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1. INTRODUCTION

1.1. Chromatin organization and modifications

The compartmentalization of DNA within the nucleus of eukaryotic cells requires an
extreme compaction of this highly charged polymer. Compaction is achieved through
association of the DNA with a set of extremely basic histone proteins to form a structure
known as chromatin. The fundamental repeat unit of chromatin is the nucleosome, which is
composed of an octamer of the four core histones, H2A, H2B, H3, and H4, and 147 base pairs
of DNA wound in two turns around the exterior of the octamer (Fig 1.1.). Based on amino acid
sequence, histone proteins are highly conserved from yeast to human. Nucleosomes are
composed of a globular domain and flexible ,histone tails” that protrude outside from the
surface and fold into progressively higher-order structures. Although the structure of the
nucleosome is well characterized (107), less is known about the molecular nature of more
highly folded structures. Chromatin folding is quite dynamic, and the degree of folding directly
influences the activity of DNA in transcription, replication, and recombination. How
individual, differentially folded chromatin domains are created or maintained is a question of

considerable importance to biological regulation.
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Fig. 1.1. Schematic view of various levels of eukaryotic chromatin compaction, from DNA
packaging by histone into nucleosomes till folding into higher-order structures of
chromosomes (Makeba D.L., 2003)




Nature has evolved elaborate mechanisms to dynamically modulate chromatin
structure, including chromatin remodeling by ATP-dependent complexes, covalent histone
modifications (Fig. 1.2.) and utilization of histone variants (161). A wealth of mostly
correlative studies published over the past three decades suggests that posttranslational
modification of the histones modulates chromatin folding and thereby gene activity. The ATP-
dependent remodeling complexes use the energy of ATP hydrolysis in conjunction with the
Swi2 superfamily of proteins to remodel the nucleosome patterning along chromatin fiber.
Other mechanisms involve the recognition of covalent modifications in the histone N-terminus
by chromatin-dependent factors.

The identification of the enzymes that direct modifications has been the focus of intense
activity over the last 10 years. Enzymes have been identified for acetylation (144), methylation
(179), phosphorylation (118), ubiquitination (138), sumoylation (114), ADP-ribosylation (71),

deimination (40, 165) and proline isomerization (115).
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Fig. 1.2. Covalent modifications of the N-terminal tails of the canonical core histones. (Allis et
al., Epigenetics, 2006)

Molecular mechanisms underlying the use of each individual histone modification can
be generalized into two categories, cis and trans mechanisms (161). Cis mechanisms achieve
alteration of intra-and internucleosomal contacts via changes of steric or charge interactions,

for this prominent example include histone acetylation and deacetylation. It has been proposed




that histone acetylation, a modification associated with transcriptional activation, unfolds
chromatin via neutralization of the basic charges of lysines (93). Indeed recent studies with
recombinant nucleosomal arrays have demonstrated that the acetylation of H4K16 inhibits the
formation of compact 30 nm fibers and higher-order chromatin structures (139). Trans
mechanisms involve utilization of non-histone ’readers’ that bind specific histone
modifications and lead to the corresponding functional consequences. Prominent examples
include H3K4 methylation, H3K9 methylation and H3K27 methylation, which are recognized
by inhibitor of growth (ING) proteins, heterochromatin protein 1 (HP1) and polycomb protein,
respectively.

It is hypothesized that the combination of specific histone modifications signifies a
,histone or epigenetic code” that is written by some enzymes (writers) and removed by others
(erasers) and is readily recognized by proteins (readers) that are recruited to modifications and
bind via specific domains. These writing, reading and erasing activities, in turn establish the
optimal local environment for chromatin-template biological processes, such as transcriptional

regulation and DNA damage repair (161).

1.2. Histone acetylation

The phenomenon of histone acetylation in the eukaryotic cell has been known for
many years, and since 1996 various histone acetyltransferase (HAT) activities have been
isolated and partially characterized. Numerous groups sought to identify enzyme activities
capable of transferring acetyl groups from acetyl coenzyme A (acetyl-CoA) onto histone
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acceptors (i.e. the "-amino groups of conserved lysine residues within the core histones).
Typically, cell extracts or partially purified fractions were used in conventional, insolution
enzymatic assays (1). Identifying which polypeptides were responsible for these HAT
activities, however, proved to be challenging and elusive for many years. HAT activities were
grouped into two general classes based on their suspected cellular origin and functions.
Cytoplasmic, B-type HATs likely catalyze acetylation events linked to the transport of newly
synthesized histones from the cytoplasm to the nucleus for deposition onto newly replicated
DNA, they are believed to have housekeeping role in the cell. Conversely, nuclear, A-type
HATSs likely catalyze transcription-related acetylation events (131). Recent evidence indicates

that some HAT proteins may function in multiple complexes or locations and thus not

precisely fit these historical classification (132).



There are currently two theories as to how histone acetylation might facilitate
transcription. One predicts that acetylation affects transcription by neutralizing histone charge,
which weakens histone-DNA and internucleosome contacts, reducing chromatin compaction
(171). The other hypothesis, which does not exclude the first, is commonly known as the
,histone code” and proposes that covalent modification of histones provides an epigenetic
marker for gene expression (147). In this case the acetylation constitutes a marker on histone
tail recognized by factors involved in either activation or gene repression.

In particular, an enrichment of acetylated histone isoforms is often observed on
transcribed DNA sequences. This was first directly demonstrated by pioneering chromatin
immunoprecipitation assays using antibodies that preferentially recognize hyperacetylated
histones. These studies demonstrated that acetylated histones localize more globally to regions
of general DNase I sensitivity, correlating with transcriptional competence. Histone acetylation
and general sensitivity to nuclease digestion are now often recognized as hallmark properties of

transcriptionally active, or competent/poised, chromatin (reviewed in (131)).

1.2.1. Histone Acetyltransferase Families

The histone acetyltransferases are divided into five families including: GCNS5-related
N-acetyltransferases (GNATSs), the MYST (for ,,MOZ, Ybf2/Sas3, Sas2 and Tip60”)-related
HATs, p300/CBP HATs, the general transcription factor HATs including TFIID subunit TAF1,
and the nuclear hormone-related HATs SRC1 and ACTR (SRC3) (33).

Four sequence motifs whose functions are not fully understood — C, D, A, B in the N-
terminal to the C-terminal order - define this superfamily (Fig. 1.3.). The C motif is found in
most of the GNAT acetyltransferases but not in the majority of known HATs. Motif A is the
most highly conserved region, and it is shared with another HAT family, the MYST proteins.
Furthermore, it contains an Arg/Gln-X-X-Gly-X-Gly/Ala segment that has been specifically
implicated in acetyl-CoA substrate recognition and binding (48, 170).
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Fig. 1.3. HAT domain motifs. The relative positions of conserved sequence motifs in the
three HAT families GNAT, MYST, and p300/CBP are indicated. Motif A contains the
highly conserved acetyl-CoA binding site (Roth S., et al, 2001, Annu. Rev. Biochem )

1.2.1.1. GNAT Superfamily

The best understood set of acetyltransferases is the GNAT superfamily (116) which
have been grouped together on the basis of their similarity in several homology regions and
acetylation-related motifs. This group includes the HAT GCNS, its close relatives, and at least
three more distantly related HATs, Hatl, Elp3 and Hpa2. It also contains a variety of other
eukaryotic and prokaryotic acetyltransferases with different substrates, indicating the
conservation and wide application of this type of acetylation mechanisms throughout

evolution.

GCNS (KAT2)
The first protein identified as an A-type, transcription- related HAT was discovered in

the ciliate Tetrahymena thermophila (23). By way of an in-gel assay of nuclear extract
chromatographic fractions run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), a 55-kDa polypeptide (pS5) was found to have acetylation activity on free
histones (22). Subsequent protein sequencing revealed that it was a homolog of Saccharomyces
cerevisiae yGCNS5 (general control nonderepressible-5) (KAT2) (18, 62), previously identified
as a transcriptional adaptor (or coactivator) involved in the interaction between certain
activators and the transcription complex (18,108,140). Homologues of GCNS5 have more

recently been cloned and sequenced from numerous divergent organisms - such as human (28),



mouse (173), Drosophila melanogaster (141), Arabidopsis thalania, and Toxoplasma gondii
(73) - suggesting that its function is highly conserved throughout the eukaryotes.

To date, yeast GCN5 (yGCNS) is the best characterized of the HATSs, both structurally
and functionally and both in vivo and in vitro. Various studies have mapped and characterized
the functional domains of yeast GCNS5, shown in Fig. 1.4 (27, 29). These include a C-terminal
bromodomain, an ADA?2 interaction domain, and the HAT domain, which by use of truncation
mutants was found to be required for adaptor-mediated transcriptional activation in vivo (29).
The yGCN5 HAT domain was also functionally analyzed by alanine scan mutagenesis. These
analyses identified conserved residues critical to HAT activity and demonstrated the direct
correlation of yGCNS5 HAT function with cell growth, in vivo transcription, and histone
acetylation at the yGCNS-dependent HIS3 promoter in vivo (95, 163). A further study with
some of these mutants showed that yGCN5’s HAT activity has an effect on chromatin
remodeling at the PHOS promoter in vivo (67). The substrate specificity of yGCNS5 has also
been investigated. In vitro, recombinant yGCNS5 was found to acetylate both histone H3 and
H4. Yeast protein sequence analysis of these reaction products revealed that the primary sites
of acetylation were lysine 14 on histone H3, and lysines 8 and 16 on histone H4 (94). Although
recombinant yGCNS5 can acetylate free histones efficiently, it is unable to acetylate
nucleosomal histones (64, 94, 133), the more physiological substrate, except under special
conditions and at high enzyme concentrations (156). Only in the context of multisubunit native
complexes such as SAGA (Spt-_Ada-Gen5S-Acetyltransferase) and ADA (Alteration Deficiency
in Activation) is yGCNS able to acetylate nucleosomes effectively, indicating that the influence
of other proteins is required to confer this activity. Yeast GCNS5 bromodomain is required for
full activity within SAGA complex, but is not required when GCNS is within the ADA
complex (145). While ADA complex remains poorly understood, yeast SAGA complex
function mostly as coactivators that acetylates nucleosomal H3 and H2B and facilitate
chromatin remodeling, transcription, nuclear export of mRNA, and nucleotide excision repair
(8).

In mammals (humans and mice), the GCNS5 subclass of acetyltransferases is represented
by two closely related proteins, GCN5 and p300/CREB-binding protein-associated factor
(PCAF). These proteins share a remarkable degree of homology (about 70% identity and 80%
similarity) throughout their sequences, and a distinguishing feature is an approximately 400-
residue amino-terminal region not present in yeast GCNS5 (Fig. 1.4) (173); such an extension is

seen, however, in Drosophila GCN5 (dGCNSY) (141). GCNS5 appears more widely expressed
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than PCAF and at higher levels in mouse embryos. Consistent with this, GCNS5 is required for
early development, while PCAF is dispensable for mouse viability (112).

The function of human GCN5 (hGCNS) has also been investigated in vitro and in vivo,
and it was found to carry out transcriptional adaptor roles analogous to those of yeast GCN5
(28). Further studies showed that hGCNS had HAT activity in vitro (175) and that its HAT
domain could successfully substitute for that of yGCNS5 in vivo, indicating the evolutionary
conservation of this HAT function (164). The HAT domain of human GCNS is of course
indispensable to its acetylation function, but interestingly, two other domains appear to have an
influence on its HAT activity and substrate use. Because of the apparent existence of multiple
alternatively spliced versions of human GCNS5, the original cDNA clones lacked its N-terminal
region. While recombinant short-form human GCNS could acetylate histone H3 (and to a
lesser extent H4) only as free histones (164, 175), the full length forms of human and mouse
GCNS were recently shown to be competent for the acetylation of nucleosomal histones,
implicating the N-terminal region in chromatin substrate recognition (173). The C-terminal
bromodomain is another region that apparently has an effect on human GCN5 HAT function,
interacting with the DNA-dependent protein kinase holoenzyme, which inhibits GCN5’s HAT
activity by way of phosphorylation (14).

Differently from mammals, only one Gen5 homologue was identified in Drosophila
(141). Smith et al. cloned the 98 kDa Drosophila Gen5 and showed that in addition to HAT-
and bromodomain it contains the PCAF homology region, as well. dGCNS has been isolated in
at least two GNAT complexes that contain distinct ADA2 transcriptional adaptors (97, 110). A
1.8 MDa SAGA like complex include the ADA2b variant, the dADA3 and Spt homologues,
and several TAFs. In addition, dGCNS5 associates with the dADA2a variant and dADA3 in a
0,7 MDa ATAC complex (66, 110, 151). Carre and colab. showed that Drosophila GCNS5 is the
major HAT for the lysine residues K9 and K14 of histone H3, is required for larva-to-adult

metamorphosis and has an essential function in the control of cell cycle in imaginal tissues

31).

11



1 179 282 ar4
HAT1 [ | |
1 448 551 557
yELP3 | |
1 a8 176 305 364 422
Tet p55 I N
1 1 230 3 4 439
yGCN5 | H |
1 465 622 725 T84 B13
dGCN5 || |
1 465 605 743 803 830
mGCN5 || I
1 489 646 757 a37
hGCN5 | | I
1 447 587 725 785813
mPCAF || I
1 546 626 744 8332
hPCAF || | B |
PCAF homology AT bromo

Fig. 1.4. The relative sizes and locations of conserved motifs for the GNAT superfamily of
HATs. AT, acetyltransferase domain; bromo, bromodomains; PCAF homology domain (Roth
S., etal, 2001, Annu. Rev. Bicohem )

1.2.1.2. MYST Family

Another group of related proteins predicted to be either HATs or ATs, is the MYST
family that contains the GNAT motif A described above. It is named for its founding members:
MOZ, Ybf2/Sas3, Sas2, and Tip60; (62, 64) (Fig. 1.5). In addition the MYST family includes
the recently identified, yeast Esal, Drosophila MOF and human HBOI1 and MORF (144).
Multiple MYST family members contain zinc fingers as well as chromodomains, which are
protein - protein interaction domains often found in heterochromatin-associated protein (55).
Although the relationship of these domains to HAT function remains unclear, one intriguing
possibility is that chromodomains serve as chromatin-targeting modules for the MYST family,
similar to the function of bromodomains found in other HATs (169).

Tip60, for TAT-interactive protein with a mass of 60 kDa (87) was the first human
MY ST member with demonstrated HAT activity (174).
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Sas3 is the yeast homolog of the human oncogene MOZ (for monocytic leukemia zinc
finger protein). An in-frame chromosomal translocation between CBP and MOZ creates a
novel fusion protein associated with oncogenic transformation leading to human disease. Sas3
is the catalytic subunit of an yeast HAT complex that exhibits specificity for nucleosomal H3,
NuA3 (85). The HAT activity of MOZ has not yet been demonstrated, but sequence
similarities between Sas3 and MOZ make it likely that MOZ is a HAT. Interestingly, both the
acetyl-CoA binding motif and the adjacent zinc finger of the Sas3 MYST catalytic domain are
required for HAT activity (153).

The human protein HBO1 (HAT bound to ORC 1) was the first HAT identified in
association with components of the origin of replication complex (77).

The yeast protein Esal (Essential Sas family Acetyltransferase 1) was the first essential
HAT to be identified in yeast (37), and Esal is now known to be the catalytic subunit of the
NuA4 HAT complex (Nucleosomal Acetyltransferase for H4) (5).

Drosophila MOF (male absent on the first) is homologous to Esal and is involved in
dosage compensation in flies (3, 74). Since male fruit flies have only one copy of the X
chromosome compared to females’ two, dosage compensation occurs in males to cause a
twofold increase in the expression of X-linked genes. Association of a dosage compensation
complex with the chromosomes is correlated with increased acetylation of histone H4 at K16
residue (19). Indeed, mutation of the single glycine (Gly) to glutamic acid in motif A (Arg/Gln-
X-X-Gly-X-Gly/Ala) led to the original discovery of MOF, supporting a critical role for HAT
(74). mof mutant males lack the acetylation of histone 4 at lysine 16, normally associated with
male X chromosome (74).

The human ortholog of the MOF (hMOF) has the same substrate specificity and recent
purification of the human and Drosophila MOF complexes showed that these complexes are
highly conserved through evolution. Several studies have shown that loss of hMOF in
mammalian cells lead to a complex phenotype: a G2/M cell cycle arrest, nuclear
morphologycal defects, spontaneous chromosomal aberrations, reduced transcription of
specific genes and impaired DNA repair response upon ionizing irradiation. Moreover, hMOF
is involved in ATM activation in response to DNA damage and acetylation of p53 by hMOF

influences the cell’s decision to undergo apoptosis instead of a cell cycle arrest (129).
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Fig. 1.5. The relative sizes and locations of conserved motifs for the MYST superfamily of
HATSs. AT, acetyltransferase domain; PhD, plant homeo domains; Zn, zinc finger domains;
chromo, chromodomains are indicated (Roth S., et al, 2001, Annu. Rev. Biochem ).

