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ABSTRACT 

Male Drosophila melanogaster double the transcription of most of the genes on their 

single X chromosome, to equal that from the two female X chromosomes, in a process 

termed dosage compensation. This process is mediated by the MSL complex, consisting 

of both protein and non-coding RNA components. This complex is only active in males 

due to the presence of MSL2, which is not translated in females. 

The X-l inked Lspl  a gene of Drosophila melanogaster appears to escape dosage 

compensation, and exhibits two-fold higher levels of expression in females compared to 

males. The apparent lack of dosage compensation of Lsp J  a could be due to the 

promoter being more active in females than in males, or to a lack of regulation by the 

MSL complex. In this study, the mechanism by which this happens has been addressed. 

Lsp J a is expressed exclusively in the fat body tissue of third instar larvae, and forms 

part of a multi-protein complex that acts as a nutrient reservoir during pupariation. In 

this study it has been shown that transgenes, in which the reporter gene, lacZ, is under 

the control of the LspJa promoter, exhibit variable levels of increased activity in female 

compared to male third instar larvae. At high levels of transgene expression, activity of 

the transgene is  equal in female and male larvae. When the expression of the transgene 

is low, the activity of the transgene is much higher in female compared to m ale larvae. 

This increased sensitivity of the Lsp J a promoter to position effects in females appears 

to be mediated by one or more components of the MSL complex. Females ectopically 

expressing MSL2 exhibit decreased levels of transgene activity. Furthermore, 

overexpression of MSL 1 causes an increase in the activity of transgenes subject to 

strong position effects. 

Despite these findings, the sex-specific regulation of the LspJ  a promoter does not 

account for the non-dosage compensated appearance of Lsp J a. Instead, unlike control 

dosage compensated X-linked genes, Lsp J a is not enriched for a histone modification, 

acetylation of lysine 16 of histone H4 that is essential for dosage compensation by the 

MSL complex. 
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The developmental stage at which the four genes flanking Lsp J a are expressed has bcen 

determined using northern RNA hybridization. Expression of the gene immediately 3' of 

LspJ a could not be detected at any developmental stage using northern RNA 

hybridization or in adults by RT-peR. However, the two genes flanking LspJ a are 

expressed in equal levels in male and female Drosophila as determined by quantitative 

RNase protection analysis. Furthermore, the regions between LspJ  a and these flanking 

dosage compensated genes do not prevent dosage compensation of an X-linked ann­

lacZ reporter gene. 

Bioinformatic analysis shows that LspJ  a is present in three species closely related to D. 

melanogaster but is absent in more distantly related species. [t is probable that because 

of its recent evolutionary origin, the LspJ a gene lacks the DNA sequences that are 

required to attract the MSL complex . More generally, a model is proposed in which 

dosage compensation involves binding of the MSL complex to DNA sequences in 

actively transcribed regions with possible l imited spreading to closely associated active 

genes. 
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1 .  INTRODUCTION 

1 . 1  Chromatin structure 

The DNA in the nucleus of eukaryotic organisms is arranged into a highly organized 

chromatin structure, which has an integral role in the regulation of gene expression. 

Chromatin is comprised of basic repeating structural units known as nucleosomes, 

which consist of two superhelical turns of DNA (ca. 1 46 bp) wrapped around an 

octamer of the core histones H2A, H2B, H3 and H4 (Kornberg, 1 974; Kornberg and 

Thomas, 1 974; Luger et al. , 1 997). Thc DNA linker betwecn nucleosomes is bound to 

additional histone proteins such as H I .  The small ,  highly basic histone proteins have C­

terminal and amino-terminal extensions (tails) which may be post-translationally 

modified by acetylation, phosphorylation, methylation, ubiquitination, sumoylation and 

ADP-ribosylation, as can the core of the h istones (Bcrgcr and Felsenfcld, 200 1 ;  Xu et 

at. , 2005). The existence of these modified histones, and their association with 

particular epigenetic states has led to the ' histone code' hypothesis. This hypothesis 

proposes that the site-specific modification of histone-tails specifies a distinct level of 

organisation of the chromatin structure (Jenuwein and Allis, 200 1 ;  Turner et al. , 1 992). 

The isolation and characterisation of many of the enzymes that perform these post­

translational modifications has confirmed the basic tenets of this histone code 

hypothesis. In a broad sense, it has become clear that modifications, which loosen the 

nuclcosome structure, tend to promote gene cxpression, while those modifications that 

tighten and condense the nucleosome structure are inclined to repress expression. This 

hypothesis does not however preclude the possibility that certain histone modifications 

may provide a surface for interaction with other proteins (Berger, 2002) . 

1 . 1 . 1  Histone acetylation 

Acetylation of lysine residues located in the amino-terminal tails  of the histone proteins 

neutralises the charge on these tails, and is hypothesised to weaken the interaction 

between DNA and the histones thus increasing the accessibility of DNA to the 

transcriptional machinery (Roth et al. , 200 1 ). Acetylation may also weaken the 

interaction between nucleosomes within the stacked solenoid structure (Luger et at. , 



1 997) .  This modification is  catalysed by histone acetyltransferases (HAT), of which 

there are two classes: cytoplasmic B-type HATs and nuclear A-type HATs. The type A 

HATs include Gcn5, CREB-binding protein (CBP), p300, TAFn250 and MOF, and are 

associated with transcriptional activation. MOF i s  involved with dosage compensation 

in Drosophila (section 1 .5 . 5) (Hilfiker et al. , 1 997) . Acetylation can be reversed by the 

action of histone deacetylases (HDAC), which tend to be associated with the repression 

of transcription. However, the chromatin state specified by histone acetylation is 

completely dependent upon the position of the acetylated residue, as some acetylated 

lysines such as H4K 1 2  are associated with heterochromatin (Turner et al. , 1 992). More 

recently residues within the globular domain of the histones have been shown to be 

acetylated, for example K56 of histone H3 in yeast (Xu et al. , 2005) .  It is postulated that 

such modifications, which are positioned at the entry-exit points where the DNA wraps 

around the nucleosome, may regulate nucleosome remodeling. 

1 . 1 .2 Histone methylation 

Methylation of histones occurs on either argmme or lysine residues. Generally 

methylation of arginine residues is associated with gene activation, and histone 

methylases (HMT) that modify arginine residues can be regarded as coactivators for 

cxample the CARM l IPRMT4 fami ly of H MTs ( Kouzarides, 2002) . In contrast, lysine 

methylation can be associated with both gene activation and repression. For instance, 

H3K9 methylation is associated with heterochromatin silencing and transcriptional 

repression, while H3K4 methylation is associated with transcriptional activation 

(Kouzarides, 2002; Lachner and Jenuwein, 2002) . The catalytic activity of HMTs 

resides within the SET domain, which is common to all families of HMT enzymes. 

Histone methylation can be reversed by the histone demethylase LSD- 1 (Shi et al. , 

2004) or by arginine deimination, producing citrulline (Cuthbert et al. , 2004; Hagiwara 

et al. , 2005;  Hagiwara et al. , 2002; Nakashima et al. , 2002). H4K20 methylation is  

associated with silent chromatin (Nishioka et  al. , 2002b) and is  under-represented on the 

male Drosophila X chromosome (section 1 .5 . 9) .  

1 . 1 .3 Histone phosphorylation 

Several histone residues are subj ected to phosphorylation, including serine 1 0  of histone 

H3 .  H3S 1 OP has been shown to be associated with transcriptional activation, and also 

2 



occurs during the chromosome condensation of mitosis (Cheung et al. , 2000) . In 

Drosophila, H3S l OP is dramatically increased at the heat shock loci during the heat­

shock response, while h istone acetylation is unaltered, intimating that the increased 

transcription of the heat-shock genes is in part induced by phosphorylation (Nowak and 

Corces, 2000) . Supporting this, functional heat shock transcription factor activity is 

required for the increase in phosphorylated H3 at the heat shock loci (Nowak and 

Corces, 2000) . Furthermore, many data suggest that prior phosphorylation may be a 

requirement for acetylation, with H3S I OP and H3K l 4Ac associating together in regions 

of actively expressed genes (Lo et aI. , 2000). Significantly, H3 peptides phosphorylated 

at Ser- I O  are not able to be methylated at lysine 9 by SUV39H 1 ,  indicating that prior 

phosphorylation can prevent methylation (Rea et aI. , 2000). Phosphorylation of H3 S l O  

by the kinase J IL- I is associated with dosage compensation in Drosophila (section 

1 . 5 .6) (Jin et al. , 2000; lin et al. , 1 999). 

