in

siADA2a-transfected cells compared to the control (NC). In siSPT20-

transfected cells, the response to stimulation at the acetylation level

seems to be only slightly affected. Results are shown with SD values

calculated from qPCR triplicates for each time point
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by the fact that the Drosophila ATAC2 protein contains a

canonical PHD domain on its N-terminal end, while the

vertebrate ATAC2 proteins lack key residues in this

domain and contain only a putative Zn finger (ESM,

Fig. 5). Thus, it is possible that, while dATAC2 is able to

bind to histone tails via its PHD domain, as described for

the PHD domain of TAF3 [56, 57], the vertebrate proteins

are unable to do so. Consequently, the human ATAC

complex may bind to other histone marks than the Dro-

sophila complex, for example, via Tudor, WD40, or SANT

domains present in its different subunits, and thus could

acetylate different histone tail residues than the Drosophila

complex. At the same time mice lacking ATAC2 die early

in development and possess decreased global histone

acetylation levels. However, since mATAC2 seems also to

be essential for the integrity of the mammalian ATAC

complex [15], future experiments should decide whether

the drop in histone acetylation levels in Atac2 knock-out

mice is due to the lack of ATAC2 as a HAT enzyme per se,

or rather to the lower level of the entire ATAC complex.

The mouse ATAC2 ablation in Atac2 knock-down or

knock-out systems leads to a decrease in global H3K9,

H4K5, H4K12 and H4K16 acetylation levels [15]. The

decrease of H3K9Ac is in agreement with our results

obtained following ADA2a knock-down in human cells;

however, we did not detect any change in the different

histone H4 acetylations. Thus, understanding the exact

biological function, the precise acetyltrasferase specificity

of the mammalian ATAC complexes (G-ATAC and

P-ATAC), and the role of the second potential acetyl-

transferase, ATAC2, in these complexes still awaits further

analysis.

ATAC and SAGA regulate different set of stress

inducible target genes

Yeast SAGA was suggested to play a role in stress-regu-

lated genes [58] and act as a locus-specific coactivator

complex that binds close to the nuclosome-free region

formed upstream of the ?1 nucleosomes on expressed

genes in the yeast genome [59]. Similarly, Drosophila

SAGA subunits (TRRAP and GCN5) were detected at the

inducible hsp70 gene promoters following heat shock [60].

Human SAGA was shown to play a direct role in the up-

regulation of p53-dependent genes following UV-C irra-

diation [36] and also in the regulation of endoplasmatic

reticulum stress-induced genes [13]. In contrast, hSAGA

did not seem to be involved in the regulation of IE genes

induced by Na-arsenite stress [13], suggesting that hSAGA

is not required as a promoter-specific coactivator at every

stress-regulated gene promoter.

A stimulation-specific coactivator role of ATAC can be

drawn from our new results, which seems to be conserved

between Drosophila and human. ATAC gets recruited to

TPA-induced transcription puffs on the polytene chromo-

somes of Drosophila, while these sites are deprived from

dSAGA as no ADA2b, a SAGA specific subunit, was

detected at the TPA-induced puffs. The same scenario

stands for human cells, where hATAC subunits accumulate

at the promoter of activated IE genes together with RNA

Pol II after TPA induction. In agreement, the induction of

the tested human IE genes was seriously compromised

when cells harbored decreased level of different ATAC

subunits (Fig. 7). Also, when a core ATAC subunit was

knocked down by siRNA, the H3K9 and K14 acetylation

marks decreased at the promoters following TPA stimu-

lation (Fig. 8). Surprisingly, under ‘‘non-activated’’

conditions, the same acetylation marks were about 3- to

7-fold higher at the tested promoters than in the control

cells. This increased basal histone H3 acetlyation level

might be the indirect result of the perturbation we observed

in the global H3S10P mark (Fig. 4). It is possible that the

decreased H3S10 phosphorylation makes the chromatin at

the IE promoters more permissive for the recruitment of

another HAT complex than ATAC, which normally would

not act at these sites in the cell. Thus, our results shed light

on a dual function of ATAC at the IE gene promoters. On

one hand, ATAC is indispensable for the induced tran-

scription of these genes after stress. On the other hand, the

complex is also required, probably indirectly, for the

maintenance of the low level of H3K9/K14Ac marks at

the same promoters in basal conditions.

