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Abstract         In Drosophila similar to other eukaryotes, SAGA and ATAC 
HAT complexes exhibit different specificities in the targeted histone lysines 
and have essential but distinct functions as it is shown by the different 
phenotypes occurring in their absence. Besides Gnc5, Ada3 is also an 
important member of both types of HAT complexes. Loss of dADA3 function 
results in similar chromosome structural defects like the dGcn5 and dAda2a. 
The abnormal polytene chromosome structure of dAda3 mutants is visible 
most clearly on the X male chromosomes which appear bloated.  
Immunostaining indicates that the level of dADA3 protein is increased on the 
wild type male X. Nonetheless, the levels of K16 acetylated histone H4, a 
marker of dosage compensation is similar both in the mutant and wild type 
male X chromosomes.  
ATAC displays a preferential specificity towards acetylating histone H4. 
Besides already known acetylated lysine’s (H4K5 and K12) recent findings 
suggest a possible role of ATAC in H4K16 acetylation. This marker is well 
known as being specific for X male chromosome which is double transcribed 
in males compared to females. We have data that show a 2 fold increase in 
binding of dAda3 protein was observed on the male X that can be easily 
associated with increase transcriptional activity on the X. Also, the JIL-1 
kinase that is not part of the MOF histone acetyltransferase has been shown 
to be implicated in dosage compensation. Phosphoryllation of H3 at Serine 10 
has been shown to modulate chromosome condensation during mitosis. 
Reduced phosphorylation of H3S10 can also be observed in ATAC mutants. 
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Cromatin remodeling is a very dinamic 

process which lies at the bottom of almost all DNA 

templated biological events including gene 

transcription DNA replication and repair, DNA 

condensation and chromosome segregation and 

apoptosis. Disruption of these processes is intimately 

associated with human diseases including cancer. Gene 

expresion in eukaryotes is greatly influenced by the 

chromatin environment. Chromatin structure is 

governed in part by postranslational modifications of 

histones  that take place at histone tails has been shown 

to play central role in regulating chromatin dynamics, 

and, therefore, many biological processes which use 

chromatin as a substrate. Histones acetylation is 

generally correlated with increased gene expression. 

One of the most intensive studied sites of acetylation is 

located on the histone H4 at lisyne 16.  

 The acetylation of H4K16 deposited by MOF 

HAT on the male X has been suggested to directly 

contribute to the stimulation of transcription and 

therefore has a direct impact on dosage compensation 

(16, 4,18). Mammalian females have two X 

chromosomes and males have only one. This has led to 

the evolution of special mechanisms of dosage 

compensation. The inactivation of one X chromosome 

in females equalizes gene expression between the 

sexes.  Sex chromosomes in different organisms are 

studied as model systems for chromatin regulation of 

transcription and epigenetics. The Drosophila male X 

is a remarkable example for a specialized, 

transcriptional hyperactive chromatin domain that 

facilitates the study of chromatin regulation in the 

context of transcription, nuclear architecture, and 

chromatin remodeling.  

Similar to the female X in mammals, the male X 

chromosome in Drosophila is involved in the process 

of dosage compensation. However, in contrast to one 

of the mammalian female X chromosomes undergoing 

inactivation, the Drosophila male X is transcriptionally 

upregulated by approximately two fold. In Drosophila 

dosage compensation represents a unique example of 

chromosome-specific upregulation of genetic activity, 

which results in the equalization of levels of X 

chromosome products in homo- and hemizygous sexes. 

This process is shown to be regulated by an RNA-

protein complex, called the dosage compensation 
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complex (DCC). The DCC comprises five protein 

subunits, MSL1, MSL2, MSL3, MLE, and MOF 

(products of male-specific lethal-1, -2, -3, maleless, 

and males absent on the first genes, respectively), and 

at least two noncoding RNAs, roX1 and roX2 (6,11). 