1.2.2. ADA2 transcriptional adaptors

After the discovery of the GCN5 HAT and GCNS5 homologues in virtually all
eukaryotes, different studies revealed that recombinant GCNS5 mainly acetylates free histone
H3, but exhibits lower HAT activity on nucleosomal histones substrates (94). This suggested
that GCNS5 requires other factors to acetylate nucleosomes and eventually led to the
biochemical characterization of SAGA and ADA acetyltransferase complexes from yeast (64).
The yeast ADA2-type adaptor proteins (yAdal, yAda2, yAda3, yAda4) have been isolated in a
genetic screen (18). The structure of the ADA?2 adaptor protein is highly conserved. It contains
a Zn finger domain, a SANT domain and three so called ADA boxes (110) (Fig 1.6.). The
ADA2 SANT-a region is needed for full HAT activity of SAGA, particularly on nucleosomal
substrates. Yeast ADA2 SANT domain was show to be particularly important in potentiating
the function of the yYSAGA complex (146).

In contrast to the single Ada2 gene present in Saccharomices cerevisiae, the Drosophila
melanogaster genome contains two genes referred to as dAda2a and dAda2b, encoding related
Ada?2 gene (97, 110). The analysis of the gene encoding the Drosophila ADA2a (dADA2a)
protein revealed that in addition to dADA2a this gene encodes the Pol II subunit RPB4 by
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alternative splicing. The N-terminal of the two proteins is encoded by the same exon (Fig. 4.1).
Two genes that encode ADA2 homologues were also found in several other metazoan
organisms like Arabidopsis thaliana, mice and human, but not in C. elegans.

Both dAda2a and dAda2b genes are localized on the 3rd chromosome at the 90F10 and
84F5 cytological region, respectively. Significant homology exists between dADA2a and
dADA2b proteins only in their N-terminal regions, where the ZZ and SANT domains are
present (Fig. 1.6.).

Biochemical separation of ADA2-containing Drosophila complexes indicated that
dADA2a is present in a smaller (0.7MDa) complex, while dADA2b is present in a larger
(2MDa) complex. The latter, most probably corresponding to dSAGA (97, 110). More
recently, Guelman et. al reported the biochemical separation of a further dADA2a-dGCNS-
containing complex, ATAC (Ada Two A Containing complex) (68). In both dSAGA and
ATAC complex, dGCNS5, dADA2 and dADA3 are common constituents, which raise the
question of how the functional divergence of these complexes is determined.

Very recently the identification of the SWIRM domain in the C-terminal part of the
hADA2a was reported (125). SWIRM is a conserved domain found in several chromatin-
associated proteins. The SWIRM domain was shown to be important for many mammalian
nuclear function such as histone demethylation, chromatin remodeling and transcription
activation through the ADA2 coactivator (13, 125). The SWIRM domain of the human
transcriptional activator hADA2a has a possible function in potentiating the activity of the
ACF (ATP-utilizing Chromatin assembly and remodeling Factor) complex in chromatin
remodeling (125). In addition to the hADA2a, regions homologues to the SWIRM domain
were identified for yADA2, dADA2a, and mADAZ2a, but were not reported for hADA2 or
dADA2b.

15
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Fig. 1.6. ADA2-type adaptor protein is conserved between organisms form yeast to human.
The conserved motifs are indicated. ZZ, Zn finger domain, SANT domain, SWIRM domain

Independent studies of Pankotai et al. and Qi et al demonstrated that Drosophila
ADAZ2b is required for viability and is involved in histone H3 acetylation at the lysine 9 and
14, but does not affect the H4KS8 acetylation (120, 124). In addition, dADA2b has a role in
specific gene activation, p53-mediated processes and TAF10 localization (TBP-Associated
Factor 10) (120). Recent results showed that dADAZ2b, as part of Drosophila SAGA complex,
is implicated in the export of newly formed mRNA through the NPC (Nuclear Pore Complex)
(96). In general, dADA2b is part of multiprotein complexes with important roles in the

regulation of transcription.

1.3. Histone phosphorylation

Phosphorylation is the most well known posttranslational modification because it has
long been understood that kinases regulate signal transduction from the cell surface, through
the cytoplasm, and into the nucleus, leading to changes in the gene expression. /n vivo, proteins
can be phosphorylated at serine, threonine and tyrosine; these residues can be modified by
substituting a phosphate for a hydroxyl group to give an o-phosphate linkage.

The histone H3 serine 10 residue (H3S10) is an important phosphorylation site for
chromatin formation from yeast to humans, and appears to be especially important in
Drsosophila (118). H3 is phosphorylated at S10 in two circumstances: first, there is a highly
conserved and wide spread phosphorylation of H3S10 as cells enter mitosis; second, the same

phosphorylation at the S10 residue is highly associated with gene activation and chromatin
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loosening. This presents us with a paradox: on one hand, the modification is associated with
chromatin condensation and suppression of transcription as cells enter mitosis, and, on the
other hand it is associated with the transcriptional activation of selected genes (reviewed in
(118)).

Studies in maize indicate that histone H3S10 phosphorylation during mitosis and
meiosis begins late in prophase, after chromosome condensation has been initiated, and
appears to be associated with chromosome cohesion rather than condensation (88). Members of
the aurora AIR2-Ipll (Aurora/Ipll-Related protein) kinase family have been found to govern
histone H3 phosphorylation at S10 during mitosis in several organisms (41, 63). The action of
these kinases is thought to be required for the proper recruitment of the condensin complex and
assembly of the mitotic spindle in a phosphorylated histone H3-dependent manner (63). These
kinases are counterbalanced by the activity of typel phosphatases (protein phosphatase 1 -
PP1) (76, 111). Regulation of the level of histone H3 phosphorylation via the interplay
between the activities of protein kinase and phosphatase is thought to be the primary means of
promoting proper chromosomal condensation and segregation (70).

Evidence from the analysis of gene expression in Drosophila has provided additional
examples of genes that appear to follow the independent parallel pathway of histone
modification during induction of transcription. Nowak et al. took advantage of the heat-shock
responsive genes of Drosophila, and examined the genome-wide distribution of histone
H3K14-acetylation and S10-histone H3 phosphorylation (117). By analyzing polytene
chromosomes that were prepared from heat shocked larvae, it was found that acetylated histone
H3 and H4 at residues described as essential for transcription (i.e. K14 of H3 and K8 of H4) do
not change their distribution. However, the distribution of S10-phosphorylated histone H3
changes dramatically and is only detected at those loci that contain actively transcribing heat-
shock genes. In addition, repression of transcription at non-heat-shock genes is accompanied
by dephosphorylation of histone H3. These results suggest that the genomic distribution of
histone H3 and H4 acetylation remains more or less static, whereas histone phosphorylation
changes dynamically in a manner that is reminiscent of the transcriptional profile of the cell
(117). It also appears that the structure of the particular promoter itself might affect how
histones are modified at a particular locus. Examination of the modification status of histone
H3 at the promoters of GAL4-driven transgenes in Drosophila reveals that, whereas S10-
phosphorylated histone H3 molecules can be detected at active GAL4-regulated transgenes,
active transgenes that do not bind TATA binding protein (TBP) are not H3-phosphorylated,

raising the possibility that other histone modifications might have a role in their regulation
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(98). One interesting result arising from this and previous studies (123) is the observation that
antibodies against transcription-specific acetylated histones predominantly stained the non-
transcribed 40,6-diamidino-2-phenylindole (DAPI)-staining band regions of Drosophila
polytene chromosomes. By contrast, histone phosphorylation is confined solely to the actively
transcribed interband regions of polytene chromosomes. These results suggest that, in
Drosophila, histone phosphorylation is intimately linked to transcriptional activation and that
the presence of acetylated histones might not necessarily denote regions of actively transcribed

genes (98).

1.3.1. The JIL-1 histone H3S10 kinase

In 1999 Jin et al. characterized a novel tandem kinase in Drosophila. They designated
the protein JIL-1 and showed that localizes specifically to euchromatic interband regions of
polytene chromosomes, and it is the predominant kinase regulating histone H3S10
phosphorylation during interphase (84, 166). Histone H3S10 phosphorylation levels are
severely reduced in JIL-1 hypomorphic or null mutants; however, the histone H3S10 levels are
restored by introduction of transgenic JIL-1 activity. Furthermore, analysis of JIL-1 null and
hypomorphic alleles showed that JIL-1 is essential for viability and that reduced levels of JIL-1
protein lead to a misalignment of the interband polytene chromatin fibrils that is further
associated with coiling of the chromosomes and an increase of ectopic contacts between non-
homologous regions (45, 83, 166, 177, 178, 180). This results in a shortening and folding of
the chromosomes with a non-orderly intermixing of euchromatin and the compacted chromatin
characteristic of banded regions (45). Based on these findings a model was proposed in which
JIL-1 functions to establish or maintain euchromatic chromatin regions by repressing the
formation of contacts and intermingling of non-homologous chromatid regions. In order to
further study the mechanisms of perturbations to chromatin structure in the absence of JIL-1
activity and histone H3S10 phosphorylation Zhang et al. (177) studied the distribution of the
heterochromatin markers H3K9me2 and HP1 in JIL-1 null mutant backgrounds. In Drosophila
formation of heterochromatin and repression leads to deacetylation of histone H3K9 followed
by dimethylation of this residue and recruitment of HP1 (51, 99, 113). Thus, dimethylation of
histone H3K9 and the presence of HP1 serve as major chromatin modification marks for the
presence of transcriptionally silenced chromatin (59, 152). The studies of Zhang et al. (177)
demonstrated that a reduction in the levels of the JIL-1 histone H3S10 kinase resulted in the

spreading of the major heterochromatin markers H3K9me2 and HP1 to ectopic locations on the
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chromosome arms with the most pronounced increase on the X chromosomes. However,
overall levels of the H3K9me2 mark and HP1 were unchanged, suggesting that the spreading is
accompanied by a reduction in the levels of pericentromeric heterochromatin in JIL-1
hypomorphic mutant backgrounds.

Genetic interaction assays demonstrated that JIL-1 functioned in vivo in a pathway with
SU(VAR)3-9 which is a major catalyst for dimethylation of the histone H3K9 residue (135).
Zhang et al. (177) provided further evidence that JIL-1 activity and localization were not
affected by the absence of SU(VAR)3-9 activity, suggesting that JIL-1 was upstream to
SU(VAR)3-9 in this pathway. Taken together these findings suggested that JIL-1 functions in a
novel pathway to establish or maintain euchromatic regions by antagonizing SU(VAR)3-9
mediated heterochromatization (177). According to the histone code (147) and the recently
proposed binary switch model (58) phosphorylation of a site adjacent to a methyl mark that
engages an effector molecule may regulate its binding. JIL-1 phosphorylates the histone H3S10
residue in euchromatic regions of polytene chromosomes (84, 166), raising the possibility that
this phosphorylation at interphase prevents ectopic recruitment and/or spreading of the
heterochromatin- promoting factors HP1 and SU(VAR)3-9, thus antagonizing the formation of
silenced heterochromatin at interbands.

Interestingly, some of the strongest suppressors of PEV described, Su(var)3-1
mutations, were recently identified to be alleles of the JIL-1 locus that generate proteins with
COOH-terminal deletions (51). Furthermore, Lerach et al. (101) demonstrated that JIL-1
hypomorphic loss of function mutations also act as strong suppressors of PEV at the wm4
locus. However, an important difference between Su(var)3-1 and JIL-1 hypomorphic alleles is
that while the amount of heterochromatic factors is constant in both mutant backgrounds (51,
177) there is a marked redistribution of the heterochromatic markers H3K9me2 and HP1 in
JIL-1 hypomorphic mutants (177). Therefore, the underlying molecular mechanism of
suppression of PEV in Su(var)3-1 mutants is likely to be different from that occurring in loss-
of-function null and hypomorphic JIL-1 alleles.

The finding that the JIL-1 kinase is associated with the MSL complex and that histone
H3S10 phosphorylation is up-regulated on the male X chromosome in a pattern similar to that
of the JIL-kinase suggests that regulation of histone H3S10 phosphorylation may also play a
role in dosage compensation mechanisms (84, 166). Nonetheless, the wild-type interphase
polytene male X chromosome showed a striking enhancement of H3S10ph levels that was
absent in JIL-1 mutant animals and this same pattern also was observed using antibodies

specific for the double modification of S10ph and K14ac residues of histone H3 (166). It has
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been proposed that, whereas phosphorylation of H3S10 may signal mitosis, phosphorylation of
H3S10 in the context of acetylation would instead be an indicator for gene activity (147, 159).
Thus, the male X is epigenetically modified with chromatin marks that are associated with
higher levels of transcriptional activity that includes phosphorylated histone H3S10.
Interestingly, the recent demonstration that conditional depletion of HP1 in transgenic flies
results in increased male lethality suggests that modulation of transcription in a sex-specific
manner may also involve epigenetic regulation of HP1 activity (104) and raises the prospect
that the mechanism underlying this regulation might involve a methyl/phos binary switch.

More recently, Cai et al. using different antibodies against H3S10ph showed that there
is no redistribution or up regulation of JIL-1 or H3S10 phosphorylation at transcriptionally
active puffs in such polytene squash preparations after heat shock treatment. Furthermore, they
also provide evidence that heat shock induced puffs in JIL-/ null mutant backgrounds are
strongly labeled by antibody to the elongating form of RNA polymerase II (Pol I1O™?)
indicating that Pol IIO*? is actively involved in heat shock induced transcription in the
absence of H3S10 phosphorylation. This data support a model where transcriptional defects in
the absence of histone H3S10 phosphorylation are the result of structural alterations of

chromatin (26).

1.4. Histone methylation

In addition to acetylation and phosphorylation, important progress has also been made
in the studies of another type of covalent modification: methylation of histone H3 and H4. Like
acetylation and phosphorylation, protein methylation is a covalent modification commonly
occuring on carboxyl groups of glutamate, leucine, and isoprenylated cysteine, or on the side-
chain nitrogen atoms of lysine, arginine and histidine residues (38). Although a number of
studies have indicated a role of protein methylation in signal transduction and RNA
metabolism (4, 61), the precise function of protein methylation remains largely unknown.

Arginine can be either mono- or dimethylated, with the latter in symmetric or
asymmetric configurations. Similar to arginine methylation, lysine methylation on the e-
nitrogen can also occur as mono-, di-, or tirmethylated forms. Studies in the past years have
identified several RNA associated proteins including hnRNP Al, fibrillarin, and nucleolin as
substrates of type I protein Arginine methyltransferase (PRMT), whereas the only substrate
identified so far for type Il PMRT is the myelin basic protein (61).
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Early studies using metabolic labeling followed by sequencing of bulk histones have
shown that several lysine residues, including lysine 4, 9, 27 and 36 of histone H3 and lysine 20
of H4, are preferred as sites of methylation (149). In addition, members of the protein arginine
methyltransferase family can also methylate histones in vitro (61). However, direct evidence
linking histone methylation to gene activity was not available until recently. One major
obstacle in studying the function of histone methylation is the lack of information regarding the
responsible enzymes. Recent demonstration that a nuclear receptor coactivator-associated
protein, CARMI1 (also known as PRMT4), is a H3-specific arginine methyltrasferase and that
the human homolog of Drosophila heterochromatic protein SU(VAR)3-9, is a H3 specific
lysine methyltransferase, provided substantial evidence for the involvement of histone
methylation on transcriptional regulation (33, 128).

The arginine methyltransferases (PRMTs) family of HMTs protein catalyze the transfer
of methyl groups from S-adenosyl-L-methionine (SAM) to the guanidino nitrogens of arginine
residues (61). As the founding member of the PRMT family, PRMT1 was initially identified
from a yeast two-hybrid screen as a protein interacting with the immediate-early gene product
TIS21 and the antiproliferative protein BTG1 (103). In an effort to isolate enzymes that
methylate core histones, Wang and colleagues purified one of the most abundant H4-specific
HMTs from HeLa cells. The enzymatic activity correlated with a single polypeptide identified
as PRMT1 and the methylation site was identified to be Arg 3 (162). Importantly, an antibody
that specifically recognized methylated H4-R3 recognized histone H4 purified from HeLa cells
(148, 162). Methylation on H4-R3 is not limited to mammalian cells, as the highly specific
antibody also recognized H4 purified from chicken and yeast (148).

In addition to PRMT]1, four other mammalian proteins belonging to the PRMT family
have been reported: CARMI1 (coactivator-associated arginine methyltransferase 1), PRMT2,
PRMT3 and PRMTS, the newest member of the PRMT protein family. CARM1 preferentially
methylates histone H3 in vitro (33), and mapping of the residues demonstrated specificity for
Arg 2, Arg 17, and Arg 26 (136). CARMI also methylates the carboxyl terminus of histone H3
at one or more of the four arginine (128/129/131/134) residues (136). The gene encoding
PRMT?2 was identified by screening the EST (expressed sequence tag) databases (89). Whether
PRMT2 possesses protein arginine methyltransferase activity remains to be demonstrated.
PRMT3 was identified in a yeast two-hybrid screen using PRMT1 as bait (154). PRMT3
functions as a monomer and is predominantly localized in the cytoplasm (154). PRMTS is the

newest member of the PRMT protein family.
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1.4.1. SET domain family of HMT

The SET domain is an evolutionarily conserved sequence motif initially identified in
the Drosophila position effect variegation (PEV) suppressor SU(VAR)3-9 (Supressor of
position-effect Variegation 3-9) (155), the Polycomb-group protein Enhancer of zeste (86), and
the trithorax-group, protein Trithorax (143). Over 200 proteins of diverse functions, ranging
from mammals to bacteria and viruses, have been identified to contain this motif. A major
function of the SET domain-containing proteins is to modulate gene activity (82). However,
the underlying mechanism is not understood. A clue that the SET domain may be an important
signature motif for protein methyltransferases came from studies on several plant SET-domain-
containing proteins, where it was found that several of the proteins possessed protein
methyltransferase activity (90, 181).