Our results show that, in contrast to ATAC, TPA-

inducible promoters lack hSAGA, providing evidence for

the different recruitment pattern of the two complexes on

the genome. In good agreement with this differential

coactivator recruitment model, the group of R. Roeder has

shown that to UV-stress-regulated gene promoters are

occupied only by SAGA, but not ATAC [36]. These

observations together demonstrate that two distinct types of

GCN5- (or PCAF)-containing HAT complexes with

potentially different coactivator activities exist in the cells

to regulate different subset of induced genes.

One distinction between IE genes and other inducible

genes is that the histones at IE genes get both acetylated

and phosphorylated upon induction [61]. In this respect, it

is worth noting that dATAC was shown to play a role in

histone H3S10 phosphorylation [45]. In ADA2a mutant

flies, decreased histone acetylation led to consequent

decrease in H3S10 phosphorylation by the JIL kinase [45].

Our novel observations show that the mammalian ATAC

complex is also required for global H3S10 phosphorylation

establishing a conserved link between ATAC function and

H3S10 phophorylation during evolution. Human cells with

knock-down levels of ADA2a (hATAC subunit) also pos-

sess a strongly decreased global H3S10P level. Thus,
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ATAC is acting both at global and locus-specific levels on

the genome. Our results suggest that in ADA2a knock-

down condition the loss of the ATAC HAT complex results

in unbalanced H3 tail acetylation at the IE gene promoters,

that in combination with the global decrease of the H3S10

phophorylation makes the activation of immediate early

genes deficient. Thus, our data demonstrate that ATAC

plays a crucial role in the transcriptional regulation of IE

genes.

During evolution, the complexity increased not only at

the level of gene number and genome size but also at

regulatory circuits. Our present understanding on the

composition and functioning of GCN5-containing HAT

complexes is a nice example for this increase. In the uni-

cellular organism Saccharomyces cerevisiae, Gcn5 is the

component of two complexes (ySAGA and yADA) of

which the catalytic core remains exactly the same, formed

by the Ada2-Ada3-Gcn5 triad [62]. In Drosophila, we find

two genes encoding ADA2 paralogues, ADA2a and

ADA2b, and, as a consequence, two different complexes,

dATAC and dSAGA, have evolved [17, 21, 31]. Further-

more, in dATAC, a second potential acetyltransferase

enzyme was identified that brings another activity to the

complex [17]. The complexity reaches its maximum in

mammalian cells, where on the top of the two ADA2

proteins, two GCN5 homologues are also present (GCN5

and PCAF). Our data suggest, together with that of Gamper

and colleagues [36], that both GCN5 and PCAF form

SAGA- and ATAC-type complexes and that even all the

four possibilities may coexist in one cell (this study, and

not shown). At the same time, our results also provide

evidence that the functional differences of these complexes

materialize mainly in vivo. The numerous subunits sur-

rounding the enzymes (GCN5 or PCAF) in such complexes

can on the one hand affect their activity, as shown for

hADA2b in the context of hSAGA [36], while on the other

hand, these subunits possibly function as interaction sur-

faces for different transcription activators playing roles in

distinct signaling pathways during development or stress

response. In vitro dissection of the interactions within the

complexes might provide data that will help understanding

the biological role of each subunit. However, further in

vivo genetic studies are indispensable for the comprehen-

sion of function in the cellular context. In the present study,

we identified the components of the endogenous hATAC

complex, and we also provide evidence that SAGA and

ATAC complexes do not regulate the same subset of

inducible genes that could be the starting point for future

more detailed genome-wide studies.
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