These four positive regulators of dosage compensation 

(called the MSL proteins) bind to hundreds of specific 

sites along the X chromosome only in males. Loss of 

function of these genes results in the death of 

homozygous males as third-instar larvae or early pupa. 

The products of these genes, together with non coding 

RNAs encoded by the RNA on the X genes (roX1 and 

roX2) are all reproducibly associated with hundreds of 

locations along the length of the polytenized salivary 

gland X chromosome in males. One of the best-

characterized proteins of the MSL complex is the HAT 

MOF that specifically acetylates lysine 16 on histone 

H4 (H4K16Ac) on the X chromosome. MOF has been 

shown both in vivo and in vitro to acetylate H4K16, a 

specific histone modification on the male X. Also there 

is evidence that a histone phosphokinase JIL1, 

participates in the DCC as well as having essential 

functions in both sexes and that is enriched at the MSL 

binding sites in males (9). The dosage compensation in 

Drosophila is achieved by a two fold increase in 

transcription from the single male X chromosome. The 

long-standing model predicts that the acetylase and 

phosphokinase activities of the DCC specifically 

modify histones; this renders the chromatin on the male 

X open, which directly enhances transcription of the X-

linked genes (16,13). Molecular studies of dosage 

compensation in flies, worms, and mammals have 

revealed some striking similarities between these 

systems. In all three systems dosage compensation is 

achieved by a wide spread modification of the structure 

of X chromosome chromatin, and in mammals and 

flies this involves specific modifications of histones 

 Recent results of our and other laboratories 

have indicated that the Drosophila SAGA and ATAC 

HAT complexes both have essential but distinct 

functions as it is shown by the different phenotypes 

occurring in their absence. Furthermore, the 

identification of Ada2b and Ada2a proteins as 

characteristic components of the SAGA and ATAC 

complexes, respectively, made it possible to associate 

the two complexes with specific histone modifications. 

Further more, in vivo data produced in our laboratory 

showed that ADA-type adaptor, Ada3, is an essential 

gene required for both SAGA and ATAC complexes 

function (7). Analysis of Ada2a and Ada2b mutants 

have indicated that the smaller ATAC complex 

acetylates histone H4 at K5 and K12, and the larger, 

SAGA complex histone H3 at K9 and K14 residues 

(2,8,17). Ada3 has been shown to be necessary for the 

proper acetylation deposited by SAGA and ATAC 

HATs at these specific sites. These results linked the 

individual Gcn5-containing HAT complexes to specific 

histone modifications, but did not reveal the identity of 

the genes regulated by these complexes. However, the 

existence of Ada2b and Ada2a and Ada3 mutations 

affecting SAGA- and ATAC-specific subunit, 

respectively, offers an opportunity to tackle this 

question as well. 

 

Experimental procedures 
 

Fly strains and genetic crosses. Flies were raised on 

standard corn-meal-yeast-glucose medium. Lethal 

mutations dAda31, dAda32, and dAda33 have been 

referred to previously as l(1)114, l(1)7688, and 

l(1)17053, respectively (7).These alleles were obtained 

from independent mutageneses and induced on y-,w-, 

or f5 os-marked parental chromosomes. The BL909 

mutation was a gift from Baker Lab (5). JIL-1 mutant 

was a gift from dr.Johansen and described previosly 

(10). The mle1 strain was a gift from dr. Mitzi Kuroda 

(Department of Genetics, Harvard Medical School). To 

analyze the ADA3 effect on DCC the Ada3 females 

were crossed with BL909 males and from the progeny 

the GFP- males were selected for phase contrast (PhC) 

cromosomes prepartions. All crosses to generate the 

larvae for immunostaining were carried out at 25ºC 
 

Immunostaining of polytene chromosomes. Salivary 

gland polytene chromosomes were obtained from 

wandering third-instar larvae of wild type, dAda3and 

BL909.Immunopurified anti-ADA3 polyclonal 

rabbitserum was used in 100-fold dilution and H4 

AcK16(1:200) (Serotec) antibody was used in dilution 

as indicated. Mouse anti-RNApolymerase II (Pol II; 

