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Two Different Drosophila ADA2 Homologues Are Present in Distinct
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Andor Udvardy,1 László Tora,2 and Imre Boros1,4*
Institute of Biochemistry1 and Institute of Genetics,5 Biological Research Center, and Department of Genetics and Molecular

Biology, University of Szeged,4 Szeged 6726, Hungary; Institut de Génétique et de Biologie Moléculaire et Cellulaire,
CNRS/INSERM/ULP, F-67404 Illkirch Cedex, CU de Strasbourg, France2; and Institute of

Gene Biology, Russian Academy of Sciences, Moscow 117 334, Russia3

Received 8 July 2002/Returned for modification 5 September 2002/Accepted 1 October 2002

We have isolated a novel Drosophila (d) gene coding for two distinct proteins via alternative splicing: a
homologue of the yeast adaptor protein ADA2, dADA2a, and a subunit of RNA polymerase II (Pol II), dRPB4.
Moreover, we have identified another gene in the Drosophila genome encoding a second ADA2 homologue
(dADA2b). The two dADA2 homologues, as well as many putative ADA2 homologues from different species, all
contain, in addition to the ZZ and SANT domains, several evolutionarily conserved domains. The dada2a/rpb4
and dada2b genes are differentially expressed at various stages of Drosophila development. Both dADA2a and
dADA2b interacted with the GCN5 histone acetyltransferase (HAT) in a yeast two-hybrid assay, and dADA2b,
but not dADA2a, also interacted with Drosophila ADA3. Both dADA2s further potentiate transcriptional
activation in insect and mammalian cells. Antibodies raised either against dADA2a or dADA2b both immu-
noprecipitated GCN5 as well as several Drosophila TATA binding protein-associated factors (TAFs). Moreover,
following glycerol gradient sedimentation or chromatographic purification combined with gel filtration of
Drosophila nuclear extracts, dADA2a and dGCN5 were detected in fractions with an apparent molecular mass
of about 0.8 MDa whereas dADA2b was found in fractions corresponding to masses of at least 2 MDa, together
with GCN5 and several Drosophila TAFs. Furthermore, in vivo the two dADA2 proteins showed different
localizations on polytene X chromosomes. These results, taken together, suggest that the two Drosophila ADA2
homologues are present in distinct GCN5-containing HAT complexes.

Transcription in eukaryotes is a tightly regulated, multistep
process. General transcription factors, gene specific transcrip-
tional activators, and several different cofactors are necessary
to access specific loci in the context of eukaryotic chromatin to
allow precise initiation of RNA polymerase II (Pol II) tran-
scription. One of the most appealing questions in eukaryotic
transcription is how activators transmit their signals to the
general transcription machinery to stimulate transcription.

Posttranslational modifications of nucleosomal histones
have been correlated with the function of chromatin in tran-
scription activation or repression (18, 34). One of the most
extensively studied modifications is the acetylation of the
highly conserved amino-terminal histone tails. The steady-state
level of acetylation of histone proteins is accomplished by the
action of histone acetyltransferases (HATs) and histone
deacetylases (9, 37). Acetylation affects higher-order folding of
chromatin fibers and histone-nonhistone protein interactions
(31, 32). Thus, it can increase the affinity of transcription fac-
tors for nucleosomal DNA (40, 61).

A large number of recent studies have provided a direct
molecular link between histone acetylation and transcriptional

activation (reviewed in references 9 and 30). In these reports,
it has been shown that several previously identified coactiva-
tors and adaptors of transcription possess intrinsic HAT activ-
ity. Among these co-activators are yeast Gcn5 (10), human
GCN5 (12), TATA box-binding protein (TBP)-associated fac-
tor TAF1 (formerly TAFII250 [58]) (43), p300/CBP (46),
ACTR (13), and steroid receptor coactivator 1 (SRC-1) (54).
Many of these chromatin-modifying activities have been found
within large multiprotein complexes that also contain several
components with homology or identity to known transcrip-
tional regulators.

In Saccharomyces cerevisiae the coactivator-adaptor protein
Gcn5 is part of large multisubunit complexes, the largest of
which is the 1.8- to 2-MDa SAGA complex (27). Yeast SAGA
comprises products of at least four distinct classes of genes: (i)
the Ada proteins (yAda1, yAda2, yAda3, yGcn5 [yAda4], and
yAda5 [ySpt20]), which have been isolated in a genetic screen
as proteins interacting functionally with the yeast activator
Gcn4 and the herpes simplex virus activation domain VP16 (6);
(ii) the TBP-related set of Spt proteins (ySpt3, ySpt7, ySpt8,
and ySpt 20), initially identified as suppressors of transcription
initiation defects caused by promoter insertions of the Ty
transposable element (65); (iii) a subset of TBP-associated
factors (TAFs) including scTAF5 (formerly TAFII90), scTAF6
(formerly TAFII60), scTAF9 (formerly TAFII17), scTAF10
(formerly TAFII25), and scTAF12 (formerly TAFII68/61) (28);
and (iv) the product of the essential gene Tra1, which has been
shown to be a component of SAGA (29, 49).
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Another type of GCN5-containing HAT complex identified
in yeast is the 0.8-MDa ADA complex (for “alteration/defi-
ciency in activation”) (27). The ADA complex differs from
SAGA in many aspects. In contrast to the 1.8 to 2-MDa
ySAGA complex, the only components of the 0.8-MDa yADA
complex are the three adaptor proteins (Ada2, Ada3, and
Gcn5) and Ahc1 (19). The ADA complex does not contain
yAda1, yAda5, or the other ySpt proteins found in SAGA.
Furthermore, the structural integrity of the yADA complex,
but not that of ySAGA, was dependent on the presence of the
AHC1 gene product. The SAGA complex physically interacts
with the acidic activators yGcn4 and VP16, whereas ADA fails
to do so (17, 60). Moreover, ADA and SAGA HAT complexes
generate overlapping yet distinct patterns of lysine acetylation
on histone H3. These results taken together, strongly suggest
that in yeast two distinct ADA-Gcn5 HAT complexes exist.

A number of similar multiprotein complexes have been char-
acterised in mammalian systems as well, such as the human
TBP-free TAF-containing complex (TFTC) (7, 64), the PCAF-
GCN5 complex (45), and the SPT3-TAF9(TAFII31)-GCN5
acetyltransferase complex (STAGA) (42), which all contain the
GCN5 HAT, ADA proteins, SPTs, TAFs, and the human ho-
mologue of yTRA1, TRRAP.

TFTC is able to direct preinitiation complex assembly on
both TATA-containing and TATA-less promoters in vitro.
Similarly to other TBP-free TAFII complexes, TFTC contains
the hGCN5 HAT and is able to acetylate histone H3 in both
free and nucleosomal contexts (7). The fact that histone acet-
ylation has been linked to the activation of transcription (37)
suggests that TFTC is recruited to chromatin templates by
activators to acetylate histones and potentiate transcription
initiation (68). Additional recently identified TFTC subunits
common to other human TAF-HAT complexes include TAF9,
hADA3, hSPT3, hPAF65�, hPAF65�, and TRRAP (7). More-
over, it has recently been shown that the Drosophila melano-
gaster dTAFII24 coimmunoprecipitates with dGCN5, suggest-
ing the existence of a TFTC-like HAT complex in Drosophila
(25).

RPB4 is the fourth largest of the 12 subunits of yeast Pol II.
Its unusual feature is that in optimally growing cells it is

present only in a small fraction of Pol II complexes (14, 36);
however, it is required for efficient transcription during tem-
perature extremes and certain other stress conditions like star-
vation. RPB4 and another subunit, RPB7, are thought to form
a subcomplex (20, 33) which is incorporated into the Pol II
enzyme under suboptimal growth conditions to play a stress-
protective role by inducing a closed Pol II conformation (14,
48). Interestingly, unlike the other subunits of Pol II, the level
of RPB4 is posttranscriptionally regulated. In yeast, RPB4 is
nonessential under normal growth conditions. Its function and
specific role in higher eukaryotes are still unclear. Neverthe-
less, the recent finding that its homologue is already present in
archaea supports the assumption that it plays an important role
(63).