One of the founding members of the SET domain protein family, Drosophila
SU(VAR)3-9 was identified in genetic screens aimed at isolating suppressors of PEV (155). In
addition to the SET domain, the SU(VAR)3-9 protein also contains an evolutionarily
conserved chromodomain found in a group of chromatin-related proteins (92). Mutations in the
fission yeast homolog clr4 disrupt the association of Swi6p with heterochromatin and result in
chromosome segregation defects (50). Studies with the human (SUV39HI), and mouse
(Suv39hl) homolog’s of SU(VAR)3-9 demonstrated that the encoded polypeptide associates
with the mammalian heterochromatic protein HP1, a homolog of Swibp. Therefore, the
function of SUV39H1/CIr4 and HP1/Swi6p in heterochromatic gene silencing seems to be
conserved from yeast to human. Core histones have long been known to play important roles in
heterochromatic gene silencing, but the role of histone methylation in heterochromatin
silencing was not known until recently. The demonstration that Suv39H1 and Clr4 possess
intrinsic histone methyltransferase activity supports a role of histone methylation in

heterochromatin silencing (128).

1.4.2. Su(var) genes (Drosophila HMTs)

In Drosophila, >50 Suppressor of position-effect variegation, Su(var), loci exist, of
which ~15 have been molecularly defined. Su(var) genes encode structural components of
heterochromatin, such as the zinc finger protein SU(VAR)3-7 (42, 80) and the chromodomain
protein HP1 encoded by SU(VAR)2-5 (54, 55), but also enzymes that can modify histone N-
termini (tails), such as the histone methyltransferase (HMTase) SU(VAR)3-9 (128, 135).
SU(VAR)3-9, HP1, and SU(VAR)3-7 are inherent components of heterochromatin. In a
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genetic hierarchy, SU(VAR)3-9 is dominant over the other two genes indicating an important
role for histone lysine methylation in heterochromatin formation (135).

In Drosophila, H3K9 dimethylation was found to be enriched at heterochromatin (135).
The development of highly specific antibodies that can discriminate mono-, di-, and
trimethylation of H3K9 versus H3K27 (122) now allowed to characterize all H3K9 and H3K27
methylation states in Drosophila. The data reveal that Su(var)3-9 mainly controls H3K9 di- and
trimethylation at pericentric heterochromatin, whereas all H3K27 methylation is mediated by
Enhancer of zeste (E(z)). The identification and characterization of novel point mutants in
Su(var)3-9 that show differential HMTase activities demonstrate that the silencing potential of
Su(var)3-9 is mainly determined by the kinetic properties of the HMTase reaction. Importantly,
the PEV modifier Su(var)3-1 was identified as a key antagonist for Su(var)3-9-dependent gene
silencing (166).

1.5. ATP-dependent chromatin remodeling

ATP-dependent chromatin remodeling enzymes, highly conserved in organisms from
yeast to humans, are similar to the SNF (sucrose non-fermenting) family of DNA translocases
and all contain a catalytic ATPase subunit. These ATPase machineries utilize the energy of
ATP hydrolysis to mobilize nucleosomes along DNA, evict histones of DNA or promote the
exchange of histone variants, which in turn modulate DNA accesibility and alter nuclesomal
structures (15). Based on distinct domain structures, there are four well-characterized families
of mammalian chromatin-remodeling ATP-ases: the SWI/SNF (switching defective/sucrose
non-fermenting) family, the ISWI (imitation SWI) family, the NuRD (nucleosome remodeling
and deacetylation)/Mi-2/CHD (chromodomain, helicase, DNA binding) and the Ino80 (inositol
requiring 80) family (11, 15). Members of the SWI/SNF family, like BRM (Drosophila
homologue of the brahma protein) and BRG1 (Brahma-Related Gene 1) contain a C-terminal
bromodomain that bind acetylated histones tails (72). Involvement of the SWI/SNF members
in DNA replication, development, differentiation, signaling, splicing, DNA damage repair and
replication was also demonstrated (11, 60, 109).

The ISWI (imitation switch) chromatin remodeling ATPase was first identified in
Drosophila due to its sequence homology to the yeast SWI2/SNF2 enzyme (56). ISWI
remodelers exist in all eukaryotes and constitute a prominent subgroup of the SNF2 ATPase
superfamily (49). In Drosophila, ISWI is a component of three known chromatin remodeling

complexes: NURF (nucleosome remodeling factor), ACF (ATP-utilizing chromatin assembly
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and remodeling factor) and CHRAC (chromatin accessibility complex) (79, 157, 158, 160). In
all three complexes, ISWI serves as the ATP-dependent motor that drives nucleosome
assembly or changes in nucleosome structure.

Analysis of flies with mutations in the Iswi gene has shown that ISWI function is
required for the maintenance of functional chromosome structure. In particular, in Zswi null
mutants, which develop until late larval stages and then die, the structure of the male X
chromosome is grossly disturbed and the chromosome appears decondensed (46). In flies the
male X chromosome is dosage compensated (150) and marked by chromosome-wide histone
H4K16 acetylation and its double transcribed genes. Blocking H4K 16 acetylation rescues the
structure of the male X in ISWI mutants (39). These and other findings suggest that ISWI and
H4K16 acetylation play opposing roles in establishing male X chromosome structure or the
H4K16ac makes the X male sensitive to the loss of ISWI function.

Recent work has uncovered the potential for an additional mode of ISWI regulation:
experiments with Drosophila cell lines showed that ISWI is posttranslationally modified by
acetylation in vivo (57). The amino acid sequence surrounding the acetylated lysine shares
similarity with the sequence surrounding K14 of histone H3. Indeed, the histone
acetyltransferase dGCNS5 efficiently acetylates ISWI at the lysine 753 site in vitro and
depletion of dGCNS in cultured cells reduces the amount of acetylated ISWI. The acetylation
levels of ISWI are modulated during embryogenesis, suggesting that ISWI acetylation is under
developmental control (57).

More recently, Burgio at al. using genetic assays identified new factors that interact
with ISWI in vivo. Among these factors members of the deacetylase complex, the Sin3A and
Rpd3 were found to physically interact with ISWI and co-localize on polytene chromosomes.
Chromatographic separation showed that ISWI is associated with histone H3/H4 deacetylase
activity. In the absence of functional ISWI both the Sin3A and Rpd3 levels are reduced.
According to this data the Sin3A/Rpd3 complex cooperates with ISWI to deacetylates histone
and facilitate ISWI chromatin remodeling in vivo (24).

The nucleosome remodeling factor (NURF) is the founding member of the ISWI family
of ATP-dependent chromatin remodeling factors. Like other ATP-dependent chromatin
remodeling enzymes, NURF is a large multi-subunit protein complex that uses the energy of
ATP hydrolysis to change the dynamic properties of nucleosomes (158, 172). Although NURF
is composed of four subunits, only the largest subunit (in Drosophila NURF301; in humans
BPTF) is specific to NURF (12, 172). In Drosophila, mutation of nurf301 blocks activation of

the homeotic selector genes Ultrabithorax and engrailed (6). siRNA-mediated knock-down of
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BPTF in human cells also prevents the activation of the human homologs, engrailed- 1 and
engrailed-2 (12). However, the larval lethal phenotypes of nurf301 and Iswi mutants (6, 46)
suggest that NURF has additional transcriptional targets. More recently, microarray analysis
was used to compare genome-wide expression profiles between wild-type and nurf301 flies
(7). This work has identified a large set of genes regulated by ecdysone receptors, as ecdysone-
regulated genes are activated during larval-pupal metamorphosis in wild-type flies but fail to
be expressed in the mutant. Moreover, the ecdysone receptor interacts with NURF both
physically and genetically. These results provide an elegant molecular explanation for the
observed phenotype of nurf301 mutants and establish NURF as a chromatin remodeling
complex that is required for the timely activation of a defined transcriptional program during
development.

Interestingly, the histone H4 tail is important for NURF-ISWI-driven nucleosome
remodeling (50, 69, 126). Deletion of the H4 tail or grafting the tail onto another histone
abolishes ISWI ATPase stimulation and nucleosome sliding. A hydrophilic patch of three
amino acids that contacts nucleosomal DNA is critical for ISWI stimulation, suggesting that
the epitope recognized by ISWI is composed of both DNA and H4 residues (36, 69).

Taken together, ISWI-containing chromatin remodeling complexes play both general
and specific roles during Drosophila development. Their tasks identified so far range from

maintaining the overall structure of entire chromosomes to ensuring the activation of individual

genes (20).
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. AIMS OF STUDY

. In Drosophila and several other metazoan organisms, there are two genes that encode

related but distinct homologues of ADA2-type transcriptional adaptors. By using
mutant Drosophila lines, it was shown that Drosophila ADA2b protein is present in the
dSAGA complex and has a role in H3 acetylation. Since in Drosophila the existence of
another ADA2-type adaptor was reported, but its role was unknown, our aims were to
characterize the Drosophila Ada2a mutants and to investigate the in vivo functional role

of ADAZ2a protein.

During this work it was found that dADA2a is a component of ATAC complex and we
showed that it plays a role in H4 acetylation. In mutants of dAda2a and several ATAC
subunits, (dGcn5 and dAda3), there is an alteration of chromosome structure similar to
structural changes observed in the absence of JIL-1 kinase. Since chromosome
structural defects are not seen in dADA2b containing-complex, we investigated the role
of ATAC in maintaining chromatin structure and if the similar phenotypes of ATAC

mutants and the Drosophila JIL-1 kinase reflect a functional interaction.
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3. MATERIALS AND METHODS

3.1. Drosophila stocks

Fly stocks were raised at 25°C on standard cornmeal medium containing nipagin. The
dAda2a™® and dAda24d™ alleles have been described (91, 120, 121). dGen5 null and
hypomorph alleles dGen5=** dGen5* ™" and dGen5*’" and the strains carrying the
transgenes that lack the HAT or the ADA interacting domain, dGenSAHAT and dGenSAADA
were kindly provided by C. Antoniewsky (31). The JIL-1% allele and the JIL-1-GFP wild-type
transgene P(hs83-GFP-JIL-1,w+) were kindly provided by dr. K. Johansen (84, 166, 178).
dAda3’ allele described in Grau et al. was kindly provided by dr. Alberto Ferrus. All alleles
were kept as heterozygotes with TM6C, Tb Sb, TM6B, TbHu or T(2;3)TSTL, Cy; Tb Hu
balancer chromosomes and mutants were selected on the basis of the Tb™ phenotype. d4dda3’
stock was maintained using FM7, B GFP" balancer and the mutants were selected on the basis
on GFP~ phenotype. The dSu(var)3-9' and dSu(var)3-9° stocks were obtained from the
Bloomington stock center and were maintained on TM3, Sb Ser balancer (155), (130). As

1118

control the w' "' strain was used (134). Other stocks used in this study were obtained from

Szeged and Bloomington Stock Centers, unless otherwise indicated.

3.2. Genetic crosses and phenotype analysis

All crosses were performed at 25°C. To produce dAda2a dGcen5 double mutants,
dGen553%" and d189 or, alternatively, dGen5T and d189 alleles were recombined into the
same chromosome. dAda2a-null dGens hypomorph mutants
(P[DtIRpb4]/+;dGen 5 d189/dGen5 77 d189) were obtained from crosses
P[DtIRpb4];dGen55'd189/TM6C X dGen5<77"d189/TM6C. The overexpression of dGCN5
in the dAda2a mutant Dbackground was achieved by crossing Pfact-
GAL4];P[DtIRpb4]d189/T(2;3)TSTL to  P[UAS-Gcn5];d189/TM6C. The genotypes
P[DtIRpb4]/+;P[DtlAdala]’”'d189/d189 and  +/+;P[DilAda2a]’®"d189/P[DtIRpb4]d189
represent dAda2a hypomorphs and for simplicity are labeled dAda2a™' and dAda2a""”,

respectively. dAdda2a"?’

in a wild-type or heterozygous dGcn5 background was obtained from
the crosses P[DtRpb4];P[Dtidda2a]””’d189/TM6C X dI89/TM6C and P[DtRpb4];
P[DtlAda2a]’””"d189/TM6C X dGen35"*'d189/TM6C, respectively. In order to obtain

dAda2a"?? in combination with normal or overexpressed dGCNS5 levels, the following crosses
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were performed: P[DtlAda2a]””’d189/TM6C X Pfact-GAL4];P[DtRpb4]d189/T(2;3)TSTL
and P[UAS-Gen5]:P[DtlAda2a]”"d189/TM6C X PlactGAL4];P[DtiRpb4]d189/T(2;3)TSTL,
respectively.

The overexpression of JIL-1 in dAda2a and dGcn5 mutant backgrounds was achieved
by crossing P/hs83-GFP-JIL-1]/P[hs83-GFP-JIL-1];d189/TM6B to P[Dt/Rpb4] d189/TM6C.
The analyzed genotype was P/hs83-GFP-JIL-1]/+;d189/ P[DtIRpb4]d189. The animals with
the genotype P[hs83-GFP-JIL-1]/+; dGcn5/dGen5*?™  were obtained by crossing
P[hs83-GFP-JIL-1]/P[hs83-GFP-JIL-1];  dGcn5***"/TM6B  were  crossed  to
dGen553%'/TM6C. For the ectopic expression of the hs83-GFP-JIL-1 transgene the animals
were heat shocked 3-4 times before analyzing at 37°C for 30 min starting with L1 stage.

In order to obtain ddda2a or dGcn5 hypomorph in combination with overexpressed
JIL-1, the following crosses were performed: P[hs83-GFP-JIL-1]/P[hs83-GFP-JIL-1];
dI89/TM6B to P[DtIRpb4]; P[DtiAda2a]””’d189/TM6C and P[hs83-GFP-JIL-1]/P[hs83-
GFP-JIL-1]; dGen5* " /TM6B to dGen5°"*7"/TM6B. The analyzed genotypes were P/hs83-
GFP-JIL-1]/P[DtiRpb4];  P[DtlAda2a]”'d189/d189  and  P[hs83-GFP-JIL-1]/+;
dGen5* " 1dGen5“"". The control crossings were: dAda2a™*/TM6C to P[DtIRpb4];
P[DtlAda2a]’”"'d189/TM6C and dGen5*“?"/TM6B to dGen5<"""/TM6C.

To produce dAdala/dSu(var)3-9 and dGcenS5/dSu(var)3-9 double mutants, d/89 or
dGen5* " and dSu(var)3-9 alleles were recombined into the same chromosome and the
recombinant strains were crossed to P/DtRpb4]d189/TM6C and dGens™ UTMG6C,
respectively. The analyzed genotypes were dSu(var)3-9d189/P[DtIRpb4]d189 and dSu(var)3-9
dGen5* " /dGen 557,

For the overexpression of the dGen5 variant constructs with PCAF, HAT or ADA-
interacting domains deleted following crossing were done: dGen5%**/TM6C X P[UAS-
dGen5 APcaf]/ P[UAS-dGen5 APcaf]; daGald-dGen5 " ITM6B, dGen5™*/TM6C X
P[UAS-dGcen5 AHAT/ UAS-dGens AHAT], daGal4-dGen5*?"/TM6B, dGen553*/TM6C X
P[UAS-dGen5 AADA/ UAS-dGen5 AADA]; daGal4-dGen5* "/ TM6B.