1 . 1 .4 Histone ubiquitination 

Ubiquitination, although commonly associated with protein degradation, may also have 

a role in the regulation of transcription (Zhang, 2003) .  T AFII250 in the Tata box-binding 

protein-associated complex TFIlD of Drosophila exhibits histone H I  

monoubiquitination activity (Pham and Sauer, 2000) . Furthermore, mutation o f  the 

conserved ubiquitination site of H2B in the yeast, Saccharomyces cerevisiae, confers 

defects in mitotic growth and meiosis (Robzyk and Recht, 2000). The SAGA 

acetyltransferase complex contains an H2B ubiquitin ligase (Grant et al. , 1 997). The 

RING finger motif has been associated with E3 ubiquitin l igase activity in several 

enzymes including the Rad6-associated protein, Bre I (Zhang, 2003). 

1 . 1 .5 Chromatin assembly and remodeling 

Chromatin can be remodeled to facilitate transcription by several different classes of 

enzymes including the SWI/SNF, ISWI, and Mi-2 famil ies based on proteins originally 

identified in yeast, Drosophila and humans respectively (Kadam and Emerson, 2002). 

These enzymes utilize the energy derived from A TP hydrolysis to disrupt the interaction 

between DNA and the histone proteins, thus increasing the accessibility of DNA to the 

transcriptional machinery. In Drosophila, three different protein complexes have been 
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identified that contain the ISWI ATPase as their catalytic core : ACF 1 (Ito et al. , 1 997), 

CHRAC2 (Varga-Weisz et al. , 1 997) and the Nucleosome remodeling factor (NURF) 

(Tsukiyama et aI. , 1 995) .  While all three complexes catalyze energy-dependent 

nucleosome sliding in vitro, ACF and CHRAC are involved in the assembly of 

nucleosome arrays while NURF disrupts them (Corona et al. , 1 999; Hamiche et al. , 

1 999; Langst et al. , 1 999). For example, regularly spaced nucleosomes can be 

assembled in vitro on plasmid DNA in an ATP-dependent manner in the presence of 

recombinant ACF3 and recombinant nucleosome assembly protein 1 (NAP- I )  (Ito et al. , 

1 999). While ACF has a catalytic role, depositing histones into nucleosomes 

periodically, NAP- l acts stoichiometrically to add two histone H2A-H2B dimers onto 

DNA already possessing a tetramer of histones H3 and H4. In contrast, NURF, together 

with transcription factors acts to mobilize nucleosomes at promoters, thus facilitating 

transcription (Mizuguchi et al. , 1 997;  Tsukiyama and Wu, 1 995). 

NURF functions in dosage compensation in Drosophila (section I . S . 8). It consists of 

four polypeptide subunits: NURF 1 40, which is an ISWI ATPase (Tsukiyama et al. , 

1 995); NURFSS, a WOAO repeat protein (Martinez-Balbas et al. , 1 998); NURF38, an 

inorganic pyrophosphatase (Gdula et al. , 1 998) ; and NURF30 l ,  which has PHD finger 

and bromodomain motifs (Tsukiyama and Wu, 1 995;  Xiao et al. , 200 1 ) . The histone 

tails are important for the interaction of NURF with chromatin, but this does not involve 

any of the potentially acetylated lysines at positions S ,  8, 1 2  or 1 6  on the hi stone H4 tail 

(Georgel et al. , 1 997). The interaction of NURF with chromatin may be mediated by the 

bromodomain of NURF30 1 ,  or by NURFSS,  as a WD-40 repeat protein, WDRS, has 

recently been shown to specifically bind histone H3 methylated at lysine 4 (Wysocka et 

al. , 200S). NURF30 1 forms a scaffold on which the NURF complex assembles (Xiao et 

al. , 200 1 ) . NURF interacts with transcription factors including GAGA factor (Xiao et 

al. , 200 1 ) , but NURF and GAGA factor do not overlap significantly on immunostained 

polytene chromosomes (Deuring et al. , 2000) . 

I A TP-utilizing chromatin assembly and remodeling factor 

2 Chromatin accessibility complex 

3 ATP-utilizing chromatin assemb ly and remodeling factor. This consists of Acfl and the ISWI (imitation 

switch) ATPase. 
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1 .2 Transcription 

RNA polymerase II (RNAPII) generates a mature mRNA molecule from a chromatin 

template in a process involving multiple steps that include preinitiation, initiation, 

promoter clearance, elongation and termination (Sims et al. , 2004). At the beginning of 

each transcription cycle, a preinitiation complex consisting of TAFIID, TAFIIB, TAFrrE, 

TAFIIH and RNAPII together with additional cofactors assembles at the promoter. The 

movement from this initiation step into productive transcription elongation, promoter 

clearance, requires NTPs and is ATP-dependent. At promoter c learance, the C-terminal 

domain (CTD) of RNAPII is phosphorylated on serine 5 ,  switching the polymerase into 

elongation mode. Phosphorylation of serine 2 of the RNAPII-CTD increases as the 

polymerase moves towards the 3' end of genes, and is associated with later elongation 

and termination (Sims et a!. , 2004).  Histone modifications are involved in the switch to 

transcription elongation, and the Elongator histone acetyltransferase complex is known 

to associate with phosphorylated RNAPII .  F inally, following transcription termination, 

the m RNA is cleaved, polyadenylated and transported to the cytoplasm. 

1.3 Chromatin insulators and boundary elements 

Chromatin insulators and boundary elements are DNA sequences defined 

mechanistically by their ability to block enhancer-promoter interactions when 

positioned betwcen them, and to buffer transgenes from chromosomal position effects . 

These properties imply a rolc for insulators in regulating the correct temporal and 

spatial transcription of genes by preventing elements in neighbouring domains from 

interacting with a non-target gene (Gerasimova and Corces, 200 I ) . 

1 .3 . 1  The SCS/SCS' insulators 

The first insulator elements were identified in Drosophila at the borders of the 87 A 7 

heat shock puff, and consist of the SCS (specialized chromatin structure) and SCS' 

elements surrounding the hsp 70 heat shock locus (Udvardy et al. , 1 985) . These insulator 

elements, when placed either side of a mini-white reporter gene, protect this gene from 

both negative and positive chromosomal position effects (Kellum and Schedl, 1 99 1 ) .  

Furthermore, either insulator element i s  capable o f  blocking an enhancer from activating 

an hsp 70-lacZ reporter gene when interposed between the enhancer and hsp 70 promoter 

(Kellum and Schedl, 1 992). The sequences required for the enhancer blocking activity 
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of the SCS and SCS' elements reside within two nuclease-hypersensitive regIOns 

(Vazquez and Schedl, 1 994) . The SCS and SCS'  elements interact with different proteins 

to mediate their insulator activity. The SBP (SCS binding protein), encoded by the zeste­

white 5 gene, interacts directly with a 24 bp region o f  SCS in vitro, and also associates 

with SCS in vivo as part of a nucleoprotein complex (Gaszner et al. , 1 999) . Furthermore, 

mutations in zw5 reduce the enhancer blocking activity of multimers of SCS fragments 

containing the 24 bp binding site (Gaszner et a!. , 1 999). Two related proteins, BEAF-

32A and BEAF-32B (boundary element associated factor of 32 kDa) interact with the 

SCS' but not the SCS element (Hart et al. , 1 997 ; Zhao et al. , 1 995) .  The transcription 

factor DREF competes with BEAF-32 for binding to sites within the SCS' element (Hart 

et al. , 1 999) . Some evidence indicates that ZW5 and BEAF-32 are capable  of 

interacting in vitro, supporting the model that insulators function by creating higher 

order chromatin domain structures (Blanton et a!. , 200 I ) . Significantly with regard to 

the proposed work, transgcnic lines in which a construct consisting of the mini-white 

rcporter gene flanked by the SCS and SCS' elements is inserted on the X chromosome 

still exhibit elevated mini-white expression in males, indicating that the SCS and SCS' 

elements are unable to block dosage compensation (Henry et al. , 200 I ;  Vazquez and 

Schedl, 1 994) . This is consistent with the finding that the SCS and SCS' elements reside 

within, but not at, the borders of the heat shock puff at 87 A ,  and that these elements do 

not prevent the spread of chromatin decondensation resulting upon activation of a 

hsp 70-lacZ transgene (Kuhn et al. , 2004) . In fact both these elements include the 

promoter sequences of nearby non-hsp 70 genes (Kuhn et al. , 2004). These findings 

imply that the SCS and SCS' elements do not prevent the spread of the active chromatin 

domain formed upon induction of the heat shock locus. Instead these elements maintain 

transcriptional fidelity in this region, and perhaps prevent inappropriate increases in the 

level of transcription of the nearby non-hsp 70 genes (Kuhn et al. , 2004) .  