In this study we report the identification of two novel Dro-
sophila homologues of the yeast Ada2 protein (dADA2a and
dADA2b). Interestingly, two genes that encode ADA2 homo-
logues were also found in the Arabidobsis thaliana and human
genomes but not in the fully sequenced Caenorhabditis elegans
genome. The analysis of the gene encoding the Drosophila
ADA2a protein revealed that in addition to dADA2a, this
gene encodes the Pol II subunit dRPB4 by alternative splicing.
The N-terminal end of the two proteins is encoded by the same
exon. Evolutionarily conserved protein-protein interactions
were found among dADA2a and dADA2b proteins and their
predicted partners of interaction. We present several lines of
evidence which show that the two novel dADA2 homologues
are present in different GCN5 HAT-containing complexes.

MATERIALS AND METHODS

Cloning of the Drosophila dAda2a/Rpb4 gene and the determination of its
exon-intron boundary. Overlapping genomic fragments from the 94F cytological
region of the Drosophila chromosome were isolated from a lambda genomic
library. The transcript map of one 7.4-kb fragment recovered in several inde-
pendent clones indicated that it gives rise to at least four mRNAs. cDNA clones
corresponding to all four transcripts were isolated from a Drosophila embryonic
cDNA library. Complete nucleotide sequence of the isolated 7.4-kb genomic
DNA (pFF1) and representative cDNA clones were determined and compared
to each other to reveal the exon-intron boundaries (data not shown) and show
that two of the cDNA populations are related (see Results and Fig. 1). For the
isolation of full-length dADA2a and dRPB4 mRNAs, the 5� rapid amplification

TABLE 1. Oligonucleotide primers used in PCR amplifications for plasmid construction

Name Sequencea Directionb

F1 GAACCCCGTGGATATGGTGG fw
R1 CATGTGGCACACCGATTGGC rv
R2 CTGCATCAGCAAGCTTCGAG rv
2bF CGCGGAGTGCGAAAACTT fw
2bR GGGCCAGCTTAAGCATCA rv
dGCN CATGCGAATTCTCTGCCGATCTTGGA fw
dGCN CTGTCGGATCCTTCGGCCTTATGCAG rv
dADA2b-RI GCATGAATTCATGACCACAATCGCGGATTT fw
dADA2b-BHI CGATGGATCCCCGACAGCTATCCAA rv
dADA3F GATCGAATTCATGAGTGCGAACCTGAAGAA fw
dADA3R TGACGAATTCTCCTGTCCTACATCTTTGGC rv
dRPB4F GCTAGGATCCCCGTGGATATGGTGGAT fw
dRPB4R CGATGTCGACTTAGTATTGTAAGCTGCGTTTAGT rv
dRPB7F GCTAGGATCCGAATATCGCTGGAGCAAGAGATT fw
dRPB7R CGATGTCGACTTAGTTGGACACCAATCCCAA rv

a The gene-specific sequences are underlined.
b fw, forward; rv, reverse.
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FIG. 1. The dAda2a/dRpb4 gene encodes two putative transcription factors, dADA2a and dRPB4. (A) Schematic representation of the
dAda2a/dRpb4 gene structure. Exons are shown as boxes on the thick line representing the genomic sequence. The common ATG located in the
first exon is indicated. The dAda2 and the dRpb4 transcripts produced by alternative splicing are indicated as bold lines under the genomic
structure. F1, R1, and R2 show the locations of oligonucleotide primers used for RT-PCR analysis of the dAda2 or dRpb4 mRNA. (B) Deduced
amino acid sequences of the Drosophila ADA2a and RPB4 proteins. The 15-amino-acid stretch that is generated by alternative 3� splice site
selection in certain dADA2a isoforms is boxed. The oligopeptides used for immunization to produce specific antibodies against dADA2a and
dRPB4 are underlined. (C) RT-PCR analysis of total RNA prepared from Drosophila at different developmental stages, as indicated. The arrows
show the dAda2a- and dRpb4-specific PCR products. Aliquots from each PCR amplification reaction were taken at 20, 23, 26, and 30 cycles,
resolved on a 1.2% agarose gel, and visualized by ethidium bromide staining. M, molecular weight marker. (D) RT-PCR analysis using total RNA
prepared from developmental stages, as indicated above the lanes. The dAda2a and dAda2b PCR products with different sizes are indicated.
Aliquots from each PCR amplification reaction were resolved on a 2% agarose gel and visualized by ethidium bromide staining. M, molecular
weight marker. (E) Northern blot analysis of dAda2a and dAda2b mRNAs during Drosophila development. cDNA fragments from either dADA2a
or dADA2b cDNAs were labeled and hybridized with mRNA samples prepared from the indicated stages of the Oregon R strain. The same blot
was also hybridized with the Ras2 probe as a control (53). M, molecular weight marker.

308



of cDNA ends technique was used with gene-specific primers R1 and R2 (see
Table 1 and Fig. 1).

Construction of recombinant plasmids. Drosophila ada2b, ada3, and rpb7
cDNAs were generated by PCR using oligonucleotide primers based on ex-
pressed sequence tag (EST) sequences (Table 1). Similarly, plasmid constructs
for yeast two-hybrid assays were generated using gene-specific primers with the
appropriate restriction sites incorporated (Table 1). Detailed descriptions of the
LexA DNA-binding domain fusion of dADA2a, dADA2b, dADA3, dGCN5, and
dRPB4 in the pBTM116 vector (39) and the Gal4 activation domain fusion
of dADA2b, dADA3, dGCN5, and dRPB7 in the pGAD424 vector (Clontech)
are available on request. pBTM-yADA2, pBTM-yADA3, pASV-yGCN5, and
pBTM-hADA2a are described in reference 62. hGCN5-S and dGCN5 cDNAs
were kind gifts from S. Berger and from E. Smith and D. Allis, respectively, and
the pASV3-hGCN5-S vector was a gift from E. vom Baur and R. Losson.

The reporter plasmids for transient-transfection assays in insect (S2) and
human HeLa cells were pIND-Luc and 17M-Glob-Luc (2), respectively. pIND-
Luc carries the luciferase reporter gene under the control of an ecdysone-
inducible promoter which contains five EcREs (Invitrogen).

For the expression of dADA2a and dADA2b in S2 cells, the corresponding
cDNA fragments were cloned into pMT/V5 (Invitrogen). For HeLa cell expres-
sion, the corresponding cDNAs were cloned into pXJ41 (67). Detailed descrip-
tions of plasmid constructs are available on request.

RNA isolation, RT-PCR, and Northern analysis. Total RNA was isolated from
Drosophila at various stages of development as described previously (15, 41). For
reverse transcriptase PCR (RT-PCR), 3 �g of RNA was reverse transcribed with
50 ng of random primers (GIBCO) in a final volume of 50 �l. The reaction was
carried out for 1 h with 20 U of Moloney murine leukemia virus RT (Fermentas)
at 37°C as specified by the manufacturer. For PCR amplification of dada2a and
drpb4 mRNAs, gene-specific primers were designed which allowed us to distin-
guish between the two mRNAs (see Fig. 1). The forward primer F1 (Table 1) lies
in the common first exon present in both mRNAs, while the reverse primer R1
lies in the second exon of the dAda2a coding sequence. The dRpb4-specific
mRNA was amplified using the F1 primer as forward primer and the reverse
primer R2, which lies at the junction of the last two exons of dRpb4 cDNA. For
RT-PCR detection of the dAda2b mRNA, the 2bF and 2bR oligonucleotide
primers were used (Table 1). Northern blot analysis was carried out as described
earlier (53).

Antibody production. To generate specific polyclonal antibodies (PAbs), spe-
cific peptides for each protein were synthesized: dADA2a (EKTRDQNSSVPSA
TKDANRC) (underlined in Fig. 1B), dRPB4 (EDEELRQILDDIGTKRSLQY
(C)) (underlined in Fig. 1B), dADA2b (PAQSQRPRLIDHTGDDDA(C)) (un-
derlined in Fig. 2A), and dGCN5 (accession number AAC39102) from amino
acids 778 to 795 (SNCRFYNSPDTEYYRCAN) (52). The peptides were cou-
pled to an ovalbumin carrier protein and used for immunization of rabbits.
Collected sera were purified on SulfoLink columns (Pierce) to which the syn-
thesized peptides had previously been conjugated through their C-terminal cys-
teines. Affinity columns were prepared as specified by the manufacturer. Each
rabbit serum was affinity purified except for the dGCN5 serum. Antibodies
against dTBP and dTAFs were previously described (25, 35).