For the rescue experiments, the L3 animals identified as non-7ubby were gently
transferred to new vials, allowed to develop at 25°C, analyzed and scored for pupa formation or
hatching rate. For determination of the sex ratio homozygous L3 animals carrying the JII-1
transgene were gently transferred to new vials after differentiating the sexes based on the
presence of testes under a dissecting microscope. The number of counted animals was as

follows:
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Genotype No. of analyzed animals

P[DtIRpb4],;d189/d189 (control) 485
dGen5**?"1dGen5* (control) 330
P[hs83-GFP-JIL-1]/+;d189/ P[DtIRpb4]d189 357
P[hs83-GFP-JIL-1]/+; dGen5™ 7 /dGen 5™ 343
Su(var)3-9 d189/ P[DtIRpb4] d189 361
dSu(var)3-9 dGen5* ™ /dGen 557 283
P[DtRpb4]; P[DtlAda2a]”" d189/d189 625
dGen3**"1dGen5T 456
P[hs83-GFP-JIL-1]/P[DtiRpb4]; P[DtiAda2a]””"d189/d189 781
P[hs83-GFP-JIL-1]/+; dGen5* " 1dGen 57" 488

3.3. Immunohistochemistry
3.3.1. Immunostaining of polytene chromosomes

Polytene chromosome spreads were obtained from the salivary glands of wandering
larvae of the genotype indicated. The L3 larvae were dissected in 30 pl Sol.1, transferred to 30
ul Sol.2 for 40sec, fixed in Sol.3 (3.7% formaldehide) for 40sec followed by incubation in 45%
acetic acid for Imin. The chromosome spreads were checked under an optical microscope and
kept in 1X PBST. Slides were blocked in PBST (PBS + 0.1% Tween-20) + 5% BSA or fetal
calf serum for 1 h at 25°C and incubated overnight at 4°C in a mixture of primary antibodies.
Samples were washed 3X 5min in PBST and incubated with a mixture of secondary antibodies
1h at 25°C followed by 3X 5min wash in PBST. The slides were incubated with DAPI in PBST
for 2 min at 25°C, washed again in PBST and covered with Fluoromount-G mounting medium
(Southern Biotech). H3S10ph, H3K9me2, H4K5ac, H4K12ac specific polyclonal antibodies
were from ABCAM or SEROTEC and were used in 1:100 or 1:200 dilutions. Ecdysone
receptor antibody (EcRB, 1:50) was from the Developmental Studies Hybridoma Bank,
University of lowa. JIL-1-specific monoclonal antibody (5C9) used in 1:5 dilution was kindly
provided by K. Johansen. Mouse anti-Pol II (7GS) was provided by Dr. Tora. Secondary
antibodies Alexa Fluor488-conjugated goat-anti-mouse IgG and AlexaFluor555-conjugated
goat-anti-rabbit IgG (Molecular Probes) were used in 1:500 dilutions.
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Solution 1 56 ul 10 % NP-40
(1000 pl) 100 pul 10 X PBS
844 ul distillated H,O

Solution 2 100 ul NP-40

(500 pl) 50 ul 10 X PBS
50 pl 37 % paraformaldehide
300 pl distillated H,O

Solution 3 225 pl 100 %-os Acetic acid
(500 ul) 50 pl 37 % paraformaldehide
225 pl distillated HO

Solution4 450 pl 100 % Acetic acid
(1000 pl) 550 pl distillated H,O

37 % paraformaldehide
0,185 g paraformaldehide (SIGMA)
7 ul 1 M NaOH
500 pl distillated H,O

Stained samples were examined with an OLYMPUS BXS51 microscope and photos
were taken with an Olympus DP70 camera using identical settings for mutant and control

samples.

3.3.2. Immunostaining of polytene nuclei

Polytene nuclei of third instar salivary gland (smush preparation) were prepared as
described by Zhang et. al., (2006) with minor modifications (175). Three to six pairs of late 31
instar larval salivary glands were dissected in PBS, placed on a slide in 50 pl PBS, covered
with a siliconized coverslip and gently squashed. The nuclei were fixed in 3.7%
paraformaldehyde in PBT (PBS with 0.2% Titon X-100) at 4°C for 20 min and then brought to

room temperature for 5 min. The fixed tissues were washed 2X 10 min in PBST and blocked
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with 5% FCS in PBST for 1 h at 4°C. Immunostaining and detection were performed as
described for polytene spreads. Stained nuclei were analyzed with an OLYMPUS BXS51
microscope and photos were taken using an Olympus DP70 camera. All staining and data

recording procedures were performed under identical conditions.

3.3.3. Immunostaining of larval tissue

For immunostaining of larval tissue samples (salivary glands, guts and imaginal discs),
animals were dissected in PBS and fixed in 4% formaldehyde solution. Treatment with anti-
JIL-1 primary antibody (1:5) overnight at 4 °C, was followed by 1h incubation with Alexa
Fluor 488-conjugated anti-mouse secondary antibody 1:500 (Molecular Probes) at room
temperature.

Stained samples were examined with an OLYMPUS BXS51 microscope and photos
were taken with an Olympus DP70 camera using identical settings for mutant and control

samples.

3.4. Western blot

For protein analysis by immunoblot total protein samples were extracted from third
instar larvae of the genotypes indicated in the figure legends, the concentration was measured
using the Bradford reagent, 20-25 pg protein was separated on 15% SDS-PAGE and
transferred by electroblotting to 0,2 um nitrocellulose membrane. The membranes were
blocked for 1 h in 5% dry milk in TBST (20 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.05%
Tween 20) and incubated overnight with primary antibody diluted in 2% BSA TBST. For the
detection of histone H3, H4, H4Kl12ac, H4K5ac and H3S10ph commercially available
antibodies (ABCAM) were used. The JIL-1 5C9 monoclonal antibody was used at 1:50
dilution. The same membranes developed with H4K12ac or H3S10ph specific polyclonal
primary antibodies were washed in TBST and reprobed with anti-H4 monoclonal Ab or anti-
H3 polyclonal Ab. Membranes were washed, incubated with horseradish peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies (DAKO), washed again extensively,

and developed using the ECL (Millipore) kit following the manufacturer's recommendations.
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3.5. Recombinant DNA

The transgene constructs pCaSpeR4-DtiAda2aRpb4 (P[DtiAdaRpb4]), pCaSpeR4-
DtIRpb4 (P[DtIRpb4]), and pCaSpeR4-DtIAda2a (P|DtlAda2a]) were described earlier (2, 91,
120). P[DtIAdaRpb4] carries the entire Ada2a/Rpb4/Dtl locus; P[Dt[Rpb4] has a nonsense
mutation in the d4da2a coding region, and from P[DtlAda2a], the Rpb4 region is deleted. The
upstream activator sequence promoter-driven dGcenJ transgene was generated by the insertion
of a cDNA fragment from clone LD17356 (generated in the Berkeley EST sequencing project),
encompassing the dGen5 coding region, into the P element insertion vector pUAST with the

help of PCR. The structure of the plasmid thus obtained was verified by nucleotide sequencing.

3.6. RT-PCR and Quantitative real-time PCR

For the quantitative determination of transcripts of early-response ecdysone genes, BR-
C, Eip74 and Eip75, larvae were staged at the second- to third-instar molt, and 42 h later
(which corresponds to the time of spiracle eversion in wild-types) collected for RNA
extraction. For the determination of JIL-/ message of the different genotypes L3 wandering
larvae were used. Total RNA was isolated with the QTAGEN RNeasy kit according to the
manufacturer’s instructions. First-strand ¢cDNA was synthesized from 1 pg RNA using
TagMan Reverse Transcription Reagent (ABI). The relative abundances of Broad-Complex-,
E74A-, and E75A-specific and JIL-1 mRNAs were quantified by Q-RT-PCR (ABI Prism
7300) using 18S rRNA as control. Cr values were set against a calibration curve. The AACr
method was used for the calculation of the relative abundances (168). The sequences of

specific primers are shown in Table 1.
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TABLE 1. Oligonucleotides used for this study

Oligonucleotides Sequence (5°-3°)

18S Fw GCCAGCTAGCAATTGGGTGTA
18S Rev CCGGAGCCCAAAAAGCTT
BR-C Fw GCCCTGGTGGAGTTCATCTA
BR-C Rev CAGATGGCTGTGTGTGTCCT
Eip74A Fw GTTGCCGGAACATTATGGAT
Eip74A Rev ATCAGCCGAATTGTCAATCA
Eip75A Fw GCGGTCCAGAATCAGCAG
Eip75A Rev GAGGATGTGGAGGAGGATGA
JIL-1 Fw TGCCCACCAGCAATAGTACA
JIL-1 Rev GCATACAATTTTCCGGCATC

3.7. In vitro and in vivo ecdysone treatments

For in vitro ecdysone treatment, larvae were synchronized at the second- to third-instar
molt and collected 24h later at mid-L3 stage. The salivary glands were removed and placed
into Robb medium. Each gland was divided into two parts; one part was ecdysone treated, and
the other was mock treated. For ecdysone treatment, 20M 20-OH-ecdysone (Sigma) was added
to the medium and the lobes of the glands were incubated at 25°C for 2h. Following
incubation, ecdysone and mock-treated control salivary glands were used to prepare polytene
chromosome squashes. Chromosome preparations were visualized under a phase-contrast
microscope and photographed, and the widths of the puffs in the treated samples were
determined by comparison with a nearby band as reference. Data were analyzed by averaging
the widths of puffs observed in ecdysone-treated glands. For in vivo ecdysone treatment, both
wild-type and dAda2a mutant L3 larvae were placed on autoclaved yeast containing 1 mM 20-

OH-ecdysone.
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4. RESULTS

4.1. dADA2a role in H4 acetylation

The transcriptional adaptor protein ADA?2 is a subunit of SAGA complex in yeast and
forms a part of the catalytic acetyltransferase core with GCN5 and ADA3 (140). Whereas yeast
has one version of ADA2, Drosophila melanogaster has two distinct ADA2 homologues,
dADA2a and dADA2b (97, 110). By a combination of biochemical and cell biological studies,
it was demonstrated that the two Drosophila Ada2 homologues are present in functionally and
structurally distinct multiprotein complexes (97, 110). dADAZ2b, is associated with SAGA-type
GNAT complexes (97). The second variant, dADA2a, is part of newly characterize ATAC
complex, which contains also dGCN5 and dADA3, and possible a dGCN5-independent HAT
(68). Arabidopsis, mice and humans also possess homologues of dAdaZa and dAda?lb,
suggesting that higher eukaryotes have two distinct subgroups of ADA2, which characterize

functionally distinct multiprotein complexes involved in transcriptional regulation.

4.1.1. Characterization of dAda2a mutants

In order to facilitate the in vivo functional study of Drosophila melanogaster dADA2a
protein, homozygous mutants were generated by remobilizing a P element localized close to
the 5° end of the dAda2a gene (120). In the /(3)S096713 line, a P element is located in the 90F
cytological region, 107bp upstream of the transcription start site of dAda2a gene. By
remobilizing the P element in /(3)S096713 a small deletion (d/89) that removed nucleotides
+107 to -613 was isolated. The d189 deletion removed the regulatory regions of the adjacent
dAda2a/Rpb4 and Dtl genes and resulted in an early larva lethal phenotype (Fig. 4.1.) (91,
120). With the use of transgenes corresponding to specific functions affected by the deletion, it
was determined that the loss of Rpb4 and Dtl function results in L1 and L2 lethality,
respectively (Fig. 4.1.) (91, 120, 121). When a transgene (P[Dt/Rpb4]) encompassing both
transcription units with a stop codon in the d4da2a coding region is introduced into the d/89
background, the Rpb4 and Dtl functions are restored and the transgene carriers survive until
late L3. A further transgene with an intact d4da2a region results in a complete phenotypic
rescue, providing evidence that the L3 lethality is a result of the absence of the dADA2a
function. P[DtIRpb4] transgene carrier d/89 homozygotes therefore represent clean dddaZa
loss-of-function mutants (these will be referred to as d4dda2a™®’) (Fig. 4.1.). As expected RT-
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PCR analysis did not reveal d4da2a-specific transcript in the dAda2a™® (P[DtIRpb4]) animals

(data not shown).
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Fig. 4.1. Schematic view of the Drosophila 90F cytological region. The position of d/89
deletion and the genes affected by it (Dt/, Ada2a, Rpb4), as well as the regions present in
the used transgene construct are shown. The rescue ability of particular trasgenes and their

The phenotypic characterization of d4dda2a’®

homozygotes revealed that the mutants

survive for an extended period (up to 2 weeks) in the L3 stage but fail to pupariate or form only

malformed structures covered with brownish cuticle (Fig. 4.2). During their extended L3 stage,

dAda2a larvae feed and reach a size similar to that of their wild-type siblings but never start

wandering. The imaginal discs, central nervous system, and gonads of dAda2a’® larvae are

significantly smaller than those of the wild-type controls (Fig. 4.3 and data not shown).
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Fig. 4.2. ddda2a’” mutants fail to pupariate or form malformed pupae. Third instar
dAda2a™® larvae reach similar size to those of the wild-type (wt) sibling but do not start
wandering and fail to evert spiracle (white arrow), and only after 8 to 10 days in L3 do some
of them form primitive pupa-like stuctures covered with brownish cuticle.

We also assessed the consequence of loss of dAda2a and dGcen5 on polytene
chromosome structure in interphase nuclei. Whereas wild-type polytene chromosomes show

189 animals

extended arm with a regular pattern of bands, the polytene chromosomes of dAdaZa
were severely perturbed. These latter preparation display a distorted banding pattern, while the
most affected is the X male chromosome with no remaining observable banding pattern or
structure (Fig. 4.4.A). A transgene that expresses wild-type dADA2a protein restore the
chromosome structure similar to the wild-type (Fig. 4.4.B). dGcn5-null mutants, dGCN5,
have similar phenotypes regarding lethality, underdeveloped discs, and polytene chromosome
structural defects (Fig. 4.3 and 4.4.) (31). A transgene corresponding to the wild-type dGcn5
allele restores the normal polytene chromosome phenotype of dGcn5 mutants; however, a
transgene with a deletion in the HAT domain or in the region involved in ADA2 interaction

fails to restore the normal chromosome structure of dGcn5 mutants (Fig. 4.4.B).
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Fig. 4.3. Imaginal discs of dAda2a™ and dGen5™" third-instar larvae are
underdeveloped compare with similar aged wild—ty];e controls. During their extended L3
stage, the imaginal discs of ddda2a™® and dGen5**" grow and reach the size of the fully
developed wild-type discs after 8 to 10 days of L2/L3 molting, but they are abnormal in
regards to both their shape and their stucture. The analyzed genotypes are indicated.
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A wild-type

Fig. 4.4. Polytene chromosomes of dAda2a”® and dGen5™" mutants display similar
abnormal structures with respect to condensation, short arm and distorted banding pattern.
A) Male X chromosomes of ddda2a™® and dGen5%7*" (bottom) compared to wild-type
(top). B) The structure of ddda2a™® and dGen5%7*" mutant chromosomes (top) is rescued
by a wild-type d4da2a and dGenJ transgene (bottom, first and second picture), but not by an
dGcen) trasgene with deleted ADA interacting domain (bottom, third picture).

Thus, the polytene chromosomes phenotype suggests that dADA2a and dGCNS5
proteins act together, probably as components of the ATAC complex, to regulate directly or

through an indirect mechanism the chromatin structure.
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4.1.2. Genetic interaction between dAda2a and dGcn5

In accord with the above conclusion, biochemical purification of dADA2a and dGCN5
indicated their coseparation as a part of the same complex, and Yeast Two Hybrid (YTH)
experiments showed their physical interaction (110). In order to study whether genetic
interaction between dAdal2a and dGcen5 can also be demonstrated, double mutants were
generated using null and hypomorph d4da2a and dGcn5 mutations. dGen5 dAda2a double-null
mutants or a combination of ddda2a null (dAda2a™®) and a hypomorph dGcn5 allele
(dGen5<77) (31) results in a phenotype stronger than that of either of the two mutations alone;
dAda2a™® dGen5°"" animals are L2 and early L3 lethal. The coexpression of an upstream
activator sequence (UAS) promoter-driven dGcnS transgene and an act-GAL4 driver in a
dAda2a™® background results in a partial phenotypic rescue: ddda2a™® P[UAS-Gen5] Plact-
GALA4] L3 larvae have polytene chromosomes that are indistinguishable from the wild-type in
morphological features, and they form pupae, though they do not hatch (data not shown).
These observations indicate a genetic interaction between d4da2a and dGcen).

Several independent dAda2a transgene carrier lines that were established and carry the
insertion of a genomic fragment encompassing the Ada2a locus with its regulatory region, fully

d189

rescues the dAda2a™® phenotype. In line P[DtlAda2a]™", however, the transgene expression

results in only a partial phenotypic rescue, most probably because of the low level of

4189 pIDtlAda2a]™" genotype can

expression determined by the site of integration. The dAdaZa
be therefore considered a hypomorph dAda2a (dAda2a™?) allele (see Materials and Methods).
Nearly 85% of dAda24"™"" animals with a wild-type dGen3 background hatch, but 30% of them
display an outstretched wing (os) phenotype (Fig. 4.5.B). In a +/dGen5"**" heterozygous
background, however, two-thirds of the dAda2a™?" animals perish as pupae or pharat adults,
and 70% of those which emerge as adults have an os phenotype (Fig. 4.5.A, insert). In contrast,
an excess amount of dGCNS5 partially suppresses the phenotypic defects of the hypomorph
dAda2a mutation; dAda24™? P[UAS-Gen5] Plact-GAL4] adults emerge in higher numbers
than do their control siblings without the dGcn5 transgene (Fig. 4.5.B), and only a small
proportion of them display the os phenotype (Fig. 4.5.B, insert). These results obtained from an

analysis of the phenotypes of d4da2a transgene carriers, provide further support for the genetic

interaction of dAda2a and dGcens.
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Fig. 4.5. A) The null dGcen5™ allele has a negative effect on the development of
dAda2a™"". The phenotype change is shown as the fraction of animals reaching adult (A),
pharat adult (PhA), and early pupa (EP) stages in the wild-type (light gray bars) and dGcnS
heterozygous background (white bars). B) The overexpression of dGcn35 from a transgene
(dark gray bars) has a positive effect on the development of dAda2a"?? (labels are described
in panel A). The inserts show the fractions of adults displaying the outstretched wing (os,
white) and wild-type (wt, black) phenotypes. Resulting from the different chromosomal
background, the fractions of dAda2a™’ and dAda2a™"* adults in the two experiments
(columns in panel B and C) are different. Error bars indicate deviations.