1 .3.2 The gypsy insulator 

A second well-characterized insulator element of Drosophila is present in the 5' UTR of 

the gypsy retrovirus (Gdula et al. , 1 996). Similar to the SCS and SCS' insulators, the 

gypsy insulator blocks enhancer-promoter interactions when positioned between them, 

while not inhibiting the enhancer from directing the expression of other adj acent genes. 

It is also able to buffer transgene expression from position effects, and contains strong 

DNaseI hypersensitive sites (Cai and Levine, 1 995; Chen and Corces, 200 1 ;  Gdula et 
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al. , 1 996; Roseman et al. , 1 993;  Scott et al. , 1 999) . Within this 350 bp element l i e  1 2  

copies of a 2 6  bp sequence to which the zinc finger Su(Hw)! protein binds (Geyer et al. , 

1 988) .  Su(Hw) interacts with a second protein, Mod(mdg4)2, and this  interaction is 

essential for the enhancer-blocking activity of the gypsy insulator (Cai and Levine, 

1 997; Gdula et al. , 1 996). 

1 .3.3 The bithorax complex insulators 

The insulator elements present in the bithorax complex of Drosophila act in a somewhat 

different manner to the SCSISCS' and gypsy insulators. In this complex, the 

Ultrabithorax (Ubx), Abdominal-A (A bd-A) and Abdominal-B (A bd-B) genes are 

expressed in a specific pattern within the embryo along the anterior-posterior axis .  The 

regulatory sequences that determine the segment in which each gene is expressed are 

separated by insulator elements. Mutations that remove any one of these insulators 

cause the fusion of adjacent segments, resulting in a distinctive mutant adult phenotype 

(Mihaly et al. , 1 998). For example, deletion of the F ab- 7 insulator, which separates the 

iab-6 and iab-7 regulatory sequences that direct the expression of Abd-B in 

parasegments PS 1 1  and PS 1 2, leads to cross-talk between these regulatory elements 

resulting in homeotic phenotypes in the adult fly (Hagstrom et al. , 1 996; Zhou et al. , 

1 996) . This Fab- 7 insulator also contains DNaseI hypersensitive sites within a 1 .2 kb 

region of DNA (Hagstrom et ai. , 1 996). The insulators of the bithorax complex differ 

from those discussed previously in that the regulatory sequences are able to overcome 

them to activate genes when appropriate. This effect may be mediated by a PTS 

(promoter-targeting sequence) element, such as that present in thc Fab-8 element, which 

enables distal enhancers to overcome the blocking effect of the F ab-8 insulator (Barges 

et al. , 2000; Zhou and Levine, 1 999). Supporting this, replacement of F ab- 7 with the 

SCS or gypsy insulators, while preventing interactions bctwccn iab-6 and iab-7, disrupts 

regulation of A bd-B by morc distal enhancers (Hogga et al. , 200 1 ) .  

1.3 .4 Vertebrate insulators 

Insulator elements have also been identified in vertebrates, for example the chicken 5' 

B-globin locus (Chung et al. , 1 993) .  This insulator, the 5 '  HS4 clement, contains a 

1 Suppressor o f  Hairy-Wing 

2 Modifier o f mdg4 
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strong DNase I hypersensitive site, and marks the boundary between the more open 

acctylated chromatin of the �-globin locus and the more condensed hypoacetylated 

chromatin outside of the locus (Hebbes et af. , 1 994; Reitman and Felsenfeld, 1 990) . The 

enhancer-blocking activity of the 5' j3-globin insulator is entirely due to the presence  of 

a single 42 bp b inding site for the protein CTCF within the 5' HS4 element (Bell et al. , 
1 999). A second insulator is present at the 3 '  end of  the locus, which also contains 

binding sites for CTCF (Saitoh et af. , 2000) . The chicken 5' j3-g10bin insulator reduces 

enhancer-directed reporter gene activity when placed either side of the reporter 

construct on a circular plasmid, but only blocks enhancer-directed activity on a laniaries 

plasmid whcn inserted between the enhancer and promoter (Recillas-Targa et al. , 1 999) .  

The 5 '  HS4 element activity resides within a 250 bp core element containing five 

protein binding sites identified by DNaseI footprinting (Chung et al. , 1 997). While the 

CTCF binding site is required for the enhancer blocking activity (Bell et af. , 1 999), this 

is entirely separable from the barrier activity of the 5' HS4 that blocks the spread of 

chromosomal silencing (Recillas-Targa et af. , 2002). Instead USF proteins are required 

for barrier activity, with knockdown of USF I expression by RNAi leading to a loss  of 

the recruitment of active histone modifications such as histone acetylation and H3K4 

methylation, and a subsequent invasion of the repressive chromatin modification, H3K9 

methylation (West et aI. , 2004). 

1 .3 .5 Models for insulator function 

The models proposed for insulator function can be separated into two types, which are 

not mutually exclusive. The first proposes that insulators block enhancers from directing 

the action of promoters either by interacting with the promoter in a 'promoter-decoy' 

model, or by looping out intervening sequences containing the enhancer so it cannot 

interact with the promoter. The second proposes that insulators alter localized higher­

order chromatin structure, thus preventing an enhancer from directing the promoter by 

encasing it in a chromatin environment that is not accessible to transcription fac tors. 

Further, alteration of localized chromatin structure at an insulator blocks the long-range 

spread of chromatin modifications required for silencing, or activation. The fonner 

model is supported by studies showing that the gypsy insulator is able to b lock 

enhancer-promoter interactions only when positioned between the enhancer and the 

promoter, and functions most effectively when flanking the enhancer (Figure 1 ) .  
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Furthermore, the insertion of two tandem gypsy insulators between the enhancer and 

promoter abolishes this blockage of enhancer activity, and is due to their tandem 

arrangement rather than close proximity or spacing (Cai and Shen, 200 1 ;  Muravyova et 

aI. , 200 1 ) . Other insulator elements such as those at the chicken 5' f)-globin locus appear 

to function via the latter model, with the insulator activity requiring the constitutive 

recruitment of particular histone modifications (West et aI. , 2004). 

A. 

B. 

c. 

(A) The Su(Hw) insulator (S) interacts via 

proteins with another distant Su(Hw) 

insulator, preventing the enhancer (E) from 

activating the promoter (P). (B) The 

flanking Su(Hw) insulator sites interact via 

proteins, looping the enhancer away from 

the promoter thus preventing interactions. 

(C) The tandem Su(Hw) sites interact with 

each other via proteins, looping out the 

intervening chromatin between the enhancer 

and promoter, thus facilitating their 

interaction, and promoter activation. Based 

on (Cai and Shen, 200 1 ) .  

Figure 1 .  Chromatin looping model o f  insulator action 

1 .4 Dosage compensation in mammalian cells 

In female mammalian cells, one of the two X chromosomes is inactivated to equalize 

the dose of X-linked genes to that of males, with one X chromosome (Bernstein and 

Allis, 2005).  One of the two female X chromosomes is randomly inactivated in each of 

the somatic cells during embryogenesis .  This inactivation is initiated at a single site on 

the X chromosome, known as the X inactivation centre (Xic) . The non-coding sense 

Xis! and anti-sense Tsix RNAs are transcribed from this site on the X chromosome that 

is to be inactivated. These non-coding RNAs coat the inactive X chromosome, initiating 

a chain of chromatin remodeling events that are required for silencing. They are 

essential for the initiation, but not the maintenance of the heterochromatic state on the 
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inactive X chromosome (Bernstein and Allis, 2005) .  These include the m ethylation of  

H3K9, H3K27  and H4K20, and the hypoacetylation of H3 and H4 .  The H2A histone 

variant macroH2A is incorporated into the inactive X chromosome. Furthermore, the 

inactive X chromosome is characterized by extensive DNA methylation. Together, these 

epigenetic marks result in a stable heterochromatic state for the inactive X chromosome 

that is propagated throughout development (Bernstein and Allis, 2005) .  Despite the 

parallels between dosage compensation in Drosophila and X inactivation in mammalian 

cells (non-coding RNAs, chromatin remodeling), these processes are remarkably 

different. Dosage compensation involves hypertranscription of the male X chromosome 

rather than inactivation of the female X, and Drosophila do not exhibit significant DNA 

methylation in comparison to mammalian cells. 