Immunolocalization of dADA2a and dADA2b proteins on polytene chromo-
somes. Immunostaining of polytene chromosomes was performed as described
previously (5, 53), and the anti-dADA2a and anti-dADA2b antibodies were
diluted 100- and 500-fold, respectively.

Transient-transfection and reporter gene assay. Drosophila Schneider S2 and
HeLa cells were transfected using the calcium-phosphate transfection protocol.
Routinely, 1 or 2 �g of reporter constructs was used with the indicated amounts
of ADA2 expression plasmids and 50 ng of the GAL-VP16 expression plasmid
(59) (in HeLa cells). For the overproduction of dADA2a and dADA2b in
transfected S2 cells, the metallothionein promoter of pMT/V5-dAda2a and
pMT/V5-dADA2b was induced with copper sulfate. Transient expression of the
luciferase reporter gene was detected in total-cell extracts 2 days posttransfection
by using a luciferase detection kit (Promega) as recommended by the manufac-
turer.

Extract preparations, immunoprecipitation, chromatographic purifications,
and Western blot analysis. Preparation of Drosophila nuclear extracts (TRAX)
from 0- to 12-h embryos and immunoprecipitations (IP) were previously de-
scribed (25, 50). Briefly, 100- to 500-�l volumes (approximately 500 to 800 �g) of
the indicated protein fractions were immunoprecipitated with 50 to 80 �l of
protein A-Sepharose (Pharmacia) and approximately 5 to 10 �g of specific
antibody. Protein A-Sepharose antibody-bound complexes were extensively
washed with an IP buffer containing 500 mM KCl and eluted from the beads by
boiling 5 to 10 �l of beads in 30 �l of sodium dodecyl sulfate (SDS) sample
buffer. Following electrophoresis, samples were subjected to Western blot anal-

ysis. Protein separation by heparin Ultrogel chromatography was performed as
described previously (8), except that a 500-�l column was used. The gel filtration
on a Superose 6 column using the Smart System (Pharmacia) was carried out
under standard conditions (16). For Western blot analysis, protein extracts were
prepared by boiling in SDS sample buffer. The samples were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE). Proteins were electroblotted to a
nitrocellulose membrane and incubated with primary antibodies as indicated.
Peroxidase-conjugated goat anti-rabbit immunoglobulin (heavy plus light chain)-
specific antibodies (Jackson ImmunoResearch Laboratories, Inc.) were used as
secondary antibodies. Detection was performed with an ECL kit (Amersham).

Sedimentation in glycerol gradients of dADA2-containing complexes. High-
molecular weight (HMW) markers (Pharmacia) and Drosophila nuclear extract
(200 �l, approximately 2 mg of protein) dialyzed overnight at 4°C against buffer
D (50 mM Tris-HCl [pH7.9], 50mM KCl, 0.5 mM dithiothreitol, 0.1 mM EDTA,
5% glycerol) were layered on 3.8 ml of a 10 to 30% linear glycerol gradient and
centrifuged for 2.5 h at 55 krpm, using an SW60 Ti rotor (Beckman). Gradients
were fractionated by collecting 200-�l aliquots, and 20 �l from every second
fraction of the separated HMW markers was separated by SDS-PAGE (10%
polyacrylamide) and stained with Coomassie brilliant blue. This allowed the
calculation of the apparent molecular weights corresponding to particular frac-
tions of the gradient. Unfractioned extract (2 �l) and 20-�l volumes from the
fractions of the separated extract were analyzed by Western blotting using spe-
cific antibodies, as indicated in the figure legends. The glycerol concentration in
each fraction was determined by refractometry to ensure that the gradients were
linear.

Nucleotide sequence accession numbers. The accession numbers of the
dAda2a and dRpb4 cDNAs and corresponding proteins are AF544017 and
AF544019, respectively.

RESULTS

The same gene encodes a Drosophila ADA2 homologue
(dADA2a) and the Pol II subunit dRPB4. In an independent
screen for genes encoding proteins involved in transcription
regulation, we recently isolated a genomic fragment of a novel
Drosophila gene hereafter called dAda2a/dRpb4. Surprisingly,
a number of clones representing two distinct types of cDNAs
which corresponded to the novel dAda2a/dRpb4 gene were
isolated when Drosophila embryonic cDNA libraries were
screened with genomic probes (Fig. 1A and B). Nucleotide
sequence alignments revealed that the two types of cDNAs
isolated have a common exon encoding 21 amino acids with a
potential translation start site at their 5� ends (Fig. 1A and B).
The rest of the two cDNAs hybridized with different parts of
the genomic sequence, indicating that the two types of cDNAs
represent two distinct alternatively spliced mRNAs from the
same gene (Fig. 1A). By using 5� rapid amplification of cDNA
ends with primers from the second exons of the two cDNAs
(primers R1 and R2 in Fig. 1 and Table 1), we recovered
several independent cDNA clones corresponding to the two
mRNAs. Each of these cDNAs had exactly the same 5� end,
suggesting that the two types of mRNAs are transcribed from
the same initiation site. The two types of mRNAs have a
common 148-nucleotide long first exon and contain an open
reading frame coding for either 542 or 139 amino acids, re-
spectively.

Blast searches in databases revealed that the 542-amino-acid
putative protein sequence encoded by the longer mRNA is a
Drosophila homologue of the yeast transcriptional adaptor
ADA2 (6) (hereafter called dADA2a [Fig. 1B]). Moreover, we
noticed a small variation among the recovered cDNA clones
coding for dADA2a. Specifically, as a result of two alterna-
tively used 3� splice acceptor sites (Fig. 1A), some of the
dADA2a cDNAs encode an isoform which is 15 amino acids
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FIG. 2. The novel dADA2s and dRPB4 are evolutionarily well conserved. ADA2 (A) and RPB4 (B) amino acid sequences from various species
were extracted from the GenBank, EMBL, DDBJ, and Genome Sequencing Center databases by iterative searches using the PSI-BLAST program
and hADA2a or yRPB4 as query. The one-letter amino acid code is used. The different ADA2 sequences are as follows: A. thaliana (At) (accession
no. q9sfd5 and o23486), Z. mays (Zm) (accession no. aw055700), P. falciparum (Pf) (accession no. q9u611), S. pombe (Sp) (accession no. q9p7j7),
S. cerevisiae (Sc) (accession no. q02336), H. sapiens (Hs) ADA2a (accession no. o75478), D. melanogaster (Dm) ADA2a (accession no. AF544017),
D. melanogaster (Dm) ADA2b (accession no. q9vhv0), C. elegans (Ce) (accession no. q19953), D. rerio (Dr) (accession no. aw421870), H. sapiens
(Hs) ADA2b (accession no. ac048379), M. musculus (Mm) (accession no. be532918). Residues with the same physicochemical properties conserved
among the different ADA2 homologues at between 100 and 91% have a black background, those conserved at between 90 and 76% have a dark
gray background, and those conserved at between 75 and 60% have a light gray background. The highly conserved ZZ and SANT domains are
boxed. The amino acid positions in the different proteins are labeled on the left. // in the sequences represents the deletion of a nonconserved
region in the corresponding protein. In panel A, the nonconserved N-terminal end of certain ADA2 factors is not represented. The conserved
secondary structures predicted (Sec. Struct. Pred.) for the ADA2 proteins are labeled such that the positions of the �-helices (h) and the �-strands
(b) are shown under the sequences. The amino acid sequence in dmADA2b that was used to generate the anti-dADA2b PAbs is underlined.
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shorter than the full-length dADA2a (the 15-amino-acid dif-
ference is boxed in Fig. 1B).