4.1.3. Failure in ecdysone response in dAda2a mutants

The phenotypic features of d4da2a mutants indicate a developmental block at the time of
the larva-pupa transition. Since major developmental transitions during the onset of
metamorphosis are triggered by the steroid hormone ecdysone, we wondered whether the
induction of ecdysone-responsive genes in d4Ada2a mutants was affected. The first pulse of
ecdysone, at the beginning of the prepupal stage (0 hour prepupa), induces the expression of a
set of early genes. The Broad Complex (BR-C), E74 and E75 early genes are located within
early puffs 2BS5, 74EF, 75B, respectively (25, 47, 137). In the presence of ecdysone, early
genes are transcribed for the next 4 hours. Most interestingly, the second ecdysone pulse,
around 10 hours after pupariation, induces the same early genes BR-C, E74, E75.

Late larval and prepupal pulses of ecdysone trigger a sequential induction of puffs in the
giant polytene chromosomes of the larval and prepupal salivary glands. The puffs correspond
to a loose chromatin structure where genes are actively transcribed. Importantly, during normal
development, puffs corresponding to the above regions are visible in the last stage of the third
instar, from the beginning of the wandering phase, when the larvae stop feeding and prepare

for puparium formation. To establish whether the d4da2a mutation has an effect on ecdysone-
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induced puff formation, wild-type and dAda2a™® larvae were staged at the second - to third
instar molt and then sampled at regular intervals. Polytene chromosome squashes were
prepared from salivary glands dissected from wandering wild-type animals and dAda2a®"®’
animals of similar age, and the presence and size of puffs in the cytological regions 2B5, 74EF,
and 75B were determined (Fig. 4.6.). The size of the puffs present in the regions 2B5, 74EF,
and 75B in the wild-type animals are significantly larger than those in the d4Ada2a mutants.

The reduced size of early ecdysone- responsive puffs was also observed in dGen5 mutants (31)

and dAda3 (66).

wild-type  dAda2ad1%

N 3 |
— :
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Fig. 4.6. The formation of ecdysone-induced early-response puffs is reduced in dAdala
mutants. Phase-contrast images of polytene chromosome region of wild-type control and
dAda2a™® third-instar larvae, depicting the cytological regions 2B5 (left) and 74EF-75B
(right). Brackets show the regions corresponding to early response puffs.

Since the ecdysone levels change dynamically in this stage, and the response to the
hormone is rapid, there is inevitably some degree of heterogeneity in the developmental age of
the late third instars, which makes the timing of the comparison critical. This is of particular
concern when the puffs of wild-type and d4da2a mutants are compared, since the development
of the latter in the L3 stage is slowed down considerably compared with that of their control
siblings. With this in mind, we also tested whether d4da2a mutants retained their abilities to
form puffs in response to in vitro ecdysone treatment. For ectopic ecdysone treatment, salivary
glands were dissected from mid-third-instar larvae and cultured in Robb medium at 25°C for 2
— 4 h either in the absence or in the presence of ecdysone. Polytene squashes were prepared

form both the ecdysone treated and untreated salivary glands and the presence of puffs was
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observed under phase-contrast microscope and photographed. The widths of the puffs from the
wild-type and mutant treated samples were determined as the report between the size of the
puff and a nearby reference band. Figure 4.7.A reveals that ecdysone treatment induces puff
formation at 2B5, 74EF, and 75B in the salivary glands from both wild-type and mutant larvae.
In the d4da2a mutants, the puffs are consistently smaller. Thus, the reduced abilities of these
loci to be induced by ecdysone in late-third-instar d4Ada’a salivary glands can be overcome
only partially by ectopic ecdysone treatment (Fig. 4.7.A). In accord with this observation, we
found that an increase in the in vivo ecdysone level of d4dda2a mutant L3 larvae results in a
partial phenotypic rescue: animals whose control siblings remain in the L3 stage for more than
10 days mostly form deformed pupa-like structures when placed on ecdysone-containing

medium for 1 day (Fig. 4.7.B).
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Fig. 4.7. In vitro and in vivo ecdysone treatment partially rescue the puff formation and the
lethal phase in ddda2a™® mutants. A) The average size of early puffs (expressed as the
average width of puffs in arbitrary units) following ectopic ecdysone treatment is
significantly smaller in the ddda2a®"*” mutants (white bars) than in the wild-type controls
(dark bars). The size of the puffs was determined as described in Materials and Methods.
Each column represents the average of measurements of at least 20 dissected salivary glands.
Error bars indicate deviations. B) In vivo ecdysone treatment lead to the formation of
dAda2a mutant malformed pupae after 24 hours of ecdysone feeding. Ectopically ecdysone
fed wild-type (top) and d4da2a mutant (bottom) larvae are shown.

To determine if the failure of the puff formation correlates with a failure in the expression
of early ecdysone induced genes we compared the levels of hormone induced mRNA levels in

mutant and wild-type animals. Early puffs at 2B5, 74EF, and 75B contain complex
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transcription units (Broad-Complex, Eip74, and Eip75, respectively), each encoding a family
of transcription factors. Q-RT-PCRs indicated that the mRNA level corresponding to a

representative transcript from each locus is markedly decreased in the dAda2a™®

samples
compared with that of the control late-L3 wild-type larvae (Fig. 4.8.A). The difference in the
levels of the Eip74A message of the wild-type and ddda2a™® mutants was consistently the
highest upon repetition, reaching more than 2 log differences. These results indicate that the
ecdysone-triggered transcription activation that directs developmental responses is severely
attenuated in the d4da2a®"®’ mutants. A possible underlying reason of the reduced expression
of ecdysone-induced genes could be that the lack of ADA2a interferes with the synthesis of
ecdysone or with the expression of the ecdysone receptor (EcR). In order to test this
assumption by RT-PCR we analyzed the expression of two EcR isoform messages. The results

obtained show that the level of EcR was affected to a lesser extent by the loss of dAdaZa,

compared to the message level of studied ecdysone induced genes (Fig. 4.8.B).
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Fig. 4.8. A) The level of representative mRNAs transcribed in early puffs is decreased in
the d4dda2a®"®® mutants. mRNA levels in L3 larvae were determined by quantitative RT-
PCR and presented as the ratios between mutants and the wild type (wt). The insert
illustrates the cycle threshold plot of a Q-PCR performed for the comparison of Eip74A
mRNA levels in wild-type and in dAda2a®"®® mutants. Two parallels were run and are
shown for both samples. One division of the chart represents a twofold difference in the
amount of PCR product. B) RT-PCR detection indicates reduced levels of ecdysone
receptor subunit and ecdysoneinduced messages. 1, wild type; 2, ddda2a™®. Note the
reduced level of E74A and BR-C mRNA similar to that seen in panel C, while no change in
the level of rp49 message is detectable.
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In the next step we analyzed the binding of ecdysone receptor to chromosomes by
immunostaining with EcR-specific monoclonal antibody. Results revealed decreased staining
in ddda2a™® mutants compared to the staining intensities observed in wild-type animals,
which shows very intense staining in the puffs (Fig. 4.9.). A possible explanation for above
results is that the ecdysone synthesis is affected by the lack of dADA2a or dGCNS that leads to
reduced binding of EcR to chromatin and expression of ecdysone-induced genes. Altogether,
these data clearly indicate that the loss of the dADA2a function interferes with hormonal

induction of a set of genes required for the progress of the Drosophila developmental program.

wild-type dAda2a“"®

Fig. 4.9. dAda2a™ mutant shows reduced EcR binding to chromosomes. Phase contrast
(Phc) and EcR-specific antibody-stained images (green) of the end of X chromosomes of
wild-type and d4dda2a®"* are shown. White stars indicate the localization of EcR at the 2B5
cytological region.

4.1.4. Lack of dADA2a function results in decreased H4 acetylation

GCN5 (KAT2) is the catalytic component of several complexes which acetylates
nucleosomal histones. In our and others laboratories it was recently determined that H3
acetylation at lysines 9 and 14 is significantly reduced in both d4da2b and dGcn5 mutants of
Drosophila (31, 120). d4da2a mutations, however, do not affect the acetylation of these lysine
residues. Furthermore, the loss of either of the dADA2a or dADA2b functions does not change
the acetylation of H3 lysine 18 or of H4 lysine 8 (120, 124). To extend these studies, we
compared the acetylation of further lysine residues of H4 in dAda2a, dAda2b™%, and dGcen5
mutants. Using highly specific antibodies for H4 acetylated K5 (H4K5ac) and K12 (H4K12ac)
we assessed the level of H4 acetylation level via immunostaining of polytene chromosomes.

As a control, we used RNA Pol II monoclonal antibody specific for the largest subunit.
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Fluorescent microscopic images of wild-type, ddda2a’®, dAda2b™* | and dGen5™ polytene
chromosomes stained with antibodies recognizing Pol II and H4 acetylated at different lysine
residues are presented in Fig. 4.10.A. All staining and data recording procedures were
performed under identical conditions. The comparison of the staining intensities indicates that
the levels of H4K12ac and H4KS5ac are significantly less in the ddda2a’® and dGen557
mutants than in the wild-type. Chromosomes of d4da2b™* mutants do not reveal decreased
acetylation of either of the two lysines of H4 tested in these experiments.

Similar to the immunostaining, the detection of H4 acetylated at K12 and K5 lysine
residues in protein extracts of dAda2a"’, dGen5™*' and dAda2b™* larvae by Western
blotting also indicates significant reductions in the levels of H4K12ac and H4K5ac in the first
two, but not in d4da2b™* mutants (F ig. 4.10.B). In contrast, neither the loss of d4da2a nor the
loss of dGcn5 changed the level of H4K8ac to an extent detectable by immunostaining (data
not shown) (31, 120). The acetylation of H3 at K9 and K14 has been shown to depend on
ADA2b-containing GCN5 HAT complexes. Neither the acetylation of these sites nor the
acetylation of H3K18 is affected by the loss of dADA2a. The structure of dAdala™®
chromosomes makes it difficult to obtain a detailed staining pattern; nonetheless, a comparison
of the H4K12ac and Pol Il-specific antibody-stained wild-type and dAda2a™® chromosome
regions clearly reveals that some of the bands staining intensely for H4K12ac in the wild-type
are missing in the d4da2a mutant (Fig. 4.11.B). Comparing the staining patterns obtained with
Pol II-specific and H4K5ac- or H4K12ac-specific antibodies on wild-type chromosomes reveal
that K5- and K12-acetylated H4 localized mostly in bands, less intensively stained by Pol 1I,
although the acetylated H4 and Pol II stainings overlap at several positions. Notably, intensive

staining of H4K5ac or H4K 12ac is not detected in puffs or interband regions (Fig. 4.11.A).
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Fig. 4.10. The effects of ddda2a, dGcn5 and dAda2b mutations on the H4K12 and H4K5
acetylation of polytene chromosomes. A) Chromosomes immunostained with polyclonal
antibodies specific for individual acetylated lysine residues of H4 (red), as indicated on the left,
and a Pol II-specific monoclonal antibody (Pol II 7G5, green) are shown. Genotypes are
indicated at the top. The images demonstrating immunostaining in different mutants were
obtained with identical data-recording settings. wt, wild-type. B) Western blot of protein
extracts of wild-type (1), ddda2a™® (2), dGen5%3" (3), and dAda2b™* (4) L3 larvae
developed with antibodies as indicated on the left. For the detection of H4K5ac and H3, the
same blot was developed consecutively with the two specific antibodies.
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Fig. 4.11 A) Merged images of (left) phase-contrast and acetylated H4-stained (red) and
(right) Pol II- (green) and acetylated H4-stained region of wild-type 3R chromosomes
reveal similar distributions of H4K12ac and KS5ac staining mostly in the condensed
chromosomal regions. It may be noted that some of the stronger bands seen in the phase-
contrast images do not display acetylated H4 staining (stars) and that acetylated H4 and Pol
IT colocalization is observable in a few regions (open arrowheads), while in other regions,
strong polymerase-specific, but no acetylated H4, signal is detected (closed arrowheads). B)
Identical regions of wild-type and dAda2a®"®® chromosomes costained for H4K12ac (red)
and Pol II (green). For better comparison, the H4Kl2ac signal on the dAda2a™®
chromosome is enhanced. Despite the distorted banding pattern of the dAdaZa
chromosome, similar distributions of H4K12ac are observable on wild-type and mutant
chromosomes, though for specific bands, the H4K12ac signal on the dAda2a chromosome
is absent or greatly reduced (arrows).

Taking advantage of animals that carry dGcenS transgenes with deletions we investigate if
dADAZ2a is important for the catalytic activity of dGCNS. A full-length dGcn5 transgene that
was shown to restore the chromosome structure, restores the level of K12 acetylation to the
level of the wild-type in dGcen5 mutants, while transgenes with deletions in the ADA
interaction or in the HAT domain do not (Fig. 4.12.A, B). dAda2a™® and dGcn5=%
chromosomes stained with H4K12ac- specific antibodies exhibit reduced staining intensities

along the entire length of the chromosomes.
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Fig. 4.12. A) Schematic view of the domains contained by the Drosophila GCNS5 protein.
B) H4K 12ac (red) in dGen5%* mutants is restored by a dGen5 transgene lacking the PCAF
region, but not by the transgenes with mutations in the ADA interaction region or HAT
domain. Images obtained with Abs specific for the largest subunit of Pol II (green) are
shown as control.

Genetic loss of function of dAda2a as well as of dGen5 leads to a dramatic
decondensation of the male X chromosome, indicating a role of this remodeling complex in
higher-order chromosome structure. In Drosophila males the genes localized on X
chromosomes are double transcribed and marked by an increased H4K16 acetylation. The
H4K16ac is deposited by MOF HAT and is detectable only on the male X chromosome as a
part of the dosage compensation (DCC) (2). H4K16 acetylation leads to the double
transcription of the genes localized on the male chromosome and a more open structure of the
male X compared to the autosomes. To test whether the alteration of the male X chromosome
reflects an alteration of the DCC, we analyzed H4K 16 chromosome acetylation in ddda2a™®
and dGen577* mutant males by chromosome immunostaining. Despite its bloated appearance,

we found that X chromosome in these males is still highly acetylated on H4K16 residues,

similar to the wild-type control (Fig. 4.13.).
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wild-type dAda2a?"® dGcn5F33%t

Fig. 4.13. Immunostaining of male polytene chromosomes with anti-H4K16ac specific Ab in
wild-type, ddda2a'® and dGen5577" mutants. Merged picture of DAPI (blue) and H4K 16ac
(red) stained chromosomes (top) does not show any difference between the staining intensity
of wild-type and mutant chromosomes. Pol II-specific antibody (green, bottom) is used as
control.

a-H4K16ac

DAPI

a-Pol

The lack of detectable change of H4K16ac level in dAda2a mutants indicate that ADA2a
is not involved in H4K 16 acetylation, but affects X male chromosome structure by a different
mechanism. Taken together, the above presented results strongly suggest that the two ADA2-
type adaptor proteins present in Drosophila are part of two distinct HAT complexes, dSAGA
and ATAC, with role in H3 acetylation at lysine K9 and K14 and H4 acetylation at lysines K5
and K12, respectively. In addition, ATAC complex play a role in maintenance of an ordered

chromatin structure.
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4.2. H4 acetylation is linked to JIL-1 kinase function

The interplay of different modifications means that deposition of one type of
modification facilitates or inhibits the deposition of a subsequent one. It was observed that
histone H3 phosphorylation at S10 can enhance acetylation of histone H3 at K14 (34, 105, 128)
and inhibit methylation of histone H3 at K9 (49). In another example, the acetylation of histone
H4 at K12 was suggested to be required for the methylation of histone H3 at K9 and the
following HP1 recruitment to the centromeric regions of Drosophila chromosomes (152).
Cross-talks between phosphorylation, acetylation and methylation thus clearly exist.
Acetylation, and similarly phosphorylation and methylation of specific histone tail residues can
be brought about by several distinct enzymes or protein complexes, which often have
overlapping specificities (17, 100, 102). It is therefore expected that a particular
(pre)established constellation of modifications can have different effects on the establishment
of a subsequent modification, depending on the enzymes/complexes participating in the
process.

In mutants of several Drosophila genes that play roles in histone posttranslational
modifications, alterations in the higher order polytene chromosomes structure have been
observed. Mutations affecting the JIL-1 kinase (166), subunits of the NURF chromatin
remodeling complex (iswi and nurf alleles) (6, 7, 46) and as well as other chromatin-associated
proteins such as HP1, (SU(VAR)2-5), SU(VAR)3-7 (142) and Chromator/Chriz (52, 127) each
result in chromatin structural defects. Since similar chromosome structural defects were
observed in ATAC subunit mutants (dAda2a, dAda3, dGcn)), but not in SAGA HAT complex
specific dAda2b mutants (120) we set out to test whether the similar phenotypes of JIL-1 and
ATAC mutant chromosomes reflect a functional interaction between the ATAC HAT complex

and the JIL-1 kinase, but not between the SAGA complex and JIL-1 kinase.