1 .5 Dosage compensation in Drosophila melanogaster 

The male heterogametic sex (XY) of Drosophila exhibit similar X-linked phenotypes to 

the female homogametic sex (XX) despite the apparent dose difference of X-linked 

genes. This phenomenon of dosage compensation was first noted by Muller with regard 

to X-linked eye colour mutants of white apricot (wa) in which the level of eye 

pigmentation is directly proportional to the dose of the allele (Muller et al. , 1 93 I ) . In 

these mutants, homozygous wQ females with two doses of the allele have a level o f  

pigmentation equivalent to that o f  wP males carrying only a single copy of the al lele. 

This observation led to the conclusion that a mechanism exists in Drosophila to 

equalize the expression of X-l inked genes, thereby compensating for the difference in 

dosage between the heterogametic and homogametic sex. This mechanism is termed 

dosage compensation. 

The enzyme activities of certain X-linked genes, including glucose-6-phosphate (G6PD; 

Zw) and 6-phosphogluconate dehydrogenases (6PGD; Pgd) have been measured in flies 

carrying varying doses of the X chromosomes (Scecof et aI. , 1 969). No significant 

difference in activity is observed between diploid females (two doses) and males (one 

dose) for either G6PD or 6PGD. Dosage compensation occurs at the level of  

transcription, as  the amount of  steady-state RNA expressed from X-linked genes such as 

the salivary gland secretion polypeptide gene (Sgs-4) is equivalent in diploid male and 

female Drosophila (Brcen and Lucchesi, 1 986) . Furthermore, transcription from the 
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entire single male X chromosome, as measured by incorporation of eH]uridine, is 

approximately equivalent to that from the paired female X chromosomes (Mukherjee 

and Beermann, 1 965). Both of the female X-chromosomes are actively expressed within 

the Drosophila nucleus, as females heterozygous for X-linked mutant genes affecting 

cuticular structures do not display phenotype mosaicism, but rather uniformly 

demonstrate the dominant (wild-type) phenotype.  If the X chromosome bearing the 

dominant gene had been inactivated in some cells during development, it would be 

expected that patches exhibiting the mutant phenotype would be generated (Lucchesi 

and Manning, 1 987). 

The evidence from these studies led to the proposal that the mechanism of dosage 

compensation in Drosophila operates via a two-fold increase in the level of transcription 

of the single male X chromosome relative to the paired female X chromosomes. This 

transcriptional upregulation equalizes the yield of gene products from the single male X 

chromosome relative to the two female X chromosomes, hence compensating for the 

two-fold difference in dosage. An alternative hypothesis has been proposed by Birchler 

and colleagues, which states that dosage compensation is caused by reduced 

transcription of the autosomes in male flies due to a relocation of the protein MOF from 

the autosomes to the X chromosome (Bhadra et af. , 1 999). Many key pieces of evidence 

do not support this alternative hypothesis, including the increased transcription and 

puffy chromatin structure of the male Drosophila X chromosome. 

1 .5.1 Male-specific lethal mutations 

The validity of the mechanism for dosage compensation proposed above was tested by 

the hypothesis that mutations in genes involved in regulating dosage compensation in 

Drosophila would be lethal to one sex (Belote and Lucchesi, 1 980a). For example, a 

mutation might be lethal to males if the mutant protein had been essential for the 

upregulation of the transcription of the single male X chromosome, whereas females 

would remain unaffected due to receiving a normal dose of X-linked gene expression. 

Such mutations were found in field-collected strains, inspiring extensive screens of 

ethyl methanesulfonate (EMS)-treated second and third chromosomes for these sex­

specific lethal mutations. Four recessive male-specific lethal mutations were i solated; 

all of these were lethal to homozygous males in the late pupal or larval stage while the 

viability of homozygous females remained unaffected. The first male specific lethal 
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mutant, malelessls, is a temperature sensitive allele of maleless (mle), a mutation that 

had previously been isolated (Fukunaga et al. , 1 975 ;  Golubovsky and Ivanov, 1 972). 

The second and third mutations represented alleles of a novel loci, male-specific lethal-

1 (msll), and the fourth, also corresponding to a new loci, was designated male-specific 

lethal-2 (msI2) (Belote and Lucchesi, 1 980a) . A second screen of EMS-treated third 

chromosomes yielded two allelic male-specific mutations of a fourth loci, male-specific 

lethal-3 (msl3) (Lucchesi et aI. , 1 982). This mutation was allelic to the previously 

discovered maleless on the third-I32 (mle(3) 132) (Uchida et at. , 1 98 1 ) . 

The activities of several X-linked enzymes were found to be reduced in msl males to 

approximately 60% of the levels of those in wild-type males or in msl females, whereas 

autosomal-linked enzyme activities were unaffected in msl males relative to msl females 

or wild-type males (Belote and Lucchesi, 1 980b) . This finding conclusively 

demonstrated that msl males die due to a failure to dosage compensate. Furthermore, 

this correlates with a significant reduction in the transcription of the single male X 

chromosome in mlels homozygous mutants in comparison to mlels females (Belote and 

Lucchesi, 1 980b; Breen and Lucchesi, 1 986). Together, these results confirmed that the 

mechanism of dosage compensation in Drosophila operates via a two-fold increase in 

the level of transcription of the single male X chromosome relative to the paired female 

X chromosomes. 

The genes encoding the MSL proteins have been c loned, and include a fifth msl, males­

on-the-jirst (moj) (Table I ). MSL2 differs from the other MSL proteins in that it is 

present exclusivc!y in wild-type males and is completely absent in wild-type females 

(Bashaw and Baker, 1 995 ; Kelley et aI. , 1 995 ; Zhou et al. , 1 995) .  It is regulated at the 

translational level by the female-specific protein SXL (Bashaw and Baker, 1 995), which 

prevents stable association of the msl2 mRNA with the ribosome (Gebauer et al. , 2003) .  
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Gene Protein 
Size 

Protein 
Family 

Features Reference 

msll 1 039  aa X chromosome 
(residues 1 -84) 

localization (Copps et at. , 1 998 ;  

msl2 773 aa 

ms13 5 1 2  aa 

mol 827 aa 

mle 1 293 aa 

chromo 
superfamily 

histone acetyl 
transferase 
family 

ATP­
dependent 
DEAH 
subfamily of 
helicases 

Interaction MSL2 (residues 
85- 1 86) 
Interaction MOF & MSL3 
(residues 759- 1 039) 
2 N-terminal acidic stretches 
>40 phosphoryl ation sites 
4 N-glycosylation sites 
N-terminal (residues 1 - 1 90) 
RIN G zmc finger domain 
(residues 37-87) involved in 
X chromosome localization 
and interaction with M S L  1 
C-terminal metallothionein­
l ike cysteine rich domain 
Interacts with MSL 1 directly 
6 N-glycosylation sites 
1 5  phosphorylation sites 
chromodomain (residues 437-
5 1 6) interacts with RNA in vitro 
chromodomain 
ZInC finger ( important 
interaction chromatin) and 
histone acetyl transferase 
(MYST) domain (rcsidues 
5 1 8-827) 
Interacts roX2 RNA in vivo 
Helicase and RRM domains, 
and the C-terminal glycine­
rich GGY motifs (residues 
940- 1 293) are important for 
targeting to X chromosome 
via roX RNA 
helicase domains 

Table 1. The m ale-specific lethal proteins 

Palmer et a!. , 1 993; 
Scott et al. , 2000) 

(Bashaw and Baker, 
1 995 ;  Kelley et al. , 
1 995 ;  Lyman et al. , 
1 997; Palmer et al. , 
1 993 ;  Scott et al. , 
2000; Zhou et al. , 
1 995) 
(Akhtar et al. , 2000; 
Gorman et al. , 1 995 ; 
Koonin et al. , 1 995; 
Scott et al. , 2000) 

(Akhtar and Becker, 
200 1 ;  Akhtar et al. , 
2000; Hilfiker et al. , 
1 997 ;  Smith et a!. , 
2000) 

(Kuroda et al. , 1 99 1 ;  
Richter et al. , 1 996) 

This table is based on the properties of the male-specific lethal proteins as reviewed in 

(Akhtar, 2003) .  