The shorter cDNA encodes another protein involved in
transcription, the Drosophila Pol II subunit dRPB4 (33, 66)
(Fig. 1A and B). Thus, the dAda2a/dRpb4 gene encodes two
putative transcription factors, dADA2a and dRPB4, both of
which are supposedly involved in Pol II transcription. Interest-
ingly, due to their common first exon, the dADA2a and the
dRPB4 proteins may have a 21-amino-acid common N-termi-
nal end.

Drosophila contains two distinct genes which encode ADA2
homologues. The position of the dAda2a/dRpb4 gene is 90F4
on the Drosophila cytological map. Sequence alignments of the
isolated genomic clone with nucleotide sequence data of the
Berkeley Drosophila Genome Project and independent ge-
netic mapping (data not shown) confirmed this position. Sur-
prisingly, when we used the published human ADA2 amino
acid sequence (12) as a query sequence in PSI-BLAST
searches of GenBank, EMBL, DDBJ, and Genome Sequenc-
ing Center databases, we found another gene coding for a
second Drosophila ADA2 homologue which is located at po-
sition 84F6 in the Drosophila genome. Thus, in Drosophila
there are two distinct genes encoding two ADA2 homologues
(Fig. 2A). We named the second Drosophila ADA2 homologue
dADA2b. In the same search, in addition to the previously
described ADA2s, we found a number of factors from different
species with a significantly high similarity to ADA2s (E values
were lower than 10�17). The result of this analysis not only
confirmed that the two novel dADA2s are indeed homologous
to each other and to the Saccharomyces cerevisiae ADA2, as
originally hypothesized, but also revealed the occurrence of
several homologues from different species, including A. thali-
ana, Zea mays, Plasmodium falciparum, C. elegans, Schizoac-
charomyces pombe, Danio rerio, and Mus musculus. Interest-
ingly, in this search we found that in addition to the Drosophila
genome, the Arabidobsis and human genomes contain two dis-
tinct genes which encode proteins with a significant homology
to the ADA2 family members. The second putative human
ADA2 homologue was called hADA2b to distinguish it from
the one identified earlier (12) (hereafter called hADA2a).
Pairwise alignments showed that dADA2a and dADA2b are 55
and 50% similar to human ADA2a, respectively; 51 and 60%
similar to the novel human ADA2b, respectively; and 51 and
53% similar to yeast ADA2, respectively (Fig. 2A). Thus,
dADA2a is more similar to hADA2a while dADA2b is more
similar to hADA2b. Note that both putative ADA2s from
Arabidobsis were more similar to ADA2a (human or Drosoph-
ila) than to ADA2b and that the other vertebrate ADA2s
identified from zebrafish (Dr) or mouse (Mm) were more
homologues to hADA2b.

All identified ADA2 homologues contain conserved do-
mains which include the previously identified putative zinc
finger domain, called the ZZ domain (47), and the so-called
SANT domain, which is often found in transcriptional cofac-
tors (1). (Fig. 2A). The notion that both the ZZ and SANT
domains show similarity to the DNA-binding domain of Myb-
related proteins (44) and that the minimal DNA-binding do-
main of Myb is composed of two repeats might suggest that the
ADA2 proteins bind to DNA (see also Discussion). In addition
to the ZZ and SANT domains, we identified three conserved

domains among all the ADA2 homologues, which we called
ADA boxes (Fig. 2A). All ADA boxes contain several well-
conserved �-helical secondary-structure motifs separated by
shorter or longer loops, as predicted by a program that takes
into account conservation among all the family members.

RPB4 of Drosophila shows a striking similarity to its human
counterpart. The 139-amino-acid Drosophila and the 2-amino-
acid-longer human proteins are 75.4% identical. In addition, a
comparison of the known genomic and cDNA sequences indi-
cates that the exon-intron structure of the Drosophila and hu-
man RPB4 genes are similar (33). Note that the first exons in
both the Drosophila and human genes end at exactly the same
position. The similarity between the yeast and Drosophila
RPB4 proteins is weaker (60.1% similarity, 36% identity). As a
result of N-terminal regions not present in the Drosophila
protein, the yeast (Sc) RPB4 is about 80 amino acids longer
(Fig. 2B).

Both dADA2 homologues and the dRPB4 are expressed at
the mRNA and protein levels. The unexpected observations
that a transcription adaptor and a Pol II subunit are encoded
by the same gene and that the Drosophila genome harbors two
Ada2-related genes prompted us to test the expression of the
two dADA2 homologues as well as dRPB4 in Drosophila at the
mRNA and protein levels. First, we used RT-PCR analysis to
detect and distinguish the accumulation of dAda2a and dRpb4
transcripts, which are apparently transcribed from the same
gene. Total RNA samples isolated from embryos and adults
were investigated for the presence of specific mRNAs by using
primers designed to distinguish between dAda2a and dRpb4
mRNA (Fig. 1A). Fragments of of dAda2a and dRpb4 mRNAs
of the expected sizes were detected in similar amount by RT-
PCR amplification of embryonic samples, whereas in adult
samples similar amounts of dAda2a product were detected to
those in embryos; however, the amount of dRpb4-specific frag-
ment was hardly detectable (Fig. 1C). Thus, while the identical
5� ends of the dAda2a and dRpb4 mRNAs suggest that they are
transcribed from the same promoter, their mRNA levels seem
to be differentially regulated during development. Similar RT-
PCR analysis was carried out for the detection of dAda2b
transcripts in embryonic and adult samples. As shown in Fig.
1D, no variation was observed in the expression of the dAda2b
transcript compared to the amount of dAda2a transcript in
embryonic and adult samples.

A more detailed analysis of the developmental stage-specific
distribution of the dAda2a and dAda2b mRNAs was carried
out by using Northern blot analysis. Hybridization of dAda2a-
and dAda2b-specific probes to poly(A)� RNA revealed differ-
ences in the amounts of the two mRNAs at different stages of
Drosophila development (Fig. 1E). Although present at differ-
ent levels, both dAda2b and dAda2a mRNAs were detected at
all analyzed stages of development. dAda2b transcripts seem to
be more evenly expressed, while for the dAda2a mRNA an
apparent peak of expression was detected at the pupal stages
of development. In contrast, only very low levels of Ada2a
mRNA could be detected at the midlarval stages (Fig. 1E).

In conclusion, the differences observed in the expression of
the three mRNAs by RT-PCR and Northern analysis suggest
unique stage-specific regulation of the expression of the
dAda2a/dRpb4 and dAda2b genes. Moreover, the fact that RT-
PCR demonstrated differences in the levels of the two tran-
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scripts originating from the dAda2a/dRpb4 gene suggests that
posttranscriptional control plays a role in the production of
dAda2a and dRpb4 mRNAs from the same gene.

To test whether both of the dADA2 homologues and the
dRPB4 proteins are expressed in Drosophila, we developed
rabbit PAbs which recognize these proteins specifically (see
Materials and Methods). Nuclear extracts prepared from 0- to
12-h-old Drosophila embryos were analyzed by Western blot-
ting using dADA2a, dADA2b, or dRPB4-specific immune sera
(Fig. 3). To verify the specificity of the PAbs, we used preim-
mune sera taken from rabbits before immunization as negative
controls. For the ADA2a-and ADA2b-specific PAbs, we also
included the specific peptides, used for immunization, as com-
petitors during the Western blot analysis. The migration of the
protein product recognized specifically by the anti-dADA2a
PAb on SDS-PAGE corresponds to that of a protein of 58 to
60 kDa (Fig. 3, lanes 1 to 4), which is in good agreement with
the calculated molecular mass of 59.6 kDa. In certain Drosoph-
ila protein extract preparations, we also observed a second
protein recognized specifically by the dADA2a PAb, migrating
around 75 kDa (data not shown). The anti-dADA2b PAb rec-
ognized two protein species specifically in nuclear extracts: a
more abundant polypeptide with an apparent molecular mass
of about 42 to 44 kDa and another polypeptide migrating
around 70 kDa (Fig. 3, lanes 5 to 8). The estimated size of the
faster-migrating protein is in good agreement with the calcu-
lated molecular mass of dADA2b (44.8 kDa), whereas the
slower-migrating form could be either a posttranslationally
modified form or a splice variant of ADA2b. Note that in the
Northern blot analysis we also detected two mRNAs for
dAda2b (Fig. 1E). In good agreement with the calculated size

of dRPB4 (15.3 kDa), a 16-kDa protein product was identified
on Western blots obtained with the anti-dRPB4 PAb (Fig. 3,
lanes 9 and 10). Thus, from these experiments, we concluded
that both of the dADA2 homologues and the dRPB4 protein
are expressed in Drosophila nuclei.