4.2.1. Decreased H3S10ph level in mutants deficient in ATAC function

In order to determine whether interdependence between JIL-1 and ATAC functions
exists first we studied the levels of ATAC-deposited histone H4K 12 acetylation and JIL-1-
deposited histone H3S10 phosphorylation in JIL-1 and ATAC subunit mutants. Immunoblots
developed with antibodies specific for H4 acetylated at K12 residue demonstrate a dramatically
decreased level of H4K12ac in total protein extracts of ddda2a™® and dGen5™*" mutants,
while the level of H4K12ac in dAda2b®* and JIL-17 mutants is similar to that observed in

wild-type sample (Fig. 4.14.A). On the contrary, the level of histone H3S10-phosphorylation,
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as determined by immunoblots using H3S10ph-specific antibodies, is greatly reduced in
dAda2a™® and dGen5%7*" mutants, but is comparable to the control in the SAGA-specific
dAda2b™* mutant samples (Fig. 4.14.B). Immunostaining of salivary gland polytene
chromosomes of dGen5™*" and d4da™® mutants corroborate the results of immunoblots in
that the staining intensity displayed with H3S10ph-specific antibodies by both d4da®’*’ and
dGen5™%" chromosomes is greatly reduced compared to wild-type or ddda2b™*
chromosomes (Fig. 4.14.C). Similarly, in the absence of the ADA3 protein, a subunit of both
ATAC and SAGA complexes, a significant decrease in the level of H3S10ph was also detected

by immunobloting or chromosome immunostaining (66).
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Fig. 4.14. Total protein extract of indicated genotypes immunoprobed with: A) Specific
antibodiess for H4K12ac (top) and H4 (bottom) and B) Antibodies specific for H3S10ph
(top) and H3 (bottom). C) Double labeling of polytene squashes with antibodies against
H3S10ph (red) and the largest subunit of the RNA polymerase II (green).
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Since the combination of western blot and immunofluorescens analysis showed the loss
of phosphorylation in ATAC mutants, we decided to determine whether the HAT activity of
GCNS was required to enhance H3 phosphorylation by JIL-1. For this, we studied the level of
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H3S10ph in animals in which partial GCNS5 functions were provided by transgenes. Polytene
chromosome staining of transgene carrier larvae revealed that GCNS transgenes lacking the
HAT catalytic or the ADA2-interacting domain fail to restore H3S10 phosphorylation level in
dGen553%" null mutants (Fig. 4.15). Combined, these data strongly suggest that the loss of
histone H4 acetylation by ATAC decreases H3 phosphorylation by JIL-1.

dGen5Fast dGen5e33st dGen5Esst

wild-type I:; Gﬂﬁdﬂﬂ“ is CN5.1HA T| is cnadpc.qi

E333st

a-Pol 11

Fig. 4.15. Polytene chromosome squashes of dGcnd third-instar larvae expressing a
dGcen5 transgene with mutations in the ADA interacting, HAT and PCAF homology
domains, double stained with antibodies specific for H3S10ph (red) and for the C-terminal
domain of the largest subunit of RNA polymerase II (Pol II 7G5) (green).

4.2.2. JIL-1 overexpression restores H3S10ph and suppresses phenotypic features of
ATAC mutants

The functional failure of ATAC might lead to a decreased level of H3S10ph because
H4 tails with acetylated K12 play a direct role in the enhancement of JIL-1 function, or through
several indirect mechanisms which might be triggered, among others, by an altered chromatin
structure or by altered JIL-1 activity. In an attempt to gain information on the underlying
mechanism of ATAC and JIL-1 interplay we studied the effect of the ectopic overproduction of
JIL-1 in ATAC mutants. In order to perform these experiments ddda2a™®® and dGen557%

mutants animals were crossed with animals carrying the JIL-1EGFP transgene driven by a
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heat-shock promoter. Animals heterozygous for JIL-1EGFP and homozygous for dAdaZa or
dGcen5 mutations were analyzed. By analyzing the lethal phase of these animals we observed
that ddda2a™® or dGen5%7*" null mutants, which do not evert spiracle and have a lethal phase
in late third-instar larval stage, everted spiracle and formed pupae with high frequency upon
JIL-1 overproduction (Fig. 4.16.A.). The effect of JIL-1 overproduction is also well observable
in the change of the chromosome structure of ATAC mutants. The bloated phenotype of male
X chromosomes characteristic for each ATAC mutant studied (d4da2a, dAda3 and dGcen)) is
significantly suppressed by JIL-1 overproduction (Fig. 4.16.C). We noticed a less striking but
clearly observable improvement in the structure of autosomes of ATAC mutants over-
expressing JIL-1, both males and females. A JIL-1 transgene overexpressed in d4dda2a and
dGcen5 hypomorph mutants also, increased survival of hypomorph ddda2a or dGen5 mutants,
as shown by the elevated number of hatching JIL-1 transgene carrier ddda2a or dGen5<'*"
adults, compared to the number of animals without a JIL-1 transgene (Fig. 4.16.B).

As expected, both imunofluorescens and Western blot experiments showed that the
expression of the hs-promoter driven JIL-1EGFP transgene in ddda2a™® and dGen5™
mutants restored histone H3S10ph level comparable to normal (Fig. 4.17.A, B). These data
thus strongly suggest that the similar chromatin structure distortions seen both in ATAC and
JIL-1 mutants, most clearly in the structure of male X, have at least in part an identical
underlying cause in the reduced level of phosphorylated histone H3S10. Furthermore, the
suppressive effect that JIL-1 overproduction exerts on the phenotype of ATAC mutants also
suggests that the reduced level of ATAC-specific histone H4K5 and K12 acetylation does not
prevent, but rather only hinders JIL-1 phosphorylation of histone H3S10. The observations that
JIL-1 overexpression decreased the effects of ATAC subunit mutations concerning either lethal
phase, chromosome structural distortions or level of phosphorylation, suggests that ATAC and

JIL-1 function in the same pathway, where ATAC complex acts upstream the JIL-1 kinase.
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Fig. 4.16. A) Lethal phases of ddda2a™®, JIL-1EGFP/dAda2a™”, dGen5™7*" and JII-1
EGFP/dGen5%3%" animals. The percentages of animals perishing in the indicated stages are
shown. In parentheses the number of third instar larvae of the particular genotype and sex is
given. The sex of the animals was determined by observing the presence of testes in L3. B)
The hatching rate of hypomorph d4da2a and dGcn5 mutants in the absence and the presence
of a JIL-1EGFP transgene. C) Phase contrast images of ddda2a™"®’, JIL-1EGFP/dAda2a""®,
dGen55 and JII-1EGFP/AGen5 5333 polytene chromosomes of late third-instar male

larvae. The black arrows indicate the male X chromosomes.
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Fig. 4.17. A) Polytene chromosome squashes of wild-type and JIL-1 transgene expresser
dAda2a™® and dGen5** third-instar larvae double stained with H3S10ph (red) and Pol II
specific Abs (green). B) Immunoblot of total protein extract of 1. wild-type, 2. JIL-1EGFP,
3. dAda2a”¥, 4. JIL-1EGFP/dAda2a™®, 5. dGen5™ " and 6. JIL-IEGFP/dGcen5™
developed with H3S10ph and H3 specific antibodies.

4.2.3. Mutations of ATAC subunits enhance the spreading of histone H3K9 dimethylation
by SU(VAR)3-9

Zhang et al. reported that the loss of JIL-1 function results in the spreading of the major
heterochromatin markers H3K9me2 and HP1 to ectopic locations on the polytene
chromosomes arms (177). While by reducing the dose of Su(var)3-9 gene JIL-1 null mutants
were rescued to a large degree, no improvement was observed by reducing SU(VAR)2-5
activity (44). As phosphorylation of histone H3S10 by JIL-1 was shown to counteract histone
H3K9 dimethylation and heterochromatin formation, we reasoned that if ATAC mutations
indeed hinder JIL-1 function, then in ATAC mutants a spreading of H3K9me2 mark should be
observed and mutations of Su(var)3-9, the gene encoding the H3K9 dimethyltransferase,

should suppress the effect of ATAC mutations. In order to test this assumption we examined
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the distribution of histone H3K9 dimethylation in ATAC mutants and studied the phenotype of
dAda2a™*/Su(var)3-9 and dGen5%'Su(var)3-9 double mutants. Immunostaining of
polytene chromosome squashes with H3K9me2-specific antibodies revealed a spread of signal
on dAda2a™® and dGen35®*" mutant chromosomes similarly to that observed on JIL-17

1%y the H3K9me2 positive signal is

chromosomes (Fig. 4.18). While on control samples (w
detectable mostly at centromeric regions, on the 4th chromosomes and at a few bands on
autosomes, on dAdda2a™® and dGen5"7*" chromosomes the staining on the autosome arms in
both males and females is readily detectable (Fig. 4.18.A). Using the polytene salivary gland
smush’ preparation stained with anti-H3K9me2 specific antibody, the spreading of H3K9

dimethylation in ATAC mutants is even more obvious (Fig. 4.18.B).

A wild-type  dAda2a®™®® dGen5ESst JIL-172

B wild-type  dAda2a®™®® dGcn5Est  JIL-12
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DAPI

Fig. 4.18. ATAC subunits mutation leads to H3K9me?2 spreading. A) Polytene chromosome
squashes of ddda2a™®, dGen5™3%" and JIL-17 null homozygous third-instar larvae stained
with H3K9me2-specific Antibody (red) and DAPI (blue). B) Polytene nuclei of dAda2a™®,
dGen553%" and JIL-17 null homozygous larvae stained with H3K9me2-specific antibody
(red) and DAPI (blue).
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For testing the genetic interaction between Su(var)3-9 and ATAC subunit mutants we
studied the effect of dAda2a and dGcen5 deficiency in Su(var)3-9' and Su(var)3-9°
heterozygous backgrounds. Because all three genes, Su(var)3-9, dAda2a and dGcen5 are located
on the third chromosome, first we recombined the Su(var)3-9' and Su(var)3-9° alleles onto
dI89 or dGen5?". Subsequently, the Su(var)3-9 dI89/TM6C or Su(var)3-9
dGen5* " /TM6C animals were crossed to P/DtRpb4] d189/TM6C and dGen5™*/TM6C
generating Su(var)3-9 d189/P[DtIRpb4] d189 or Su(var)3-9 dGen5 " /dGen5™?*" progeny
homozygous for dAda2a or dGen5 mutation and heterozygous for Su(var)3-9. Both of these
Su(var)3-9 alleles are null and gave the same results in that a decreased level of SU(VAR)3-9
increased the survival of ATAC mutants permitting development to P4-P5 stages in high
frequency and up to pharate adult stage in small numbers (Fig. 4.19.A). The effect of the
decreased level of SU(VAR)3-9 had a stronger influence on d4Ada2a then dGcen5 null mutants.
Similarly, Su(var)3-9 heterozygosis improved the chromosome structure of the studied ATAC

mutants (Fig. 4.19.B).
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Fig. 4.19. A) Su(var)3-9 heterozygosis increases the viability of ddda2a™® or dGen5™
null animals. The percentages of animals perishing at the indicated developmental stages are
shown. The number of animals in each category was over 350. B) Male X chromosomes of
dAda2a™” single mutant (top) and dAda2a™"*’/Su(var)3-9 double mutant (bottom). Su(var)3-
9 heterozygous background improves the structure of male X chromosomes of d4da2a™®
null mutants.
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4.2.4. Loss of H4K12 acetylation decreases JIL-1 localization to chromatin

The reason for the reduced level of H3S10 phosphorylation in mutants affecting ATAC
subunits could be that JIL-1 is one of the numerous genes down-regulated in the absence of
H4K12 acetylation and the low level of JIL-1 protein cannot sustain normal level H3S10
phosphorylation. To test this possibility we studied the expression of JIL-1 in ATAC mutants.
First, we compared the JIL-1 mRNA levels in JIL-1, JIL-1/+, dGcn5E333S’, dAda2a™® and
dAda3’ mutants and w''’® controls by Q-RT-PCR (Fig. 4.20.A). We found the level of JIL-1-
specific mRNA in all three ATAC mutants tested to be slightly decreased, corresponding to
approximately 60% of the control samples. As expected, in homozygous JIL-1 null mutants we
detected a dramatic decrease in the level of specific message, while in JIL-1/+ heteroallelic
combinations, which display wild-type phenotype, we detected JIL-1 mRNA at a level similar
to ATAC mutants, corresponding to a 60% of wild-type levels. Next we compared the JIL-1
protein levels in wild-type, dAdda2a™® and dAda2b™* samples by immunoblot and found that
JIL-1 was present at similar levels in total protein extracts of all three samples (Fig. 4.20.B).

By immunostaining of tissue samples with JIL-1-specific antibody we also detected
comparable signal intensities in dAda2a™®, dAda3’ or dGen5%3*' and wild-type larvae.
Preparation of whole salivary gland showed that JIL-1 localizes into the nucleus and
completely overlaps with DAPI stained nuclei (Fig. 4.21.A). A comparison of JIL-1-specific
staining intensities of wild-type and JIL-I, and ATAC mutant chromosomes, however,
revealed a more severe decrease in the level of JIL-1 localization to ddda2a™® and dGen5™
chromosomes (Fig. 4.21.B). Remarkably, JIL-1 binding to dAda2a and dGcn5 chromosomes is
not lost completely and a weak signal all along the chromosome arms and particularly on the
dosage compensated male X chromosomes is well discernable (data not shown and Fig. 4.22).
The much gentle “smush” preparation technique for polytene nuclei staining provided similar
results. Noteworthy, that the difference in staining intensity between wild-type and ATAC
mutant samples was repeatedly smaller on the “smush” preparations than the chromosome
spreads prepared using harsher conditions. (Fig. 4.21.B, compare top and bottom). In contrast,
polytene chromosome spreads and “smush” preparations of JIL-1 hetrozygotes displayed
staining intensities with JIL-1 specific Abs indistinguishable from wild-type controls (Fig.
4.21.B). The sharp difference in JIL-1 specific staining of ATAC mutants was repeatedly seen
both in male and female chromosomes (not shown and Fig. 4.21.B top). This observations lead
to the conclusion that the level of JIL-1 mRNA or the protein is not affected by the loss of
ATAC subunits, but in the absence of H4 acetylation the JIL-1 proper binding to chromosomes

is impeded.
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Fig. 4.20. A) The level of JIL-1 mRNA in ATAC mutant subunits and JIL-/ mutants
determined by Q-PCR, showed as the report between mutant and wild type (wt). B) Total
protein extract of third-instar larvae immunoprobed with antibodies specific for JIL-1 and
lamin as control. The genotypes are indicated.
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Fig. 4.21. A) Immunostaining of salivary glands of ATAC mutant subunits and JIL-1 null
mutant with JIL-1-specific antibody (top). Merged image of DAPI and JIL-1 stained salivary
glands (bottom). B) Immunostaining of polytene chromosomal spreads (top) and ,,smush”
preparations (bottom) of wild-type and dAda2a™®’, dGen553% JIL-1/+ and JIL-17° third-
instar larvae with JIL-1-specific antibody. Female chromosomes are shown.
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Expression of a PCAF homology region deleted GCNS transgene, which complemented
H4K5/12 acetylation and H3S10 phosphorylation in GenS null mutants restored also JIL-1
localization to polytene chromosomes, while a HAT domain deleted dGcn5 transgene which
failed in the rescue of H4 acetylation and H3S10 phosphorylation was also defective in

restoring JIL-1 chromosomal localization (Fig. 4.22.).
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dGcn5E333St dGcn5E333St
wild-type P(GCN5AHAT)  P(GCN5APCAF)

Fig. 4.22. Male chromosomes spreads immunostained with specific JIL-1 antibody (top) and
DAPI (bottom). A transgene encoding dGcen5 with mutation in the HAT domain does not
rescued the JIL-1 binding to chromosomes, while the tarnsgene lacking PCAF homology

domain does. Male X chromosome shows an increased JIL-1 staining compared to the
autosomes (top).
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The data presented above strongly suggest that the loss of histone H4 acetylation by
ATAC decreases H3 phosphorylation deposited by JIL-1 kinase. In vivo experiments using
Drosophila single and double mutants demontrated that there is genetic interaction between
ATAC and both JIL-1 and Su(var)3-9 alleles. In the absence of ATAC or JIL-1, H3K9
dimethylation deposited by SU(VAR)3-9 enzyme spreads along chromosome arms leading to a

more condensed chromatin and gene silencing.
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5. DISCUSSIONS