1 .5.2 Evidence for a complex consisting of the MSL proteins 

Early studies of the msl mutations revealed that flies carrying multiple msl mutations 

were no more severely affected than flies carrying only a single mutation (Belote, 
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1 983) .  This indicated that the MSL proteins functioned together with regards to dosage 

compensation, and further evidence for this was provided by immunolocalization 

studies. Immunolocalization refers to the staining of polytene chromosome preparations 

with antibodies for the MSL proteins, with the localization of the MSL proteins on the 

chromosomes visualized by secondary staining with fluorescent antibodies. This 

technique has bcen used to demonstrate that MSL 1 ,  MSL2, MSL3, MLE and MOF bind 

exclusively along the entire length of the male X chromosome but are completely absent 

from thc female X chromosomes, and do not localize to any chromosomcs in their 

respective mutants (Bashaw and Baker, 1 995; Gorman et aI. , 1 995 ; Gu et aI. , 1 998 ;  

Kcllcy et  al. , 1 995 ;  Kuroda et  al. , 1 99 1 ;  Palmer et al. , 1 993;  Zhou et  al. , 1 995). This 

preferential association with the male X chromosome occurs despite the presence of the 

MSL proteins (with the exccption of M SL2) in both sexes (Bashaw and Baker, 1 995;  

Gorman et al. , 1 995; Kelley et al. , 1 995 ;  Kuroda et aI" 1 99 1 ;  Palmer et al. , 1 993;  Zhou 

et al. , 1 995) .  Thesc immunolocalization expcriments were cxpanded in several different 

studies to demonstrate that the M SL proteins in fact colocalize along thc entire length of 

the male X chromosome preparations (Bashaw and Baker, 1 995;  Bone et aI. , 1 994; 

Gorman et aI. , 1 995; Gu et al. , 1 998) .  This provided initial evidence that the M SL 

proteins form a complex that preferentially associates with the malc X chromosome to 

mediate dosage compensation. 

Supporting this proposal, each of the M SL proteins requires the wild-type gene product 

of the other four MSL proteins to bind to the male X chromosome in the typical heavily 

banded pattern (Bashaw and Baker, 1 995;  Gorman et al. , 1 995 ;  Gonnan et aI" 1 993;  

Palmer et al. , 1 994) . Additional ly, the stability of each MSL protein is reduced in each 

of the other msl backgrounds (Gonnan et al. , 1 995; Palmcr et aI. , 1 993 ; Palmer et al. , 

1 994). Furthermore, many of the MSL proteins co-fractionate on gel filtration and anion 

exchange chromatography and interact in a yeast two-hybrid system (Copps et al. , 

1 998) .  F inally, conclusive evidence for the formation of  a complex by the MSL proteins 

has been provided by the coprecipitation of MSL proteins by antibodies raised against 

other MSL proteins (Copps et aI. , 1 998;  Kelley et al. ,  1 995) .  The entire complex, 

including the roX2 RNA I (section 1 .5 .7) has been partially purified from male tissue 

I roXI RNA is not expressed in S2 cells. 
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culture S2 cells usmg immunoprecipitation carried out under "RNA-friendly" 

conditions (Smith et al. , 2000). 

1 .5.3 Ectopic expression of msl2 in females induces association of the MSL 

proteins with the X chromosome 

Kelley and colleagues constructed transgenic lincs of Drosophila in which the msl2 

gene was present under the control of the heat shock protein 83 (hsp83) promoter. 

Using this system, msl2 was expressed at constitutive low levels in both female and 

male flies, and could be induced to high levels after heat shock (Kelley et aI. , 1 995) .  

Although the viability of females carrying this  construct is reduced due to inappropriate 

dosage compensation, enough survive to the third instar larval stage to enable 

preparation of polytene chromosomes for immunolocalization experiments. These 

experiments revealed that the MSL 1 ,  MSL2 and MLE proteins colocalize on the X 

chromosomes of females carrying the hsp83-ms12 construct (Kelley et al. , 1 995). 

Furthermore, this system enabled the localization of the MSL proteins in the various msl 

mutant backgrounds to be determined directly, as the msl wild-type gene products are 

not required for viability in female flies. 

1.5.4 Chromatin structure of the male X chromosome 

The enlargement of the single male X chromosome III polytene chromosome 

preparations so that its width is comparable to that of the paired female X chromosomes 

has been observed in many studies (Mukherjee and Beermann, 1 965 ;  Offermann, 1 936) . 

It appears that this diffuse morphology is due entirely to the presence of the MSL 

complex, as it is completely reversed in a msll or msl2 background, but can be induced 

by the ectopic expression of hsp83-msl2 in transgenic females (section 1 .5 .3 )  (Gorman 

et al. , 1 993) .  

1 .5.5 Histone acetylation is associated with the presence of MSL complex and is 

essential for dosage compensation 

A histone acetyl transferase (HAT) was predicted to be associated with the MSL 

complex even prior to the identification of the MOF HAT as a male-specific-Iethal 

gene. It had been observed that a specific acetylated isoform of histone H4, H4K1 6ae, 

in which histone H4 is acetylated at lysine 1 6 , predominantly  localizes to the X 

chromosome (Turner et al. , 1 992). This high-level accumulation of H4K I 6ac on the 
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male X chromosome is reduced in mslI , msl2, msl3 or mle mutants to levels comparable 

to that of the autosomes or female X chromosomes (Bone et al. , 1 994) . In addition, 

immunolocalization experiments had shown that the H4K1 6ac isoform colocalizes with 

MSL I and MLE along the male X chromosome (Bone et al. , 1 994) . 

The functional confirmation of MOF as the HAT associated with dosage compensation 

came from experiments demonstrating that purified MOF catalytic domain peptide 

could acetyl ate Drosophila histones, with a preference for h istone H4 in vitro (Smith et 

al. , 2000) . Furthermore, partial ly purified MSL complex consisting of the five MSL 

proteins and roX RNA specifically acetylatcs lysine 16  of histone H4 in vitro (Smith et 

al. , 2000). This histone acetylation is entirely ascribable to MOF, as partially purified 

MSL complex containing mutant protein produced by the mol allele, whieh has a point 

mutation in the most highly conserved residue of the acetyl-CoA binding domain, does 

not acetylate histones (Smith et af. , 2000). Furthermore, histone acetylation is essential 

for dosage compensation as males hemizygous for the mol allele die (Hilfiker et al. , 

1 997). 

1 .5.6 A kinase, JIL-1 is involved in the complex 

The presence of phosphorylation sites on two of the members of the MSL complex, 

MSL 1 and MSL3, had led to some speculation that a kinase might be involved in 

dosage compensation (Gorman et al. , 1 995; Palmcr et af. , 1 993) .  A novel 

serinelthreonine tandem kinase, J1L- 1 ,  cloned in an unrelatcd study, provided a probable 

candidate for this MSL complcx-associated kinase (Jin et af. ,  1 999) . JIL- l eolocalizes to 

the X chromosome with the MSL proteins and is present at a two-fold greater level on 

the male X chromosome relative to each of the female X chromosomes (Jin et af. , 2000; 

Jin et al. , 1 999) .  Furthermore, JIL- l coimmunoprecipitates from Drosophila cell 

extracts with MSL 1 ,  MSL2 and MSL3 (Jin et al. , 2000). Additionally, the two-fold 

upregulation of JIL- 1 on the male X chromosome can be induced in females ectopically 

expressing msl2 (section 1 . 5 . 3) ,  and this upregulation is abolished in a msll or msl3 

background ( Jin et aI. , 2000). 