Both dADA2a and dADA2b interact with GCN5, but only
dADA2b interacts with dADA3. To study whether the two
Drosophila ADA2 homologues interact with GCN5 and
ADA3, as their yeast and human homologues do, we carried
out a yeast two-hybrid analysis. In our assays, we first com-
pared the interactions of dADA2a or dADA2b with full-length
dGCN5, human hGCN5-S(hort), or yeast GCN5. hGCN5-S-
pASV3, a VP16 activation domain fusion plasmid, was used
together with either LexA-dADA2a or LexA-dADA2b DNA-
binding domain fusion plasmids. Both LexA-dADA2a and
LexA-dADA2b interacted strongly with VP16-hGCN5-S in
this assay (Table 2). In contrast, neither the VP16-containing
plasmid nor the LexA-dADA2s alone resulted in any �-galac-
tosidase activity (Table 2). The interactions between dADA2a
and hGCN5-S or dADA2b and hGCN5-S were comparable to
that observed between hADA2a and hGCN5 or yADA2 and
yGCN5 (Table 2). In good agreement, both GAL4AD-dADA2
fusion proteins (pGAL424-dADA2a, and pGAL424-dADA2b)
interacted with the LexA fusion of the full-length Drosophila
GCN5 (pLexA-dGCN5) (Table 2), however this interaction
was somewhat weaker, possibly due to the long N-terminal
domain of dGCN5 that was absent from the human GCN5-S
fusion tested. In good agreement with the lack of interaction
between human ADA2a and yGCN5 (12), neither of the Dro-
sophila ADA2s interacted with yeast GCN5 (Table 2). Next,
the Drosophila ADA3 protein was tested for its pairwise inter-

FIG. 3. The two dADA2 homologues and dRPB4 are expressed in Drosophila. Drosophila embryo extracts were resolved by SDS-PAGE on
10% (ADA2a and ADA2b) or 15% (RPB4) polyacrylamide gels and blotted with purified anti-dADA2a, anti-dADA2b, or anti-dRPB4 PAbs
(Immun) or with preimmune (Pre-Immun) sera taken from the corresponding rabbits before immunization. Molecular mass markers (M) are
indicated in kilodaltons. To test the specificity of the sera raised against dADA2a and dADA2b, competition experiments with peptides used for
the immunization (see Fig. 1B and 2) were done. Polyclonal sera raised against either ADA2a (500� dilution) or ADA2b (1,000� dilution) were
preincubated with 100 �g (Pept. comp. 100; lanes 3 and 7) or 500 �g (Pept. comp. 500; lanes 4 and 8) of the corresponding peptides, respectively,
prior to incubation with the Western blots.

VOL. 23, 2003 DROSOPHILA ADA2 HOMOLOGUES 313



action with the two Drosophila ADA2 homologues. For this
purpose, dADA3 cDNA was inserted into the pGAD424 ex-
pression vector to produce a fusion protein with the GAL4
activation domain. Surprisingly, a two-hybrid interaction was
observed between dADA2b and dADA3 but not between
dADA2a and dADA3 (Table 2). Thus, these in vivo two-hybrid
interactions demonstrated a functional and evolutionarily con-
served homology in the interaction pattern between the two
novel Drosophila ADA2 proteins and their putative Drosophila
interaction partners (i.e., dGCN5 and dADA3) or their human
counterparts. Furthermore, this two-hybrid test also revealed
differences in the partners of dADA2 proteins. In conclusion,
dADA2a interacts with dGCN5 but not with dADA3 whereas
dADA2b interacts with both dGCN5 and dADA3.

Similarly to the two dADA2 proteins, we also tested whether
interaction would exist between dRPB4, encoded by the alter-
natively spliced mRNA, and its putative partner dRPB7 (36).
For this purpose, the dRPB7 cDNA was inserted in frame in
the GAL4 expression vector. In the two-hybrid assay, these two
Pol II subunits interacted as expected (Table 2). These results,
together with the sequence similarity (Fig. 1B), further show
that the alternatively spliced dRpb4 mRNA transcribed from
the dAda2a/dRpb4 gene encodes a functional Drosophila ho-
mologue of the Pol II subunit RPB4. Note that dRPB4 did not
interact with either dADA2a or dADA2b (Table 2).

dADA2a and dADA2b are present in multiprotein com-
plexes containing TAFs and GCN5 HAT. To determine wheth-
er the newly identified Drosophila ADA2s are indeed associ-
ated with multiprotein complexes containing the GCN5 HAT

and TAFs, we first investigated whether dADA2a or dADA2b
would be associated with dmTAF10 (formerly dTAFII24), a
TAF that was suggested to be a component of both the Dro-
sophila TBP-free GCN5 HAT-containing TAF complex (dTFTC)
and the dTFIID (25). To this end, IP experiments were carried
out using an anti-dmTAF10 PAb and anti-dmTAF10b (for-
merly dTAFII16) PAb as control, since dmTAF10b is present
only in dTFIID (25). In the anti-dmTAF10 IP, dADA2b could
be found associated with dmTAF10 together with GCN5
(Fig. 4A, lane 2), indicating that dADA2b is associated with
a dmTAF10-containing multiprotein complex. In contrast,
dADA2b did not coimmunoprecipitate with dmTAF10b
(lane 4), whereas dmTAF1 (dTAFII230), dmTAF4 (dTAFII110),
dmTAF6 (dTAFII80), dmTAF9 (dTAFII40), and dTBP were
specifically coimmunoprecipitated with both dmTAF10 and
dmTAF10b (lanes 2 and 4 and data not shown). Moreover, in
the control IP, none of these proteins could be detected (lane
10). Unfortunately, in these IP experiments we could not test
the presence of dADA2a because it migrates at the same
position as the heavy chains of the different antibodies, which
are always present in our immunopurifications (Fig. 4A and
data not shown). To overcome this problem and to further
study the different proteins associated with the two novel
dADA2s, IP experiments were carried out with the purified
antisera raised against either dADA2a or dADA2b. Both an-
tibodies coimmunoprecipitated dADA2b, GCN5, and TAF9
from the nuclear extract (lanes 6 and 8); however, the anti-
dADA2b PAb also coimmunoprecipitated dTAF10 and dTAF4
(lane 8). Note that in the control IP using an unrelated PAb
bound to protein A-Sepharose (lane 10) or in the “only-anti-
body” control experiments (lanes 3, 5, 7, 9, and 11), none of
these proteins were detected. These results, in good agreement
with the two-hybrid results, demonstrate that the two newly
identified dADA2s are associated with GCN5 HAT complexes.
Moreover, dADA2b seems to be associated with a different
complex(es) from dADA2a, since it coimmunoprecipitated
with TAF10 and TAF4 in addition to the proteins that were
also found in the anti-dADA2a IP (lanes 6 and 8). Thus, our
results suggest that a TFTC-type multiprotein complex(es) ex-
ists in Drosophila, which would contain dADA2b, GCN5,
TAF4, TAF9, TAF10, and possibly other proteins, but not
TAF10b. Our results further suggest that in Drosophila there
may be a different multiprotein complex in which dADA2a
would be associated with dGCN5, dmTAF9, and dADA2b.
Surprisingly, from the crude nuclear extract, both the anti-
dADA2a and the anti-dADA2b PAbs coimmunoprecipitated
some TBP as well, even though the immunopurified complexes
had been extensively washed with buffers containing 500 mM
KCl and the anti-dTAF10b IP did not coimmunopurify any
dADA2b (lanes 4, 6, and 8). This suggests that in Drosophila
embryo extracts, some TBP may associate with the ADA2-
containing complexes (see Discussion).

dADA2a and dADA2b exist in different multiprotein com-
plexes. Since yeast ADA2 is known to be present in two dif-
ferent multiprotein complexes, the 0.8-MDa ADA and the 1.8-
to 2-MDa SAGA complex (27), we decided to test whether the
two novel dADA2 homologues also participate in different
complexes. To this end, high-molecular-weight complexes of
Drosophila nuclear extracts were separated either on glycerol
gradients or by chromatography followed by gel filtration.