This work describes the involvement of Drosophila dADA2a protein in H4 acetylation
for the first time. Previous independent studies showed the colocalization of GCNS5 and ADA2
in HAT complexes. First, yeast complexes containing both GCN5 and ADA2 were separated
biochemically and their HAT activities were demonstrated (32, 64, 65). Another transcriptional
adaptor protein, dADA3 was purified together with dADA2a and dGCNS5 and was shown to be
part of the catalytic acetyltransferase core of HAT complexes (9, 145). Recently, two dGCNS-
containing complexes were partially separated from Drosophila cell extracts (97, 110). One of
them is dSAGA and contains dGCNS5, dADA2b and dADA3. The other complex, ATAC was
isolated by Guelman et al. and show to contain both dGCNS5 and dADA2a, as well as dADA3
(68). More recently, Suganuma and colleagues demonstrated that ATAC complex contain
another HAT subunit, ATAC2, with role in H4K16ac and demonstrated that ATAC complex
stimulates nucleosome sliding (151). At the time this work started, no direct proof of the
functional interaction of Drosophila dGCNS5 with dADA?2a protein has been reported. Previous
genetic analysis clearly demonstrated that the two dADAZ2s are functionally distinct and both
Pankotai et al. and, independently, Qi et al. have shown that dADAZ2b, is involved in histone
H3 acetylation (120, 124). Those studies, however, did not indicate dADA2a involvement in
histone modification. Carre et al. recently reported that a deletion variant of dGcenS
(dGcen54Ada), lacking the domain believed to be involved in GCN5-ADA?2 interaction,
appeared normally distributed on polytene chromosomes and restored H3 acetylation in dGcn5
mutants. However, dGcn5 mutants were not rescued by the dGenS54Ada transgene and were
arrested at puparium formation (31). The observations detailed above prompted us to search for
direct evidence of the dGCN5-dADA?2a interaction in vivo. To achieve this, first we studied the

B335 and dAda2a™®. Our observation that the characteristic

d189

genetic interaction of dGcen5
phenotypic features of the d4da2a”"" mutants are suppressed or enhanced, depending on the
dGen5 genetic background, indicates an in vivo functional interplay between the two proteins.
The finding that the level of dGCNS alters the manifestation of a hypomorph dAda2a allele
(Fig. 4.5) and vice versa is in accord with the proposed ADA2a-GCNS5 functional link, the
former playing a role in facilitating the HAT activity of the latter. As expected from this
scenario, the effect resulting from a change in the level of dGCNS5 is compensated by a change

in the opposite direction in the dADA2a level or, vice versa, changes in dADA2a level are

compensated by changes in the level of dGCNS.
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The similar phenotypes of dGen5%* and dAda2a™®® mutants, with characteristic
developmental defects at the larva-pupa transition (Fig. 4.2., Fig. 4.3), indicate that the two
proteins play essential roles in the regulatory hierarchy controlled by the steroid hormone
ecdysone at the end of the third-larval instar. The puff formation at chromosomal regions
containing early ecdysone response genes is defective in both d4Ada2a and dGcn5 mutants (Fig.
4.6.), supporting this conclusion and indicating a lack of appropriate transcriptional activation
upon the appearance of the regulatory signal. The reduced level of puff formation correlates
with the failure in hormone induced gene activation, as indicated by the drastically reduced
level of mRNAs corresponding to the early ecdysone-induced genes (Fig. 4.8). The lack of
transcription induction is not simply a result of a decreased hormone level, since dAdaZa
mutants are defective in puff formation even if the hormone is ectopically provided (Fig.
4.7.A). Furthermore, the localization of EcR to polytene chromosomes was also affected. One
possible explanation for the reduced puff formation and the decreased expression of ecdysone
induced genes is that the EcR receptor expression is also affected by the lack of dADA2a. This
was not the case, since RT-PCR experiment revealed that only the mRNA of EcRB isoform
was slightly reduced, while that of EcR isoform A was not affected. Another possible
explanation for the reduced binding of EcR to polytene chromosomes is that the ligand,
ecdysone, is missing. A defective ATAC complex might alter the synthesis of ecdysone
hormone or the expression of genes required for ecdysone synthesis. In independent studies,
analysis of microarray data revealed that most of the ecdysone induced genes are
downregulated in ATAC mutants, while some of the genes involved in the ecdysone synthesis
were either down- or upregulated (data not shown). Similar observations, blockage during
metamorphosis, reduction of puff formation and expression of ecdysone induced genes and
decrease binding of EcR to polytene chromosomes were observed in the absence of dADA3
protein (66). Overall, we conclude from these observations that the lack of the ATAC complex
components, dGCNS5, dADA2a and dADA3, reduces transcription activation at specific loci.
The effect is gene specific since the lack of these proteins did not affect the expression of all
the tested ecdysone induced genes, and in other cases, an increase in the mRNA level in the
absence of dADA2a can be observed (120).

Another characteristic of all the three ATAC mutant subunits is the alteration of the
polytene chromosome structure. In the dAdaZa, dAda3 and dGcen5 null mutants the
chromosomes banding pattern is affected, a misalignment and intermixing of interband and
banded regions and the extensive coiling and folding of the chromatides is observed. The male

X chromosome is particularly affected and no remnants of banded regions are discernable (Fig.
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4.4.A). In contrast, dAda2b mutants display normal chromosomal structure. These observations
suggest the involvement of ATAC complex in chromatin organization. Mutation of ATAC
subunits may have a direct effect on chromatin structure due to the loss of H4 acetylation, or
indirectly can influence its organization through the regulation of different processes that use
the chromatin as the phisyological substrate. Studies on plants and mammalian cells revealed
that the H4 acetylation, mainly acetylation at K5 and K12 residues, within the euchromatin and
heterochromatin domains is linked with DNA replication, rather than with DNA transcription
(16, 81). We can not exclude the possibility that acetylation of the K5 and K12 residues in the
H4 tail takes place before the formation of the histone core and these posttranslational
modifications are required for an ordered chromatin assembly. This might explain the
alteration of chromatin observed in the absence of the ATAC complex. However, H4
acetylation by the same or different enzyme seems to be required also for specific gene
activation.

The specificity of recombinant yGCNS5 and partially purified GCN5-containing HAT
complexes for particular lysine residues of the core histones has been analyzed on both free
and nucleosomal histone substrates (21, 65). These studies indicated that yGCNS5 has a
preference for the lysines of H3, and that the components of the GCN5-containing complexes
influence both HAT activity and specificity. From these studies, it was concluded that the
major targets of yGCNS HAT are the lysines of nucleosomal H3. However, other studies also
suggested the involvement of yGCNS5-containing complexes in the acetylation of histones other
than H3. By analyzing the in vivo effects of changes in the specific lysines in the N-termini of
the histones in the absence and in the presence of yGCNS, Zhang et al. found that the loss of
GCNS caused a diminution of acetylation at each of the four lysines in the N terminus of H4
(176). Recently, Pankotai et al. and Qi et al. observed that the lack of dAda2b greatly reduced
the K9 and K14 acetylation of H3, while not affecting H4 acetylation (120, 124). In concert
with these data, Carre et al. reported that mutations of dGcn5 reduced H3K9 and K14
acetylation but had no effect on the acetylation of H4K8 (31). The combination of
immunostainings and Western blots presented here show that, in dAdda2a and dGcn5 mutants,
the extent of H4K12 and K5 acetylation is significantly reduced (Fig. 4.10) (31, 120, 124).
Homozygous dGcn5 mutants expressing transgenes with a deletion in the ADA-interacting
region or in the HAT domain fail in rescuing the H4 acetylation (Fig. 4.12). As expected,
polytene chromosomes of dAda3-null mutants display reduced levels of H3K9ac and
H3K14ac, and also H4K5ac and H4K12ac staining, suggesting that similar to dGCNS5, dADA3
has an essential role in both dASAGA and ATAC HAT complexes (66). These results are in
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agreement with the recently obtained data by Guleman et al. that characterized the new
Drosophila ADA2a-containing complex, ATAC. In an in vitro HAT assay ATAC complex
was shown to acetylates mainly nucleosomal H4 (68). We did not observed a significant
change in K9-, K14- and Kl18-acetylated H3 or K8 acetylated H4 on polytene dAda’a
chromosomes. Earlier studies in Drosophila showed that acetylation of H4 at lysine K5, K8
and K12 have a different pattern of expression during embryogenesis and CBP HAT is
required for H4KS acetylation (106).

In Drosophila males, the dosage compensation complex (DCC) containing MLE, MSL1,
MSL3 and the male-specific MSL-2 protein, recruits the MOF histone acetyltransferase to the
X chromosome, resulting in a specific hyperacetylation of H4K16 residues which ensures a 2-
fold increase of X-linked genes (2). To test whether the decondensation of the X chromosome
reflects an alteration of the DCC, we analyzed H4K 16 chromosome acetylation in ddda2a™®
and dGen557%" mutant males. Although the structure of male X chromosome in these males is
altered, the acetylation level of H4K16 residues was not changed compared to the wild type.
This alteration of male X chromosomes structure, repeatedly observed, is proposed to reflect a
higher sensitivity of the male X chromosome conferred by the activity of the dosage
compensation machinery.

According to previous findings when polytene chromosomes were immunoprobed for
dADA2a, dADA2b, dADA3 and dGCNS3, all proteins stained mostly the euchromatic interband
regions. dADA3 and dGCNS5 displayed full colocalization, while dADA2a and dADA2b
colocalized to only a few bands on polytene chromosomes, whereas most of the signals were
not overlapping (97). Remarkably, a significant portion of dADA2a containing complexes
localized to decondensed chromosome puffs. In contrast, the staining of wild-type
chromosomes with anti-H4K5ac and anti-H4K12ac antibodies indicates that regions with high
DNA content are enriched in these types of modifications (Fig. 4.11.A). Strong staining is also
visible in the centromeric heterochromatic region for both H4K5ac and H4K12ac. One possible
explanation would be that the HAT complexes are necessary for a basic level of acetylation
distributed along the chromosomes more visible in the band, while the chromosome
immunostaining method is not sensitive enough to detect the basic level of acetylation in the
euchromatic regions. In addition, dJADA3, dADA2a, dADA2b or dGCNS as a part of the same
or different complexes are necessary for specific gene activation, and they are detectable in
euchromatic regions. The colocalization of Pol II- and K5- or K12-acetylated H4 staining
occurs in some regions along the chromosome, but, as a general rule, intensely transcribed loci

are not enriched in the acetylation deposited by dADA2a-containing complexes (Fig. 4.11.A).
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A similar distribution of dADA2b-dependent acetylation of H3 (K14 and K9) and its loss in
dAda2b mutants were observed earlier (120, 124). Depending on the surroundings, like the
presence of transcription factors, chromatin remodeling factors or specific signals, the
acetylation of different residues is changed in order to activate or inhibit the expression of
genes. The precise pattern of histone acetylation and its effect on gene expression is not
completely understood yet. Maintaining a balance between acetylated and deacetylated regions
is importnat in targeted promoter modification, there specific modifications occur in a
background of global acetylation and deacetylation that not only reduces basal transcription,
but also allows a rapid return to the initial state of acetylation when targeting is removed.
According to the data available form studies on yeast, Arabidopsis and mammalian cells,
similar to the H3 acetylation, in the active genes H4 acetylation seems to accumulate at the
promoter regions, also.

Taken together, these data indicate that JADA2a and dADA2b are functionally similar
in playing roles in histone acetylation distributed along the chromosomes in rough proportion
with the DNA content. However, dADA2a and dADA2b participate in dGCNS5-containing
complexes that acetylate specific residues of H4 and H3, respectively. dADA2a and dADA2b
also differ in that the complexes containing them participate in the transcriptional activation of
distinct sets of genes: the hormone induction of early-response genes requires the dADA2a
function (Fig. 4.7), while dADAZ2b is involved in p53-mediated processes among others (120).
Accordingly, we propose dual functions for dADA2a-containing complexes: the deposition of
uniformly distributed H4 acetylation along the chromosomes and the targeted acetylation of
histones at specific loci. A decrease in the former might contribute to the observed structural
change in dAda2a chromosomes, while a loss of the latter function results in an altered
transcription activity at specific loci. Our data clearly indicate that, regarding the first function,
dADA2a- and dADAZ2b-containing complexes have distinct preferences for H4 and H3,
respectively. Whether the same specificity of dADA2a and dADA2b-containing complexes
exists in promoter-specific modifications remains to be determined. Guelman et al. reported the
identification of a novel dADA2a-containing HAT complex, ATAC, in Drosophila (68). In an
in vitro acetylation assay, ATAC was found to display strong nucleosomal H4 activity. The
specificity of ATAC for in vivo histone acetylation is at present unknown. Therefore, it is an
intriguing possibility that in vivo the dADA2b-containing SAGA complexes acetylate H3
lysines, while the dADA2a-containing ATAC complexes target lysines at the N terminus of
H4. Tt should be noted, however, that in the ATAC complex, the presence of an additional
protein with a putative HAT domain, designated as ATAC2, was also detected (151). ATAC2
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is required for Drosophila viability and in it’s absence the mutant animals die in the L2 larval
stage. Staining of atac2 mutant embryos with specific antibodies for H4K12ac or H4K5ac did
not show a significant change in the acetylation level, while the H4K16 acetylation was
reduced. It is possible that ATAC2 does not influence the H4KS5 and K12 acetylation, or since
they die in a latter stage, due to the maternal effect in these animals the acetylation of K5 and
K12 residues is still detectable (151). Very recently the human ATAC (hATAC) complex was
purified and some of the subunits were identified due to their homology with the Drosophila
subunits (167). By an in vitro HAT assay Wang and colleagues showed that hATAC mainly
acetylates nucleosomal H3.

Alternatively, the obtained results together with the existing data might also suggest the
possibility that dADA2a, and perhaps also dADA2b, participates in gene-specific transcription
regulation independently of dGCNS5. Indeed, several independent observations indicate the
presence of dADA2a independently of dGCNS, which might reflect a dGCNS5-independent role
for dADA2a. On glycerol gradient sedimentation of Drosophila embryo extract, a significant
fraction of dADA2a did not cosediment with dGCNS5 but was present in fractions
corresponding to smaller Mw complexes (110). Immunocolocalization studies on polytene
chromosomes revealed that dADA2a was enriched at many sites independently of dGCNS5, and
only a little overlap was observed between the two proteins (97). Furthermore, the amount of
dADA2a and dGCNS5 does not seem to be tightly linked at different stages of Drosophila
development (97). Our observation that dGcn5 dAda2a double mutants cause a stronger
phenotype than that of either null mutant alone can also be interpreted as an indication of
separate functions of the two proteins.

The observations that dAda2 and dGcen5 (and also dAda2b) mutants survive until the
late-larva stage suggest that the uniformly deposited acetylation by the complexes containing
these factors either is not essential or can be accomplished without these factors or can be
compensated for by other acetyltransferases. On the other hand, the gene-specific effects of
dGCNS-and dADA2a-containing complexes, which lead to the onset of the metamorphosis
program or those carried out by dADA2b containing complexes in regulating p53-mediated
processes, cannot be compensated for. It is interesting that the partial phenotypic rescue
resulting from the increased ecdysone level in hormone-fed larvae indicates further complexity
in the gene regulatory circuits: while these animals form cuticle readily in response to the
hormone pulse, no response in the development in their imaginal discs is apparent and they
perish as malformed pupae. A dual role for yGenS in promoter-targeted acetylation and in

maintaining low levels of uniform acetylation in surrounding regions has also been proposed
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by Howe et al. (75). Our findings on the role of Drosophila ADA2-GCNS5-containing
complexes are in full accord with their suggestion and also with observations that yeast cells
can tolerate large decreases in histone acetylation without affecting the cell viability (75).

In several mutants affecting subunits of ATAC HAT complex we observed chromatin
structural changes similar to those seen in JIL-1, Iswi, NURF and Su(var)2-5 mutants.
Significantly, while dAda2a, dAda3 and dGcn5 mutants display distorted chromosome
phenotype, dAda2b null mutants do not. The presence of dADA2a and dADA2b are
characteristic for the ATAC, and dSAGA HAT complexes, respectively (35, 68), we therefore
hypothesized that the altered chromatin structure resulted from a failure of the former complex.
In order to test if the same chromosomal alteration seen in mutants of ATAC complex and JIL-
1, reflect a functional interplay between the two we analyzed the level of H4K12 acetylation
deposited by ATAC in JIL-I mutants and, vice versa, the level of H3S10 phosphorylation
deposited by JIL-1 in ATAC mutants. While the H4K 12ac was not affected by the loss of JIL-1
function, a severe reduction in the H3S10ph was detected in the ATAC mutants. In addition,
ectopic expression of the histone kinase JIL-1 in ATAC mutants restores H3S10
phosphorylation level and also restores the polytene chromosome structure close to normal.

With the experiments presented here we provide support to this hypothesis and suggest
why the reduced level of H4 acetylation by ATAC leads to chromosome structural alterations.
Our data indicate that the chromosome structural defects observed in ATAC mutants are, at
least in part, due to a reduced S10 phosphorylated histone H3 level. This observation suggests
that the direct cause of altered chromosome structure is not only the lack of H4 acetylation per
se, but also the concomitant loss of H3 phosphorylation in the absence of ATAC function. In
agreement with this, we observed a significantly reduced level of JIL-1 kinase associated with
ATAC mutant chromosomes. The decreased JIL-1 function in ATAC mutants provides
explanation for the observed genetic interaction between ATAC and Su(var)3-9 mutants, and
for the observation that the histone H3K9 dimethyl mark deposited by SU(VAR)3-9 extends in
ATAC mutants (44, 177).