7G5) antibody was a gift of L. Tora (IGBMC, 

Strasbourg,France). Secondary antibodies, 

AlexaFluor488-conjugated goat anti-mouse 

Ig,AlexaFluor555-conjugated goat anti-rabbit Ig, and 

AlexaFluor568-conjugatedgoat anti-rabbit Ig 

(Molecular Probes) were used in 500-fold dilutions. 

Images for the semiquantitative analysis of 

fluorescence signal were acquired under constant 

conditions by using a Leica TCS SP5 confocal 

microscope. Image analysis was performed using 

ImageJ (http://rsb.info.nih.gov/ij/). Mean fluorescence 

intensities of the different signals of the different 

chromosomes were calculated after thresholding the 

channels. Normalization of the data was avoided by 

applying ratios of the corresponding signal couples for 

the following statistics. Data were compared using 

Mann-Whitney U test. to localize chromosome regions 

we reffered to revised cytilogical maps of polythene 

chromosme of C.B. Bridges. 

 
Results 
 

dADA3 is required for cell viability and growth. 
The most noticeable mutant phenotype of dAda3 is the 

reduced imaginal disks in homozygous larvae, hence 

the name diskette (Fig. 1A and B). This phenotype 

could indicate a requirement for proliferation and/or 

cell survival. Another phenotypic trait consists in the 
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aberrant structure of polytene chromosomes (Fig. 1C 

and D). The banding organization is distorted, 

particularly on the male X chromosome, where it has 

virtually disappeared (Fig. 1D). In order to determine 

whether dAda3 mutations affect the structure of the X 

chromosome specifically, we quantified the relative 

amounts of dADA3 in relation to RNA Pol II and DNA 

(DAPI) on the male and female polytene 

chromosomes. We found that the ratio of dADA3 to 

DNA on the single male chromosome is higher than 

those on the two female X chromosomes and also those 

on autosomes of both. However, the ratio of dADA3 to 

RNA Pol II is not different among sexes or 

chromosomes. These data strongly suggest that the 

apparent specificity of the mutant male X chromosome 

is an indirect consequence of its higher level of 

transcriptional activity due to dosage compensation. 

Also, the greater amount of dADA3 on the male X 

chromosome is likely a function of its transcriptional 

activity. 

 

 

 

FIG. 1. Mutant dAda3 phenotypes. (A) Normal wing disk 

from t third-instar male larva (genotype y w dAda31; 

E4RX/_). (B) Equivalent disk from a sibling y w dAda31 

larva. Bar _ 150 _m. Note the reduced size of the disk. 

The images in panels A and B were taken at the same 

magnification. Phase-contrast images of polytene 

chromosome from male wild-type (C) and dAda32 mutant 

(D) third-instar larvae. Note the aberrant banding pattern, 

particularly the X chromosome (arrowheads), in the 

mutant (see the text). Bar _ 50 _m. 

 
dAda3 is enriched on the X male chromosome. 