TABLE 2. Results of two-hybrid interaction assays with
ADA2 and RPB4 fusion proteins

Proteina
�-Galactosidase

activityb
DBD AAD

dAda2a None �
dAda2b None �
dRpb4 None �
yAda2 None �
hAda2a None �
dGcn5 None
None dAda3 �
None dRpb4 �
None dRpb7 �
None yGcn5 �
None hGcn5 �
hAda2a hGcn5 ���
yAda2 yGcn5 ���
dAda2a hGcn5 ���
dAda2b hGcn5 ���
dGcn5 dAda2a ��
dGcn5 dAda2b ��
dAda2a yGcn5 �
dAda2b yGcn5 �
dAda2a dAda3 �
dAda2b dAda3 ���
dAda2a dRpb4 �
dAda2b dRpb4 �
dRpb4 dRpb7 ��

a DBD and AAD indicate DNA-binding and activation domain fusions, re-
spectively.

b �-Gal activities were estimated on 5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside (X-Gal) plates and are expressed as follows: �, no activity; ��,
intermediate activity; ���, strong activity.
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Drosophila nuclear extract was centrifuged through a 10 to
30% glycerol gradient, and to ensure that high-molecular-
weight complexes remained intact, fractions of the gradients
were analyzed by SDS-PAGE without further manipulation.

The sedimentation of dADA2a and dADA2b was compared
with that of TFIID-specific components (TBP and TAF1),
TAF components which may be present in both TFIID and the
Drosophila TFTC complexes (TAF4, TAF9, and TAF10), and
a dTFTC-specific component (dGCN5), as well as markers of
known molecular mass (Fig. 4B). Immunoblot analysis of the
different fractions using a number of PAbs specific for the
above-mentioned proteins showed dADA2a in fractions con-
taining complexes with molecular masses between 400 and 800
kDa (Fig. 4B, fractions 6 to 12) which also contained a portion
of dGCN5, TAF9, TAF10, and TBP, together with detectable
levels of dADA2b (Fig. 4B). However, dADA2b was detected
mainly in fractions corresponding to high molecular masses
(greater than 2 MDa) (fractions 16 to 20). Note that both
specific forms of dADA2b (42 and 70 kDa) showed the same
pattern of sedimentation (Fig. 4B and data not shown). In the
fractions which correspond to masses greater than 2 MDa
(fractions 16 to 20), dADA2b cosedimented with the second
peak of dGCN5, TBP, and all the other TAFs tested, suggest-
ing that these fractions contain both dTFTC and dTFIID.
Moreover, dADA2b was also weakly detectable in fractions
corresponding to molecular masses smaller than 1 MDa (be-
tween fractions 6 and 14).

To further characterize the ADA2a- and ADA2b-containing
complexes, Drosophila nuclear extract was chromatographed
on a heparin-ultrogel column (Fig. 5A). Bound proteins were
eluted from the column with stepwise elution using buffers
containing 0.1, 0.24, 0.5, and 1 M KCl. The input and the
eluted fractions were then tested by Western blot analysis for
the presence of ADA2a and ADA2b as well as for GCN5 and
the different TAFs (Fig. 5B). Interestingly, the majority of
ADA2a was present in the heparin 0.24 M KCl (Hep0.24)
elution whereas ADA2b eluted from the column at a higher
salt concentration, mainly in the 0.5 M KCl (Hep0.5) fraction.
In the ADA2a-containing Hep0.24-derived fraction, we also
detected some GCN5, TAF9, and TBP. In contrast, in the
ADA2b-containing Hep0.5-derived fraction, we detected more
GCN5 together with TAF1, TAF4, TAF9, TAF10, TAF10b,
and TBP. To determine the sizes of the separated ADA2a- and
ADA2b-containing complexes, the Hep0.24-and Hep0.5-de-
rived fractions were subjected to Superose 6 gel filtration,
respectively. ADA2a eluted from the Superose 6 column a
between 0.2 and 0.7 MDa, and in fractions 14 to 17 it coeluted
with GCN5 (Fig. 5C). When the Hep0.5-derived fraction was
separated on the Superose 6 column, ADA2b, together with
the tested TAFs and GCN5, eluted from the column as a large
multiprotein complex with a molecular mass larger than 2
MDa (Fig. 5D). Note that the Pol II complex with a molecular
mass of 0.65 MDa eluted from our gel filtration column at
around 0.67 MDa, confirming the calibration of the column.
Thus, these results, together with the results of the two-hybrid
and IP experiments, suggest that the two distinct Drosophila
ADA2 homologues are present in different GCN5 HAT-con-
taining multiprotein complexes. dADA2a-containing com-
plexes have native molecular masses between 0.3 and 0.7 MDa,
whereas the dADA2b-containing complexes have native mo-
lecular masses of 2 MDa or larger.

Both ADA2a and ADA2b can mediate transcription activa-
tion and do not always target the same set of genes on chro-

FIG. 4. dADA2a and dADA2b are subunits of different GCN5
HAT-containing multiprotein complexes. dADA2a and dADA2b co-
immunoprecipitate with dGCN5 and with several different dTAFs.
Proteins from nuclear extracts were immunoprecipitated with affinity-
purified anti-dTAF10, anti-dTA10b, anti-dADA2a, and anti-dADA2b
PAbs and a nonrelated PAb raised against a human protein, as indi-
cated. The input nuclear fraction (input), the immunoprecipitated
protein A-Sepharose antibody-bound proteins (IP), and the protein
A-Sepharose bound PAbs alone (Ab) were resolved by SDS-PAGE
(10 or 15% polyacrylamide) and transferred. The blots were then
probed with antibodies raised against the indicated proteins. (B) Glyc-
erol gradient sedimentation analysis of Drosophila embryo nuclear
extract. A 200-�l volume of TRAX was loaded onto a 10 to 30%
glycerol gradient and centrifuged for 4 h at 50 krpm, using an SW60 Ti
rotor. The sedimentation standards, thyroglobulin (669 kDa), ferritin
(440 kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and
albumin (67 kDa), were centrifuged in parallel gradients. Fractions of
200 �l were collected. Aliquots (20 �l) from the indicated fractions
were resolved in parallel with the unfractioned nuclear extract (In) by
SDS-PAGE (10% polyacrylamide), transferred to a filter, and probed
with the indicated PAbs. The position of the 0.67-MDa molecular mass
marker and some extrapolated molecular masses are indicated at the
top. The numbers of the analyzed fractions are indicated at the bot-
tom. Note that only the 42-kDa form of dADA2b is shown; however,
the 70-kDa form showed exactly the same migration pattern.
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matin. The differences observed between ADA2a and ADA2b
in their expression, their ability to interact with dADA3, and
their association with multiprotein complexes suggest different
roles for these proteins in the nucleus. Since yeast and human
ADA proteins are thought to be involved in mediating the
transcriptional activity of different activators (i.e., nuclear re-
ceptor or acidic activators), we tested whether the ADA2 pro-
teins of Drosophila would also work as coactivators and
whether they would show differences in this respect. To this
end, a reporter plasmid containing a luciferase reporter under
the control of an ecdysone-inducible promoter was cotrans-
fected with increasing amounts of recombinant plasmids ex-
pressing either dADA2a or dADA2b into Drosophila S2 cells
(Fig. 6A). The luciferase activity of cell extracts was measured
40 h after transfection. These experiments indicated that this

ecdysone-inducible promoter which contains 5 ERE (pIND;
Invitrogen) had a relatively high basal activity (more than 20-
fold higher than that of the promoterless plasmid [data not
shown]) in S2 cells (which contain endogenous ecdysone re-
ceptors and their heterodimeric interaction partner ultraspi-
racle [USP]) and that this activity was further increased in the
presence of either dADA2a or dADA2b. The cotransfection of
the highest concentration of the dADA2a expression vector
resulted in a more than twofold increase of the promoter
activity and somewhat higher activation than that equal for
amounts of dADA2b.