Mutations in jil-l significantly decrease viability of both sexes, affecting males more 

severely than females indicating that JIL- 1 is required for dosage compensation (Wang 

et al. , 200 1 ) . Significantly, JIL- 1 is able to phosphorylate serine 1 0  of bovine histone 
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H3 in vitro, indicating that the amino-terminal tail of Drosophila histone H3, which is  

identical to that of bovine histone H3, may be a substrate for JIL- I in vivo (Jin et  aI. , 

1 999). In jil-l mutants, polytene chromosome morphology is severely disrupted with 

the chromosome arms becoming highly condensed, and the male X chromosome being 

more severely affected than the autosomes (Wang et al. , 200 1 ) .  However, the binding of 

MSL I ,  M SL2 and MSL3, and the presence of H4Kl 6ac on the male X chromosome 

remains unaffected in the absence of JIL- l (Wang et al. , 200 1 ) . These results imply a 

role for JIL- l in maintaining the open chromatin structure of the autosomes and the 

male X chromosome. This is consistent with the finding that an upregulation of lIL- l on 

the male X chromosome correlates with a colocalized increase in the level of H3S l OP 

(Wang et al. , 2001 ) .  An interaction between JIL- l and a splice variant of the complex 

Iota locus during early embryogenesis  has been reported, although the effect of this 

interaction on the role of JIL- I in dosage compensation is unclear (Zhang et al. , 2003) .  

1 .5 .7 Noncoding RNAs form part of the MSL complex 

The identification of MLE as a member of the RNA-dependent ATPase superfamily 

provoked considerable speculation that an RNA component might also be associated 

with the MSL complex (Kuroda et af. , 1 99 1 ;  Richter et aI. , 1 996). This proposal was 

confirmed by the finding that treatment of salivary glands with RNaseA prior to the 

preparation of polytene chromosomes abolishes the association of MLE with the X 

chromosome, but does not affect MSL I or MSL2 localization (Richter et al. , 1 996) . I t  

appears that the association of MOF with the X chromosome may also be RNase­

sensitive (Akhtar and Beeker, 2000). However when MSL 1 and MSL2 are 

overexpressed in a double roX mutant background, MSL 1 ,  MSL2, MSL3 and MOF 

bind to many sites along the X chromosome (Oh et af. , 2003). Furthermore MOF, MLE 

and MSL3 have the abi l ity to bind RNA in vitro (Akhtar et aI. , 2000; Buscaino et  al. , 

2003 ; Richter et al. , 1 996). These data suggest that the interaction of MLE, and perhaps 

also MOF with the MSL complex and the male X chromosome is dependent on the 

presence of a particular species of RNA. 

Two of the RNA components of the MSL complex have been isolated, roXI and roX2 

(RNA Qn the X chromosome) (Amrein and Axel, 1 997;  Meller et al. , 1 997) . These genes 

encode male-specific transcripts of 3 .7 and 0.6 kb respectively that do not contain open 

reading frames longer than 60 amino acid residues, are unspliced, and hence are 
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unlikely to be translated (Amrein and Axel, 1 997; Park et al. , 2003) .  The roXl and roX2 

RNAs share only a small 30 nt region of significant homology, with no other significant 

primary or secondary structure homology (Franke and Baker, 1 999) , although the genes 

encoding these roX RNAs both contain male specific DNaseI hypersensitive sites 

(DHS) (Kageyama et al. , 200 1 )  

Both roXl and roX2 are regulated by MSL2, independent of its RING finger (Amrcin 

and Axel, 1 997; Meller et al. , 1 997;  Rattner and Meller, 2004). The DHS are 

dispensable for this regulation by MSL2 (Rattner and Meller, 2004) and are not required 

for the stability or function of thc RNAs (Park et al. , 2003 ;  Stuckenholz et al. , 2003) .  

However there is  some evidence by quantitative RT-PCR that the DHS positively 

regulates roX RNA levels in males, and that MSL 1 ,  MSL3 and MLE but not the histone 

acetyl transferase activity of MOF are required for this positive regulation (Bai et aI. , 

2004). Furthermore, MLE regulatcs roX2 transcription (Lee et al. , 2004) . 

The roX RNAs associate with the MSL complex, as demonstratcd by colocalization 

with the MSL proteins to the X chromosome (Frankc and Baker, 1 999; Meller et al. , 

2000; Meller et al. , 1 997) and RT-PCR analyses of partially purified MSL complexes 

(Mellcr et al. , 2000) . The roX RNAs are required redundantly for the association of the 

MSL complex with the male X chromosome, as MSL proteins do not localize to the X 

chromosome in double mutants lacking both roXl and roX2 (Franke and Baker, 1 999; 

Meller and Rattner, 2002). 

1.5.8 ISWI functions antagonistically to MSL complex 

In Drosophila larvae homozygous for null mutations in ISWI (section 1 . 1 . 5) ,  a 

chromatin remodeling ATPase, the male X chromosome appears more diffuse than in 

wild-type, while the autosomes and female X chromosomes remain unaffected (Deuring 

et a!. , 2000). This aberrant X chromosome morphology is also apparent in Drosophila 

carrying a null mutation in nurj301,  a component of the NURF complex, indicating that 

this is the ISWI-containing complex required for X chromosome condensation 

(Badenhorst et al. , 2002). However, this aberrant X chromosome morphology in ISWI 

mutant males can be completely suppressed by blocking acetylation of  H4K1 6. 

Additionally, induced acetylation of H4K 1 6  in ISWI mutant females results in diffuse X 

chromosome morphology that is indistinguishable from that observed in the ISWI 
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mutant males (Corona et al. , 2002) . F urthermore, increased expreSSIon of MOF 

enhances the mutant X chromosome phenotype in partial loss of function ISWI mutant 

males. In addition, H4K 1 6  acetylation diminishes the abi lity of ISWI to interact 

effectively with its substrate. Together these findings indicate that the H4K1 6ac 

modification present along the dosage compensated male X chromosome may inhibit 

ISWI from chromatin compaction and the consequent transcriptional repression .  Recent 

work indicates that the Isw 1 ATPase in yeast functions to delay the release of initiated 

RNA polymerase II into the elongation phase of transcription (Morillon et aI. , 2005). At 

the yeast MET1 6 locus H3K4,  H3K36-di and H3K36-tri methylations arc present during 

a postinitiation regulatory phase prior to the appearance of H3K4-di and H3K79-di 

methylations at the onset of transcription elongation (Morillon et aI. , 2005). This 

suggests that the MSL complex may function as an anti-termination factor that promotes 

transcription elongation. Intriguingly, an H3K4 mcthyltransferasc, MLL 1 ,  has been 

shown to interact with the zinc finger domain of MOF in human cell l ines (Dou et al. , 

2005). However, this type of interaction may not be present in Drosophila as the same 

zinc finger domain of MOF interacts with MSL l ,  which is critical for the correct 

targeting of MOF to the male X chromosome (Morales et al. , 2004). 

1 .5.9 Histone methylation of H4K20 is under-represented on the male X 

chromosome 

The PR-Set7 human HMT specifically methylates H4K20 (Nishioka et al. , 2002b).  In 

Drosophila, PR-Set7 methylates H4K20, and mutants in this gene suppress variegation 

indicating it also has a role in silencing gene expression (Karachentsev et aI. , 2005). 

The presence of H4K20 methylation inversely correlates with H4K l 6ac, indicating that 

these modifications may be mutually exclusive, and indeed these modifications are 

competitive in vitro (Nishioka et al. , 2002b) . PR-Set7 localizes to mitotic chromosomes 

in human cells ,  which may provide a mechanism for the epigenetic inheritance of this 

methylated mark (Rice et aI. , 2002). Transcriptionally active regions lack H4K20 

methylation, and this modification is under-represented on the male X chromosome of 

Drosophila, while enriched in condensed chromatin regions including the chromocentre 

(Nishioka et aI. , 2002b) . 
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1 .5.10 The helicase activity of MLE is essential for dosage compensation 

Early work had indicated that MLE could be a member of the A TP-dependent DEAH 

subfamily of helicases (Kuroda et aI. , 1 99 1 ) . Purified MLE demonstrates both RNA and 

DNA helicase activities in vitro, forming complexes 3 -4 fold more efficiently with RNA 

(Lee et aI. , 1 997). This helicase activity is dependent on ATP, and translocates in the 3' 

to 5 '  direction (Lee et al. , 1 997). An allele of MLE generated by site-directed 

mutagenesis (MLEGET) lacking RNAIDNA heliease activity could not rescue 

homozygous mle males, indicating that the helicase activity of MLE is essential for 

dosage compensation (Lee et al. , 1 997) .  However, the mutant MLEGET protein s ti l l  

associates w ith the male X chromosome, albeit in a reduced fashion (Lee et af. , 1 99 7) .  