Immunostainings of third instar larvae of polytene 

chromosomes revealed that ADA3 preferentially binds 

the X-male chromosome in wt in contrast with the 

female X chromosome were this abundance was not 

seen (fig.2). This binding was consistent in all 

chromosome preparations. Although the ADA3 

enrichment on the X-male can be required due to a 

2fold increase of transcription on this chromosome. To 

test whether this observation is related to DCC we 

made use of a Drosophila strain in which a 

transpozition form the X-male was induced on the 2L 

autosome (Tp(1;2)rbþ71g; X-male fragment 3F3–5E8 

to 23A1–5on 2L) (Fig.3). The translocation is nicely  

We performed imunostaining using ADA3 specific 

policlonal antibody on the BL909 chromosomes. For 

control we used  RNA POlII antibody. The results 

show that indeed ADA3 seems to bing preferentially 

the X-male translocated fragment (fig.4). These 

observation is interesting having in mind the fact that 

until now no other HAT except the known MOF has 

been shown to be implicated the dosage compensation 

mechanism. To further asses the ADA3 specificity for 

X-male we performed the following:Ada3 females 

were crossed with BL909 males and from the progeny 

the GFP- males (ada3 mutation is lethal at L3 stage and 

carries a GFP marker on the X) were selected for phase 

contrast (PhC) chromosomes preparations. The 

chormosomes were fixed in paraformaldehide and 

squashed on a silicon slide. The pictures were takes 

using Leica confocal microscope (fig.5). If ADA3is 

somehow involved in DCC we expect that ada3 

mutation will induce same chromosome structure in the 

BL909 strain.  

 

 

 

 

 

 
 

 

 

 

 

FIG.2. ADA3 binding is shown on the wt X-male chromosome by immunostaining using Ada3 specific antibody.  

The X-male specific marker (Acetylated H4 at lysine 16) is used to distinguish between chromosomes. 
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FIG.3 Translocation of X-male chromosome fragment on the 2L autosome.  

A. Phase contrast of wild type normal 2L chromosome end.  

B. Phase contrast of the BL909 strain caring the X-male fragment on the 2L.  

C. Acetylated H4K16  X-male specific marker stains only the X-male chromosome and the trans-located fragment. The 

DAPI (blue) was used to stain the DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.4. ADA3 binding on trans-located X-male chromosome is shown by immunostaining. ADA3 is shown in red and 

RNAPoL II is shown in green. The figure shows overlap between the two proteins. In the small panels the translocation 

on the 2L is shown at higher magnification. 

 

 

Our experiments prove that ADA3 protein has 

a highly preference for the X-male chromosome. The 

Ada3 mutation in the BL9090 background caused same 

effect on the chromatin structure The ada3 phenotype 

is visible on the BL9090 chromosomes and the 

translocation on the second autosome is pointed by an 

arrow (fig.5). The translocated part seems to have same 

structure as the dAda3 mutant. The initial hypothesis 

was that if the ADA3 effect is truly X chromosome 

specific the translocated fragment of this larvae should 

have the same structure like the ada3 mutant. Since our 

experiments confirmed our hypothesis we believe that 

Ada3 as part of the ATAC/HAT may be involved 

indirectly in the DCC. To further validate our data we 

used the mle1 strain in which the MSL complex is 

disrupted by mutation of the MSL1 protein. In this case 

the DCC can no longer function on the X-male. 
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FIG.5 Ada3 mutation in BL909 background induce same effect on chromatin structure. The translocation on the 2L is 

shown by arrow. The specific dAda3 X-male structure is shown by double arrow. Note the same chromosome structure 

of the chromosomes and the translocated fragment. 

 

By immunostaining using Ada3 specific 

antibody we were able to assess the binding of our 

protein in the lack of MSL complex. Indeed the ADA3 

binding on the X/male is no longer elevated by 2 fold 

(fig.6). This shows that ATAC may be necessary for 

proper function of the MSL complex in the DCC 

mechanism. ATAC was shown to preferentially 

acetylate H4 at different lysine's but no effect was 

observed on the H4AcK16. This specific acetylation is 

deposited by MOF HAT in Drosophila. Recently it was 

shown that MSL complex targets genes predominantly 

in the context of active transcription. This is consistent 

with the predominance of MSL complex in the 

interband regions of polythene chromosomes (3,12,14). 