In similar experiments, overexpression of dADA2a or
dADA2b was tested on a strong acidic activator, GAL-VP16,
activation in human HeLa cells by using a luciferase reporter
gene under the control of the rabbit �-globin promoter har-

FIG. 5. dADA2a- and dADA2b-containing complexes are chromatographically separable. (A) The chromatography protocol used to separate
the dADA2-containing complexes is outlined. All procedures were performed at 4°C. The KCI concentrations used in the heparin-Ultrogel (UG)
elution are indicated. NE (TRAX), Drosophila 0- to 12-h embryo nuclear extract; GF, gel filtration. (B) Portions (10-�l) of the input nuclear extract
and of the different fractions eluting from the heparin-Ultrogel column were tested by Western blot analysis for the presence of the different factors
(as indicated). FT, flowthrough fraction. (C) The heparin 0.24 M KCl-derived fraction was further separated on a Superose 6 gel filtration column.
Portions of the input (In) (10 �l) and of every second fraction (as indicated) eluting from the column (20 �l) were tested by Western blot analysis
for the presence of the different factors (as indicated). (D) The heparin 0.5 M KCl-derived fraction was also separated on a Superose 6 gel filtration
column. Portions of the input (In) (10 �l) and of every second fraction eluting from the column (20 �l) was tested by Western blot analysis for
the presence of the different factors (as indicated). Pol II was monitored by using an antibody recognizing the C-terminal repeat of the largest Pol
II subunit, RPB1. In panels C and D, the positions of known molecular mass markers are indicated above the panels.
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boring one GAL4-binding site. Coexpression of the GAL-
VP16 expression plasmid with the reporter construct stimu-
lated transcription about 12-fold. When either increasing
amounts of the dADA2a or dADA2b expression vector were
included in the experiment, they further increased the activa-
tion by GAL-VP16 approximately twofold again (Fig. 6B).
Note that dADA2a was more efficient at the lower expression
vector concentration (100 ng) whereas the tested dADA2b
expression vector concentrations (from 50 to 500 ng) resulted
in a similar coactivation of transcription.

If transcriptional selectivity can be achieved at the level of
distinct ADA2-containing multiprotein complexes, then the
different dADA2 homologues might be expected to be associ-
ated with different loci of the genome. Immunostainings of
Drosophila salivary gland polytene chromosomes show that
both dADA2a and dADA2b are located at a large number of
loci (Fig. 6C and data not shown). Antibody stainings revealed
that both dADA2a and dADA2b are associated with a unique
subset of loci. As exemplified by the localization of the binding
sites of the two dADA2s on the distal region of the polytene X
chromosome in wild-type strains, there are loci (i) which are
stained by both anti-dADA2a and anti-dADA2b antibodies
(i.e., puff sites 1B, 1E, 2C, 3A, 3C, and 3D) and (ii) which are
recognized only by either the anti-dADA2a (i.e., puff sites 1A
and 2E) or anti-dADA2b (i.e., puff sites 1C, 2B, and 3F)
antibodies (Fig. 6C and data not shown). Note also that the
staining intensities of some loci stained by the two antibodies
may be very different. These observations taken together, fur-
ther suggest that these two novel dADA2s have overlapping,
not identical, functions and that functionally different ADA2-
containing complexes exist in Drosophila.

DISCUSSION

Here we report the isolation and partial characterization of
two novel Drosophila ADA2 homologues, dADA2a and
dADA2b. We show that the dAda2a mRNA is encoded by the
dAda2a/dRbp4 gene, which also, by alternative splicing, gives
rise to another transcript, which encodes a Pol II subunit,
dRPB4. dAda2a and dAda2b mRNAs are differentially ex-
pressed during different stages of Drosophila development.
Similarly to their yeast and human counterparts, both dADA2a
and dADA2b interacted with the dGCN5 HAT, whereas
dADA2b, but not dADA2a, also interacted with Drosophila
ADA3 in a yeast two-hybrid assay. Antibodies raised either
against dADA2a or dADA2b both immunoprecipitated the
GCN5 HAT and several Drosophila TAFs. Moreover, IP, glyc-
erol gradient sedimentation experiments, and chromato-
graphic separation of Drosophila extracts strongly suggest that
the two different Drosophila ADA2 homologues are present in
distinct GCN5-containing HAT complexes. dADA2a and
dADA2b mediated transient transcriptional activation of
transfected reporter genes in insect and mammalian cells. In
addition, dADA2 proteins associated with the Drosophila chro-
mosome, showing colocalization at certain sites and different
distributions at other loci. These observations taken together,
show that the two novel dADA2s are present in distinct GCN5-
containing HAT complexes and that they have overlapping but
not identical functions, and thus that functionally different
ADA2-containing complexes exist in Drosophila.

Unique posttranscriptional regulation of the dAda2a/dRbp4
gene. We observed an unusual posttranscriptional regulation
when studying the dAda2a/dRpb4 gene, which encodes the
dAda2a and dRpb4 transcripts (Fig. 1A). Although these
mRNAs encode two distinct proteins with separate functions,
their pre-mRNA transcripts are transcribed from the same
gene, most probably regulated by the same promoter. Thus,
the fact that the dAda2a and dRpb4 transcript levels are not
always identical during different developmental stages (Fig 1C)
suggests that there is a developmentally regulated posttran-
scriptional regulation for the maturation of the dAda2a/dRpb4
pre-mRNA transcript. It is interesting that all other reported
homologues of dADA2a and dRPB4 proteins are products of
separate genes. This unusual posttranscriptional coregulation
of the two mRNA species coding for dADA2 and dRPB4 may
be related to their related functions. Previous studies showed
that both yeast ADA2 and RPB4 mediate rapid responses by
altering transcription regulation according to changes in the
environment and that neither was absolutely necessary for cell
viability. yRPB4, together with yRPB7, was reported to play a
crucial role in promoter-directed transcription initiation (20)
and to play a stress-protective role under suboptimal growth
conditions (14, 48, 66). Yeast ADA2 was suggested to have an
adaptor-like function that is important during activation of
transcription initiation (3). Interestingly, in a recent mutagen-
esis screen, the yeast Ada2 gene was also identified as one of
the few genes required for growth under ethanol stress condi-
tions (57). Thus, the two proteins may have complementary or
overlapping functions in eukaryotic gene regulation, which
would explain why this unusual posttranscriptional coregula-
tion of the two transcripts evolved in Drosophila. Further com-
parative functional analysis of these two proteins, especially
using Drosophila genetics combined with biochemical ap-
proaches, is needed to elucidate their functional relationship.

Several different species have two ADA2 homologues with
evolutionarily conserved domains. By sequence similarity
searches in Drosophila databases, we identified two Drosophila
homologues of the known yeast and human ADA2s. Surpris-
ingly, two different ADA2 homologues encoded by two distinct
genes were found not only in the Drosophila genome but also
in the human and the Arabidobsis genomes; they showed sig-
nificant homology to the ADA2 family members (Fig. 2A)
(56). This finding is in agreement with a previous report that
two specific hADA2 protein products may exist in human cell
extracts (23). Moreover, the partial cDNA sequences identified
in mice and zebra fish databases seem to encode the homo-
logue of human ADA2b (Fig. 2A). Therefore, our results sug-
gest that most metazoan organisms and land plants have two
ADA2 homologues, similar to Drosophila. Note, however, that
in the fully sequenced C. elegans genome, only one gene en-
coding an ADA2 homologue was found (Fig. 2A).