Interestingly, the pattern of MSL l binding to the X chromosome was also reduced in 

the mleGET mutants, in a manner similar to that observed in other mle mutants (Lee et al. , 

1 997). This suggests that the helicase activity of MLE is required for the wild-type 

pattern of MSL complex association with the male X chromosome. S ignificantly, MLE 

is  required for the incorporation of the roX RNAs into the MSL complex, even though 

partial complexes lacking MLE or the roX RNAs stil l  bind several sites on the X 

chromosome, and complexes without MLE still may contain the roX RNAs (Akhtar et 

aI. , 2000; Gu et al. , 2000; Meller et aI. , 2000) . Due to the ability of MLE to act on 

RNA/DNA heteroduplexes in vitro (Lee et af. , 1 997),  there remains the possibility that 

MLE directs roX RNA-mediated DNA recognition of sequences within the X 

chromosome (Kelley, 2004). However this  i s  unlikely as sequences within the roX RNA 
homologous to the MSL high affinity b inding site (section 1 . 5 . 1 2. 1 )  are not required for 

this binding (Park et al. , 2003). 

1 .5. 1 1  Assembly of the MSL complex 

The first c lues as to the order in which the MSL complex assembles and binds the male 

X chromosome came from immunolocal ization studies of the MSL proteins in the 

various msl mutant backgrounds (Bashaw and Baker, 1 995;  Gorman et aI. , 1 995; 

Gorman et aI. , 1 993 ; Gu et al. , 1 998; Lyman et aI. , 1 997; Palmer et al. , 1 994). This 

evidence suggested that MSL 1 and MSL2 assemble first in the complex, then bind 

together to the X chromosome, followed by MSL3 ,  MOF and MLE, which bind co­

operatively. Furthermore, recombinant MSL 1 and MSL2 interact in a yeast-two hybrid 

system with the RING finger domain of  MSL2 being an essential requirement for this 

interaction (Copps et aI. , 1 998) .  In addition, transgenic flies carrying msl2 alleles with 
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point mutations within the RING finger domain are male-lethal, whereas lines carrying 

allcles with point mutations in other domains within the protein stil l  support male 

development (Lyman et al. , 1 997) . From these results it can be concluded that MSL I 

and MSL2 interact via the RING finger domain of MSL2, and that this interaction is 

required prior to X chromosome localization. There is also the potential that an 

uncharacterized enzymatic activity of the RING finger domain of MSL2 is required for 

dosage compensation, as the RING finger domain in other enzymes has been shown to 

possess E3-Ubiquitin ligase activity (Zhang, 2003). 

MSL 1 and MSL2 also interact with MSL3 but not MLE, as demonstrated by yeast-two 

hybrid assays (Copps et al. , 1 998). The N-terminal and C-terminal regions of MS L l ,  

but not the middle region arc essential for its association with other proteins in the MSL 

complex, as determined genetically (Scott et al. , 2000).  Significantly, truncated MSL I 

that lacks the first 84 amino acid rcsidues cannot bind to the male X chromosome, in 

contrast to ful l -length FLAG-tagged MSL 1 (Scott et af. , 2000). Further genetic analyses 

indicated that the N-terminal region of MSL I interacts with M SL2, while the C­

terminal region of MSL 1 interacts with MOF and M SL3 . These interactions were 

confirmed in vivo by affinity chromatography (Scott et af. , 2000) . The kinase domain of 

JIL- l associates with MSL I and MSL3,  as is consistent with the presence of many 

phosphorylation sites on both the MSL I and MSL3 proteins (Jin et al. , 2000). However, 

interactions with MOF, MLE, MSL2, or the roX RNAs have not yet been examined, 

hence a potential association of JIL- l with these components of the complex cannot be 

ruled out. 

There are two main candidates for the component of the MSL complex with which the 

roX RNAs interact, MOF and MSL3 , although MLE also interacts with RNA. Both 

MOF and MSL3 interact nonspecifically with RNA preferentially over DNA in 

electrophoretic mobility shi ft assays via their chromodomains as shown by site-directed 

mutagenesis (Akhtar and Becker, 2000) . However, partially purified MSL complexes 

that lack MLE stil l  contain roX2 RNA, as detected by RT-PCR, indicating that MLE is 

not essential for association of roX2 RNA with the MSL complex (Akhtar and Beeker, 

2000) . Supporting this, in vivo transient expression of MOF derivatives, some of which 

arc mutated in their chromodomains, revealed that the chromodomain is essential for the 

specific co-immunoprecipitation of roX2 RNA (Akhtar and Becker, 2000) . However, 
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MOF, MSL3, MSL l and MSL2 can be co-immunoprecipitated independently of  RNase 

treatment (Akhtar and Becker, 2000). This indicates that their association i s  either 

dependent solely on protein-protein interactions, or that the RNA species required for 

the interaction is protected within the complex from RNase digestion. S ignificantly, the 

patterns of both roX1 and roX2 localization on the male X chromosome are disrupted in 

mle mutants, so that they are located only at their site of synthesis. This indicates that 

the MLE helicase is required to package the roX RNAs into MSL complexes 

(Kageyama et al. , 200 1 ;  Meller et al. , 2000) . Furthermore, in mleGET mutants, in which 

MLE protein is produced that lacks helicase activity, MSL complexes that lack the roX 

RNAs assemble only at the 30-40 high affinity sites (Gu et al. , 2000) . Somewhat 

surprisingly, the pattern of roX1 but not roX2 localization is also disrupted in msl3 

mutants, with roX1 being present only at its site of synthesis whereas roX2 also 

localizes to the 30-40 high affinity sites (Mcller et al. , 2000). However, roX2 

localization is unaffected in the roX1 mutant background indicating that the RNAs do 

not require each other for inclusion in the MSL complex (Meller et al. , 2000) . 

Interestingly, MOF appears able to autoacetylate both itself and MSL3 at K l 1 6  near its 

chromodomain (Buscaino et al. , 2003). These authors suggested that this acetylation 

decreased the affinity of MSL3 for roX2 RNA, inducing dissociation from the X 

chromosome, which is RNA-dependent. The affinity of MSL3 for roX RNA and hence 

the X chromosome is maintained by deacetylation by RP03 . However, this K l 1 6  

residue is not conserved in MSL3 from other Drosophila species (Kellcy, 2004). 

Together, these studies suggest that the MSL complex is based around MSL 1 ,  which 

binds via an N-terminal amphipathic a-helical domain to the RING finger domain of 

MSL2 prior to X chromosome localization (Figure 2). MSL3 and MOF then b ind the C­

terminal domain of MSL 1 .  Both MSL3 and the MOF HAT interact with the roX2, and 

potentially roX1 RNAs within the complex. MSL3 , which is subject to acetylation by 

MOF, must be deactylated by RPD3 in order for it to associate with the roX2 RNA and 

the complex. It is likely that MSL 1 and MSL3 are phosphorylated by and/or b ind to the 

JIL - l  kinase domain. MLE probably requires the presence of the roX RNAs to associate 

with the M SL complex, and its RNA helicase activity is required for the incorporation 

of roX RNA into the complex. M SL3 is required for the association of roX1 RNA with 

the complex. 
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X chromosome 

Figure 2.  Model of the MSL complex 

1 .5 . 12  Recognition of the X chromosome by the MSL complex 

There are two major models proposed to describe how the MSL complex distinguishes 

the X chromosome from the autosomes. The first of these proposes that the MSL 

complex recognizes short enhancer-l ike sequences near most X-linked genes, that are 

absent from autosomal genes (Lucchesi and Manning, 1 987). This is supported by 

studies in which large regions of the X chromosome translocated to autosomes retain 

dosage compensation, while regions of the autosomes translocated to the X 

chromosome do not become dosage compensated (Lucchesi and Manning, 1 987) .  