It has also been reported that Sgs4 (salivary gland 

secretion) and BR-C (broad complex) genes are dosage 

compensated in third instar larvae in a MLS dependent 

manner (1). Our observations is that in ATAC mutants 

the same genes like BR-C expression are very much 

downregulated. We know that the upregulation is 

dependent on the MSL complex, but a direct link to the 

basal machinery that modulates gene expression is 

missing. Our knowledge about the various single 

components of the MSL complex does not explain how 

the specific two fold transcriptional upregulation is 

achieved. One possibility could be that the MSL 

complex contains or interacts with additional general 

factors that would make the link to established 

regulatory chromatin transcription systems. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.6. the ADA3 enrichment on the wt X male chromosome is no longer visible on the mle1 males chromosomes. 

Imunostainings using Ada3 antibody (red), PolII antibody (control, green) and DAPI (for DNA, blue) are shown for wt 

and mle1 mutant. Note the normal distribution of ADA3 on the X-male (arrow). 
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Various levels of chromatin organization are 

potential regulation points for the mechanism of 

dosage compensation. For instance the JIL1 histone 

kinase that has been reported to interact with the MSL 

complex and enriches the X chromosome for 

H3Serine10 phosphorylation. 

This histone mark has been implicated in 

chromatin condensation during mitosis and 

transcription activation, but which of these roles relates 

to its function in dosage compensation is unclear (10). 

A recent study further suggests a direct involvement of 

JIL-1 in dosage compensation of genes on the X 

chromosome (15). Previously we described that 

phosphorylation for H3Serine10 is decreased in 

dATAC mutants (2,7). 

To see if the same effect of JIL-1 is seen in 

dAda3 mutants we made use of the JIL-1EGFP  

transgene that was overexpressed in Ada3 mutants. The 

obtained progeny from crossing Ada3 with Jil 

transgene activated  by a specific driver, we could 

partially rescue the chromosome structure (fig.7). This 

demonstrates that JIl 1 is indeed necesary for 

maintenance of highly order chromatin structure and 

acetylation deposited by ATAC is necessary for proper 

JIl function. Since JIL-1 was reported to be involved in 

DCC we made a double staining on the wt 

chromosomes with Ada3 and Jil-1 antibodies. As we 

expected the ADA3 colocalize with JIL-1on the X-

male (fig.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Overexpression of JIl in Ada3 mutants partialy rescues the chromosome structure.  

X-male chromosme is poited by arrow. Note aberant structure of the ada3 X male and 

 the almost normal structure after the JIL-1 overexpression. 

 

 

Disscusions 
 

We present here some data that strongly suggest a role 

of ATAC-HAT in dosage compensation mechanism. 

ADA3 transcriptional adaptor seems to bind 

preferentially the X-male chromosme indicating that 

indirectly a new HAT may participate in the regulation 

of chromatin structure on the X-male that will finally 

promote transcription of dosage compensated genes. 

Our data also show that the ADA3 binding on specific 

band on the X-male overlaps with MSL localization 

(data not shown). Although further experiments are 

necessary to confirm the role of ATAC in DCC our 

data in vivo indicate that MOF-HAT is not the only 

histone aceyltransferase that participates in the 

regulation of gene expression on X-male. The histone 

code hypothesis predicted correctly, in some cases, that 

specific effectors proteins bind distinct marks. 

However, the receptor (possibly a bromo domain-

containing protein) for H4K16Ac has not been found 

yet. In general, histone acetylation has been already 

suggested to enhance transcription, but this has not 

been specifically demonstrated for the H4K16 mark.  It 

is important to note however that the H4K16 residue is 

directly implicated in higher-order chromatin structure 

based on structural studies (19,20). Thus, the effect of 

H4K16 modification that ultimately leads to dosage 

compensation may involve levels of chromatin 

organization and function, which are still poorly 

understood.
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FIG.8. ADA3 and JIL1 colocalize on the X-male chromosome. Imunostaining using JIL1 monoclonal antibody (green) 

and ADA3 polyclonal antibody (red) and a merged (yelow) images are shown. Note that there are few sites were JIL1 

or ADA3 localize separately which corespond to their specific functions. 
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