Nevertheless, the high sequence conservation among the
ADA2 proteins from different species ranging from yeast to
humans indicates an important evolutionarily conserved role
for this protein in eukaryotic gene regulation. In all the ADA2
family members, there are two previously identified conserved
domains: the ZZ zinc finger domain and the SANT domain.
No precise function has been assigned to either of these con-
served domains in ADA2 protein-protein interactions; how-
ever, both the ZZ and the SANT domains are found in the
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FIG. 6. dADA2a and dADA2b work as cofactors and localize to different but overlapping loci on the distal region of Drosophila X chromosome.
dADA2a and dADA2b stimulate transcriptional activity in Drosophila S2 cells (A) and human HeLa cells (B). (A) Reporter plasmid containing
a luciferase reporter under the control of an ecdysone-inducible promoter was cotransfected with increasing amounts (0.5, 1.0, and 2.0 �g) of
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minimal domain of ADA2 (amino acids 1 to 114 for yADA2
and 1 to 147 for hADA2a [Fig. 2A]), which was shown to be
sufficient for interaction with yGCN5 or the VP16 activation
domain (3, 11, 12). Moreover, the SANT domain of yADA2
was shown to be required for normal histone acetylation by
SAGA, suggesting a role for ADA2 in nucleosomal substrate
recognition (55). The ZZ domain is necessary for the binding
of CBP/p300 to CREB or to TFIIB (38); however, yADA2
does not interact with TFIIB (3). This suggests that the ZZ
domain of ADA2 plays a different role in directing protein-
protein or, possibly together with the SANT/Myb domain, pro-
tein-DNA interactions. It is noteworthy that in addition to
these known motifs, we have found several other �-helical
conserved motifs (labeled as ADA boxes in Fig. 2A) which are
conserved in all the ADA2 members, suggesting that they may
play important roles in the interactions between ADA2 pro-
teins and other subunits of their respective complexes. Inter-
estingly, several of these ADA boxes contain (�-helix)1-
(loop)1-(�-helix)2-(loop)2-(�-helix)3-like motifs that are often
signatures of histone fold motifs found not only in histones but
also in TAFs and other TFTC/SAGA components (e.g.,
ADA1, SPT3, and SPT7) (24). The histone fold motifs in the
different transcription factors are in general not well conserved
evolutionarily and thus are very difficult to predict (4).

The two Drosophila ADA2s are present in functionally dif-
ferent multiprotein complexes. Drosophila GCN5 was shown
to interact with the two different dADA2 proteins both in
two-hybrid experiments and in IPs. Several independent lines
of evidence suggest that the two dADA2 proteins associate
with distinct GCN5 HAT-containing multiprotein complexes
and thus may fulfill different functions. First, in two-hybrid
experiments, only dADA2b, but not dADA2a interacted with
Drosophila ADA3. Second, in IP experiments, antibodies
raised against dADA2a coimmunoprecipitated GCN5, TBP,
TAF9, and dADA2b whereas PAbs raised against dADA2b
coprecipitated GCN5, TAF4, TBP, TAF9, and TAF10, to-
gether with dADA2b. Third, the two ADA2 proteins associate
with only partially overlapping loci of the genome. Fourth, in
glycerol gradient sedimentation experiments, the complexes
containing dADA2a sedimented in a mass range of 0.4 to 0.8
MDa while the majority of the dADA2b-containing complexes
sedimented at around the 2-MDa range. Finally, in full agree-
ment with the results obtained by glycerol gradient sedimen-
tation, different complexes containing either ADA2a (0.4 to
0.8 MDa) or ADA2b (2 MDa) protein can be separated by
chromatography and gel filtration techniques. In agreement
with our results, an additional higher-molecular-mass Ada2
protein complex with a migration profile different from the
detected 0.8-MDa complex was also detected in a previous
study (23). Therefore, we propose that the Drosophila ADA2a
protein encoded by the identified dAda2a/dRbp4 gene resides

in a multisubunit complex that might be the Drosophila homo-
logue of the yeast 0.8-MDa ADA complex. For the second
ADA2 variant, dADA2b, glycerol gradient sedimentation re-
solved two peaks. The dADA2b protein was considerably more
abundant in fractions where the masses of the multiprotein
complex should correspond to at least 2 MDa. Thus, it seems
that dADA2b is present mostly in the 2-MDa multiprotein
complexes, which would have the same size as the human
TFTC or yeast SAGA complexes. Furthermore, the glycerol
gradient sedimentation experiments, together with the IPs,
strongly suggest that the 2-MDa Drosophila TFTC complex
would contain, similarly to its human and yeast counterparts
(7), dADA2b together with dGCN5, dmTAF4, dmTAF9, and
dmTAF10. However, dADA2b was also detected between 0.4
and 0.8 MDa in the glycerol gradient sedimentation experi-
ments using a crude nuclear extract but not after chromatog-
raphy and gel filtration. Moreover, the anti-dADA2a PAbs
coimmunoprecipitated dADA2b from nuclear extract (Fig.
4A). Therefore, dADA2b may transiently associate with the
0.4 to 0.8-MDa dADA complex in crude nuclear extracts but
can be dissociated from it after more extensive purification.

Although Drosophila seems to contain two GCN5-contain-
ing ADA complexes, similar to yeast, we observed some inter-
esting differences when comparing the compositions of the
dADA or the dTFTC complexes to those of their yeast or
human counterparts. One of these differences is that the 0.4 to
0.8-MDa dADA complex, when isolated from crude extracts,
seems to copurify with dmTAF9; however, its yeast homo-
logue, scTAF9, was not identified in the yADA complex. It is
noteworthy that a dmTAF9-containing complex has recently
been partially characterized and seemed to be smaller than
TFIID (26). The fact that dmTAF9 was also present in our
glycerol gradient fractions with an apparent molecular mass
between 0.4 and 0.8 MDa (fractions 6 to 12), different from the
TFIID-containing fractions (fractions 16 to 20), indicates that
dmTAF9 may exist in smaller complexes together with
dADA2a (Fig. 4B). Further experiments using highly purified
0.4- to 0.8-MDa dADA complexes are needed before we can
decide whether TAF9 is a bone fide subunit of the dADA2a
complex or, together with dADA2a, is a subunit of another,
unknown complex. Another difference is that both the anti-
dADA2a and the anti-dADA2b PAbs coimmunoprecipitated
some (although substoichiometric amounts of) TBP, while in
the control experiments no TBP was found (Fig. 4A). How-
ever, this finding may not be surprising since in similar IP
experiments using yeast antibodies raised against yADA2 or
yGCN5, substoichiometric amounts of yTBP coimmunopuri-
fied with yADA2 or yGCN5 from yeast extracts (51). More-
over, the strong genetic interactions demonstrated in yeast
between two SAGA-specific subunits, ySPT3 and ySPT8 (21,

recombinant plasmids expressing either dADA2a or dADA2b into Drosophila S2 cells. The luciferase activity of the cell extracts was measured 40 h
after transfection. (B) HeLa cells were cotransfected with a luciferase reporter gene under the control of the rabbit �-globin promoter harboring
one GAL4-binding site, a GAL-VP16 expression plasmid, and increasing amounts (50, 100, and 500 ng) of dADA2a and dADA2b expression
plasmids (as indicated). Luciferase activity was measured. (C) Association of dADA2a and dADA2b with specific loci of the Drosophila
polytene chromosome. Immunostaining of the polytene X chromosome from wild-type larvae (Oregon R) with antibodies raised against dADA2a
(upper panel) and dADA2b (lower panel) and Cy3-conjugated secondary antibodies is shown. The labeled regions of chromosome X are indicated
for both panels.
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22), also suggest an interaction between the 2-MDa ySAGA
complex and TBP.

Thus, this study demonstrates the existence of two different
GCN5-ADA2-containing HAT complexes in Drosophila em-
bryo extracts and suggests that their subunit compositions and
molecular masses are very similar to those of their yeast and
human counterparts. Moreover, the observation that dADA2a
and dADA2b cannot always be found associated with the same
transcriptionally active loci on polytene chromosomes indi-
cates that the different dADA2a- and dADA2b-containing
complexes have distinct functions in gene regulation. The dis-
covery of a well-conserved Pol II regulatory subunit, dRPB4,
which has an unusual posttranscriptional coregulation with
dADA2a, uncovers novel levels of regulatory pathways in Pol
II transcription. The fact that the dADA2a and dRPB4 tran-
scription factors, being either subunits of HAT complexes or
Pol II, are evolutionarily highly conserved suggests that these
factors have important well-conserved regulatory functions in
eukaryotic gene regulation. The discovery of these proteins in
Drosophila opens the possibility of further analysis of the func-
tions of these large multiprotein complexes in intact metazoan
organisms by using the powerful tools of Drosophila genetics.
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