We find it unlikely that a low level of JIL-1 kinase expression would be the underlying
cause of the severely decreased histone H3S10 phosphorylation level in ATAC mutants.
Several independent observations argue against this: first, we observed only a 40% reduction in
the JIL-1-specific mRNA level in ATAC mutants. In the same experiments we found that J/L-
1/+ heteroallelic combinations produced a similar reduced amount of JIL-1 message like the
ATAC mutant subunits, but they develop and live as the wild-type siblings. In contrast with the
small difference in JIL-1 mRNA level ATAC mutants show marked decreases in H3S10ph
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level and JIL-1 localization to chromatin, and display bloated male X chromosome phenotype,
while JIL-1/+ heteroallelic combinations are indistinguishable from wild-types in all in these
features. Previous studies have also shown that the level of histone H3S10 phosphorylation in
JIL-1/+ heterozygotes is comparable to that of wild-type larvae (177) and that hypomorph JIL-
I mutants, producing approximately one tenth of the normal level of JIL-1 protein, affect the
chromosome structure only moderately (166). A second argument is that we did not observe a
significant reduction in the JIL-1 protein level in ATAC mutants by either immunoblots or
immunostaining of tissue samples. In contrast with this, we repeatedly observed that the
localization of JIL-1 to the chromatin of ATAC mutants was severely attenuated. We therefore
favor the idea that the JIL-1 protein present in ATAC mutants is functionally restricted and
unable to perform H3S10 phosphorylation effectively. A functional failure of JIL-1 could arise
from its altered interaction with the chromatin hypoacetylated at histone H4K5/K12. Being
devoid of these modifications, a less open chromatin might have restricted accessibility, or the
lack of H4KS5/K12 acetylation marks might have a specific effect on JIL-1-chromatin
interaction. Very recent data of Bao and colleagues, demonstrated that the C-terminal domain
of JIL-1 kinase is necessary for interaction with H3 tail, but is does not affect the kinase
activity (10). We also can assume, that the altered chromatin structure seen in ATAC mutants
impairs the interaction of JIL-1 with H3 histone, and the subsequent phosphorylation. We
noticed the preferential association of JIL-1 to the histone H4K16 hyperacetylated chromatin
of male X chromosomes. The mechanism of JIL-1 binding to H4K16-acetylated chromatin is,
however, believed through its association with dosage compensation complex proteins (83).
Cross-talk between histone acetylation, methylation and phosphorylation have been
described before. Several studies have linked histone H3 acetylation at the K9 or K14 residues
with H3S10ph. H3 phosphorylation at S10 can enhance acetylation of histone H3 at K14 (34,
105), and inhibit methylation of histone H3 at lysine K9 (128). However, the relationship of
H4 acetylation and H3 phosphorylation has not been observed before, and might seem
surprising. JIL-1 is associated primarily with transcriptionally active interband regions, while
H4K12 acetylation is observed mostly on compacted chromosomal regions (98). However,
neither JIL-1 nor the ATAC complex reside exclusively at eu- or heterochromatic regions and
roles in chromatin condensation and decondensation have been proposed for both H3S10
phosphorylation and H4K12 acetylation (17, 79, 119, 152). In addition immunostaining of
polytene chromosomes showed that dADA2a, dADA3 and dGCNS5 localize mostly to
interband regions (97). In ATAC mutants the expression of a great number of genes is

significantly altered (30, 66) demonstrating the role of histone H4K5/K12 acetylation in
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transcription regulation. On the other hand, acetylation of H4K 12 has been suggested to play a
key role in the formation of heterochromatin following H2Av replacement (152). According to
this model, H4K 12 acetylation triggers deacetylation and methylation of H3K9 which in turn
serves as signal for HP1 binding. In contrast with this model, we did not observe that a
decrease of H4K 12 acetylation provoked a decrease in the level of H3K9me2. On the contrary,
our data suggest that a change of H4K12ac level indirectly causes a change in the opposite
direction in the level of H3K9me2, through the modulation of H3S10 phosphorylation level. In
accord with our observations, Grau et al. demonstrated that dADA3 is an enhancer of
variegation of X chromosome rearrangements and in its absence the heterochromatin spreads.
In the absence of dADA3 an enhanced variegation of the Drosophila pigment eye was
observed, while increased level of dADA3 protein has a suppressive effect (66). Similarly,
Deng et al., demonstrated that ectopic expression of JIL-1 kinase and increased H3S10ph
causes chromatin decondesation (43). According to these observations, it is most probable that
the lack of ATAC complex leads to heterochromatin formation, rather to chromatin loosening.
At present we cannot offer a convincing argument to resolve the discrepancy between these
two observations and we should assume that depending on the specific chromosomal regions
and particularly on the already existing histone modifications, the acetylation of H4K5/K12
can have different effects.

Many studies have linked the functions of ATP-utilizing chromatin-remodeling factors
and histone-modifying enzymes. In an independent work, not discussed in detail in this study,
we also demonstrated the interplay between the NURF and the ATAC complexes in chromatin
structure organization. We demonstrated the genetic interaction between mutations affecting
subunits of the NURF chromatin remodeling and ATAC HAT complexes. We also analyzed
the level of ISWI in ATAC mutants, and vice-versa, the level of dADA2a and dGCNS5 in ISWI
mutants. In none of the cases the expression of the analyzed genes was affected. ISWI binding
to polytene chromosome was also not affected by the loss of the ATAC components. Using an
ISWI-specific antibody we tested the ISWI binding to chromosomes and compared to wild-
type no change was detected, or in some cases a small increase in the level of the staining
intensity was observed. Strikingly, Iswi mutation impairs the binding of dADA2a to
chromosomes and, as a consequence, both Iswi and Nurf301 mutations strongly reduce
acetylation of H4 histone K12 residues. Analysis of microarray data revealed that both ATAC
and NURF complexes regulated same set of genes, including the ecdysone induced genes,

heat-shock genes, engrailed and Ubx (30). These observations lead to the hypothesis that
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NUREF is required for the recruitment of ATAC to chromatin and subsequent acetylation of H4
histone.

Combined, these observations thus indicate a cascade of interdependent steps in
chromatin structure modification, involving an ATP-dependent chromatin remodeling
complex, a histone H4-specific acetyltransferase complex, and the balanced action of a histone
H3-specific kinase and methyltransferase. The bloated male X phenotype, characteristic for
mutations affecting either NURF, ATAC or JIL-1, and the genetic interactions among these
and also with Su(var)3-9 mutants, as described here and in earlier reports (177), provide a
strong support for the in vivo existence of such a cascade.

The results discussed above suggest the existence of a complex multistep model for
chromatin remodeling, shown in figure 5.1. As the first step, the H4 acetylation at K5 and K12
is deposited by ATAC complex, alteration that would facilitate the recruitment of JIL-1 kinase
followed by H3S10 phosphorylation. These modifications lead to chromatin structural changes
favorable for gene transcription. On the other hand, in the absence of a functional ATAC
complex, the function of JIL-1 is impaired also, permitting the spreading of H3K9me2
deposited by SU(VAR)3-9 methyltransferase and chromatin compaction.
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Fig. 5.1. Possible pathway for euchromatin and heterochromatin formation. H4 acetylation
by ATAC triggers phosphorylation of H3S10 by JIL-1 kinase that leads to euchromatin
formation. In the abcense of H4 acetylation, JIL-1 kinase can not properly phosphorylates
H3S10, permitting the spreading of H3K9 dimethylation by SU(VAR)3-9
methyltransferase.
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6. SUMMARY

Numerous enzymes and protein complexes are known to bring about changes in the
state of chromatin by different mechanisms with resultant effects on gene expression. One
class of complexes, alter the DNA packaging in an ATP-dependent manner. Another class of
chromatin structure regulating factors acts by covalently modifying histone proteins. The
various modifications include phosphorylation, ubiquitination, ADP-ribosylation, methylation,
sumoylation and frequently acetylation, catalyzed by histone acetyltransferases (HATs). In
many cases HAT enzymes are components of complexes which also contain among others,
ADA-type adaptors.

Recently our laboratory, in parallel with several others, has showed that contrary to the
single ADA2 adaptor protein present in Saccharomyces cerevisiae, different GenS-containing
HAT complexes of Drosophila melanogaster cells contain two related ADA2 proteins encoded
by genes referred to as dAda2a and dAda2b. In several other metazoan organisms, including
mouse, human and Arabidopsis, there are also two ADA2-type coactivators. Biochemical
separation of ADA2-containing D. melanogaster complexes indicated that dADA?2a is present
in a smaller (0.8 MDa) and dADAZ2b in a larger (2MDa) complex which corresponds to the
Drosophila homologue of yeast SAGA complex. In a number of independent studies it was
shown that in the absence of dADA2b or dGCNS5, in other words, in the absence of functional
dSAGA, the acetylation of histone H3K9 and K14 is greatly reduced, while the H4K8
acetylation is not affected.

In this work we provide evidence that the dADA2a protein is a specific component of
the smaller Drosophila HAT complex which during the course of this work became identified
as ATAC. We demonstrate the genetic interaction between d4Ada2a and dGcen5 genes and show
their role in H4 acetylation. Finally, we describe the functional interplay between components
of the ATAC complex and factors responsible for two other types of modifications that take
place at the chromatin: histone phosphorylation by the JIL-1 kinase and methylation by
SU(VAR)3-9.

We provide several lines of evidence for the functional linkage between dADA2a and
dGCNS. We show their physical and genetic interaction by analyzing the phenotype of specific
single and double mutants. The loss of either dGen5 or dAda2a function results in similar
chromosome structural and developmental defects. dGenS/dAda2a double-null mutants or a

combination of dAda2a and dGcn5 hypomorph alleles result in a phenotype stronger than that
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of either of the two mutations alone. The overexpression of dGCNS5 protein by the use of an
act-GAL4 driver in dAda2a mutant background results in a partial rescue. Furthermore, the
phenotypic features of d4da2a mutants indicate a developmental block at the time of larva-
pupa transition similarly as it was shown by others for dGcen5 mutants. In accord with this, by
analyzing the puff formation at sites containing ecdysone induced genes and using RT-PCR
and Q-PCR to measure specific mRNA levels we demonstrate that the expression of several
ecdysone-induced genes such as BR-C, Eip74 and Eip75 are downregulated in the absence of
dADA2a protein.

Immunostaining of Drosophila polytene chromosome and Western Blot analysis
revealed a significantly decreased level of K5 and K12 acetylated histone H4 in d4da2a and
dGcen5 mutants, while the acetylation established by dADA2b-containing GCN5 complexes at
H3K9 and K14 was unaffected. These results, for the first time in the literature, clearly
establish the D. melanogaster ATAC as a histone H4-specific HAT complex.

We noticed that another important characteristic of ATAC subunit mutants (d4daZa,
dAda3 and dGcen5) is the altered structure of the polytene chromosomes observed as disturbed
banding pattern and distortions shown most clearly by the male X chromosome. Similar
alterations of polytene chromosome structure were observed by others in the absence of JIL-1,
the kinase that phosphorylates H3 at serine 10. In order to determine if there is an
interdependence between JIL-1 and ATAC functions we studied the levels of ATAC-deposited
histone H4K 12 acetylation and JIL-1-deposited histone H3S10 phosphorylation in JIL-/ and
ATAC subunit mutants and found that H3S10 phosphorylation in ATAC mutants was severely
decreased, while no change was detectable in the level of H4K12-Ac in JIL-1 mutants. Thus,
phosphorylation by JIL-1 depends on ATAC function. Further experiments support this
observation, the increase of the JIL-1 protein level by the use of JII-IEGFP transgene in
dAda2a and dGcen5 mutants restored the H3S10 phosphorylation level close to normal and
increased the survival of d4da2a and dGcn5 null and hypomorph animals. Significantly, the
effect of JIL-1 overproduction is also well observable in the change of chromosome structure
of ATAC mutants as the bloated phenotype of male X chromosome characteristic for each
ATAC mutant studied (dAda2a, dGcen5 and dAda3) was significantly suppressed by JII-1
overproduction.

As phosphorylation of histone H3S10 by JIL-1 counteracts heterochromatin formation
resulting from histone H3K9 dimethylation by SU(VAR)3-9 dimethyltransferase, we assumed
that H4 acetylation at K5 and K12 also has an effect on heterochromatin spreading. In concert

with this assumption, immunostaining of polytene nuclei or chromosome spreads with
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H3K9me?2 specific antibodies revealed a spread of signal on dAda2a and dGcn5 mutant
chromosomes similarly to that observed on JIL-I chromosomes. For testing the genetic
interaction between Su(var)3-9 and ATAC subunit mutants we studied the effect of dddaZa
and dGcen5 deficiency in Su(var)3-9 heterozygous backgrounds and showed that a decreased
level of SU(VAR)3-9 increased the survival and improved the chromosome structure of ATAC
mutants.

In order to explain the mechanism of ATAC and JIL-1 functional interaction we
analyzed the expression of JIL-1 in ATAC mutants by determining the JIL-1 mRNA and
protein levels and showed that the JIL-1 was expressed in ATAC mutants to similar level as in
wild-type controls. However, the binding of the JIL-1 protein to the chromatin containing a
low level of acetylated H4 was significantly reduced.

In a set of independent experiments we showed functional interaction between the
histone modifying ATAC and the nucleosome remodeling NURF complexes. Using
appropriate mutants strains we showed that there is genetic interaction between genes encoding
ATAC subunits and the NURF subunit ISWI. In addition, immunostaining of polytene
chromosomes with dADA2a-specific Ab revealed that the ADA2a binding to Iswi
chromosomes was strongly reduced. In agreement with this data, immunoblot analysis and
chromosome immunostaining showed a significant decreased of K12 acetylated H4 level of
salivary gland polytene chromosomes of Zswi and Nurf301 mutants.

Taken together, these results strongly suggest a functional interaction of nucleosome
remodeling and histone acetyltransferase complexes and histone kinase and methyltransferase.
Our data demonstrate that the function of NURF complex is required for the binding of ATAC
to chromatin and for subsequent acetylation of H4K12 residues. A reduced level of histone
H4K 12 acetylation by ATAC attenuates the phosphorylation of histone H3S10 by JIL-1 due to
a reduced level of JIL-1 binding to hypoacetylated chromatin that permits the spreading of
H3K9 dimethylation by SU(VAR)3-9 .
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7. ABREVIATIONS

ACF

ADA
AIR2-Ipll
ATAC

ATP

BRGI1

BSA

CARMI1
CHRAC
CREB p300/BP
Cy

Dtl

EGFP

FCS

GCN5

GNAT
H3K14ac (K9)
H3S10ph
H4KS5ac (K12)
HAT

HCF

HDAC
HMG17, HMGI1
HMTase

HPI

Hu

IGBMC

ISWI

ING

MOF

MORF

MOZ

ATP-utilizing chromatin assembly and remodeling factor
Alteration Deficiency in Activation
Aurora/Ipl1-Related protein

Ada Two A containing Complex
Adenozil-triphosphat

Brahma-related gene 1

Bovine albumin serum

Coactivator-associated arginine methyltransferase 1
Chromatin-accessibility complex

CREB p300 binding protein

Curly

Drosophila tat like protein

Enhanced green fluorescent protein

Fetal calf serum

General control nonderepressible-5’
GcenS-containing N-acetyltransferase complex
Histone 3 acetylated at lysine 14 (lysine 9)

Histone 3 phosphorylated at serine 10

Histone 4 acetylated at lysine 5 (lysine 12)

Histone Acetyltransferase

Host cell factor

Histone deacetylase

High mobility group protein 17, 1

Histone methyltransferase

Heterochromatic proteinl

Humeral

Institut de Génétique et de Biologie Moléculaire et Cellulaire
Imitation switch

Inhibitor of growth

Males absent on the first

Monocytic leukemia zinc finger protein-related factor

Monocytic leukemia zinc finger protein
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MyoD
MYST
NPC
NuA4
NURF
PCAF
PCR

PP1

Rpb4
PRMT
SAGA
SANT

Sb
SDS-PAGE
SNF
SWI/SNF
SWIRM
SU(VAR)3-9
TAF10
Tb

TBP
UAS

Myogenic determination

MOZ, Ybf2/Sas3, Sas2 and Tip60 acetyltransferase superfamily
Nuclear pore complex

Nucleosome acetyltransferase of H4
Nucleosome remodeling factor
p300/CBP-associating factor

Polimerase chain reaction

Protein phosphatase 1

RNA polimerase 3 4

Protein arginine methyltransferase
Spt-Ada-Gen-acetyltransferase

Swi3, Ada2, NCoR, TFIIIB

Stubble

Sodium-dodecyl-sulfate polyacrilamide gel electrophoresis
Sucrose non-fermenting

Switching/sucrose nonfermenting

Swi3p, Rsc8p and Moira

Supressor of position-effect variegation 3-9
TBP-associated factor 10

Tubby

TATA binding protein

Upstream Activation Sequences

White
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