Furthermore, an autosomal segment translocated onto the X chromosome stil l  resembles 

an autosome, and does not take on the appearance of the more enlarged and diffuse X 

chromosome (Lakhotia, 1 970). However, many autosomal genes inserted on the X 

chromosome become dosage compensated, while only some X-linked genes, such as 

white retain partial dosage compensation on an autosome (Lucchesi and Manning, 1 987;  

Qian and Pirrotta, 1 995). This indicates that enhancer-like sequences are not present on 

every individual X-linked gene. A (dC-dA)n·(dG-dT)n synthetic polynucleotide 

recognizes more X-linked than autosomal sites in many Drosophila species that have 

the abi lity to dosage compensate (Pardue et al. , 1 987), but this sequence has not been 

proven to have any function in dosage compensation. An alternative form of this 

sequence-recognition model postulates that these enhancer-like sequences may target 
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the MSL complex to mUltiple genes within a l imited domain (Lucchesi and Manning, 

1 987) .  This study provides support for an amended version of this model (section 8) .  

The second model proposes that the MSL complex recognizes a small set of  X-linked 

chromatin entry sites, and spreads from these sites in cis into the rest of the 

chromosome. The evidence supporting this model will be outlined in the fol lowing 

sections. 

1 .5.12.1 A partial MSL complex bind to 30-40 high affinity sites that include the roX 

genes 

MSL 1 and MSL2 bind weakly in a reproducible fashion to a subset of 30 - 40 sites 

along the X chromosome in the msl3 , mle and mof and double roX1 roX2 mutant 

backgrounds (Gonnan et aI. , 1 995 ;  Gu et al. , 1 998;  Lyman et al. , 1 997 ; Palmer et al. , 

1 994) . It has been proposed that these high affinity binding regions constitute chromatin 

entry sites (CES), at which the MSL complex assembles before spreading into flanking 

rcgions of chromatin (Kelley et al. ,  1 999; Lyman et al. , 1 997) . 

Two of these chromatin entry sites correspond to the roX] and roX2 genes (Kelley et 

aI. , 1 999). Both genes had previously been mapped to polytene chromosome bands 

corresponding to CES, with roX] mapping to 3F and roX2 to 1 0C (Amrein and Axel, 

1 997; Meller et aI. , 1 997).  These genes, when inserted on an autosome in transgenic 

flies provide novel CES for the MSL complex as determined by immuno10calization in 

an msl3 background (Kelley et al. , 1 999). Transcription of the roX genes is not required 

for this association of the MSL complex, as a roX2 cDNA transgene lacking a promoter, 

and a roX] partially-deleted transgene that produced no detectable RNA stil l  bound both 

complete and partial MSL complexes (Kelley et al. , 1 999). Male roX] roX2 double 

mutants can be rescued by introduction of either roXl or roX2 as a transgene on an 

autosome (Mcller and Rattner, 2002). This suggests that the function of the roX genes as 

a CES is secondary to their role within the MSL complex in regards to dosage 

compensation, and that other CES on the X chromosome are sufficient to recruit the 

MSL complex .  

The CES activity of roX] was mapped to  a 2 1 7  bp fragment within the exons of the 

gene that does not include the 30 nt region of homology to roX2 (Kageyama et al. , 
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200 1 ) . This fragment contains a male-specific DNase I hypersensitive site (DHS),  and is 

sufficient for both recruitment and spreading of the MSL complex even though it does 

not produce any detectable transcripts (Kageyama et al. , 200 1 ) .  A similar male-specific 

OHS is present in the roX2 gene that is  sufficient for recruitment of the MSL complex 

(Park et aI. , 2003). MSL proteins bind to this 2 1 7  bp region of the roXl gene by 

chromatin immunoprecipitation (Kageyama et al. , 200 1 ) . This shows that nascent RNA 

transcribed from the roX genes is not required for association of the MSL complex with 

their CES .  However, MSL binding to the roX CES is dependent on the presence of roX 

RNA in the complex, although the sequences within the RNA homologous to the DHS 

are not required for this binding (Park et al. , 2003) .  This indicates that a simple model 

in which MLE catalyses RNA-mediated recognition of the CES is unlikely. The DHS of 

roXl and roX2 share some consensus, which is conserved between species, and consists 

of the palindromic sequence GAGAGN4_s TC[T/C)CTCTC (Park et al. , 2003) .  

Interestingly, this consensus includes several GAGA sequences (Park et aI. , 2003) .  

GAGA sequences are recognized by proteins encoded by the trithorax-like (GAGA 

factor) and pipsqueak genes (Farkas et al. , 1 994; Lehmann et aI. , 1 998). GAGA factor 

may target NURF to regulatory regions to maintain chromatin in an accessible 

conformation (Cavalli ,  2002) ,  although GAGA factor is not male-specific so this does 

not explain the male-specificity of the OHS. Candidates for further CES identified by 

sequence homology to this consensus did not demonstrate MSL binding, indicating that 

this consensus sequence is not sufficient to target the MSL complex (Park et at. , 2003). 

Recently, a third CES was identified at 1 80 1 0  containing a male-specific DHS that is 

sufficient to attract a full or p artial MSL complex in vivo (Oh et al. , 2004) . This CES is 

not transcribed, and attracts the MSL complex only as a multimer of 4 copies of the 5 1 0  

bp sequence (Oh et aI. , 2004) . This CES does not share the consensus motif 

characterized for the roX} and roX2 DHS, but does bind MSL2 as determined by 

chromatin immunoprecipitation (Oh et al. , 2004) .  

Approximately 30 - 40 residual bands of MSL2 staining remain associated with the X 

chromosome in the roX} roX2 double mutants 1 ,  and several autosomal sites exhibit 

I These sites correspond to the 30-40 chromatin entry sites on the X chromosome at which there is 

residual MSL l and MSL2 binding in the mol, mle or msl3 mutant backgrounds (section 1 .5 . 1 2 . 1 ) . 
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strong MSL2 staining, as do the fourth chromosome and the chromocentre (Meller and 

Rattner, 2002 ; Oh et al. , 2003;  Park et al. , 2003). Moreover, the enrichment of 

H4K l 6ac on the male X chromosome is abolished in roXI roX2 double mutants, with a 

concomitant increase in the level on autosomes and espccially within centric 

heterochromatin within the chromocentre (Meller and Rattner, 2002). Intriguingly, the 

autosomal sites to which MSL2 strongly localizes in the doubl e  roXl roX2 mutants 

appear puffed, a morphology associated with actively transcribed regions of chromatin 

(Meller and Rattner, 2002) .  These results suggest that the MSL complex may still 

partially assemble and bind to certain sites on the male X chromosome in the absence of 

either roX RNA. Thc survival of a few (ca. 5%) adult escaper male roXI roX2 double 

mutants further supports this (Meller and Rattner, 2002), as does the ability to increase 

the proportion of these double mutant male survivors by overexpressing MSLs (Oh et 

al. , 2003) .  I t  appears l ikely that the roX RNAs are required for the correct chromosomal 

localization of the MSL complex, judging by the relocation of MSL 1 ,  MSL2 and 

H4K l 6ac to the autosomes and chromocentre in the double roXI roX2 mutant (Meller 

and Rattner, 2002; Oh et al. , 2003 ;  Park et al. , 2003) .  It is possible that the MSL 

complex regulates the transcription of several autosomal genes in a roX-independent 

manner, perhaps sex-specifically, and that the puffed appearance of and increased MSL 

association with these autosomal sites in  the double roXI roX2 mutants reflects the 

increased availability of the MSL complex to these sites as it fails to fully localize to the 

male X chromosome (Meller and Rattner, 2002) .  Intriguingly centric heterochromatin 

contains sequences rich in the repeat (AAGAGAG)n, which resembles conserved 

elements within the roX DHS (section 1 . 5 . 1 2 . 1 ), indicating that the MSL complex may 

have an affinity for these GAGA-type sequences (Park et al. , 2003).  

1 .5 .12.2  The MSL complex exhibits limited spreading from C ES into flanking 

regions of the chromosome 

Kelley and colleagues noted that mUltiple bands of MSL staining sometimes flanked the 

roXI transgene inserted on an autosome, indicating that the complex could spread from 

the initial CES into flanking chromatin (Kageyama et aI. , 200 1 ;  Kelley et al. , 1 999) .  

The extent and frequency of spreading varied considerably between different transgenic 

insertion l ines, and within nuclei of the same transgenic fly (Kelley et al. , 1 999) . 

Spreading occurred in both directions but was not contiguous, with distinct bands of 

MSL binding observed flanking the transgene (Kelley et at. , 1 999). Furthermore, 
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spreading can occur from the autosomal transgene in frans to a paired homologue, 

although natural ly this could not occur in male flies from the single X chromosome 

(Kelley et aI. , 1 999). As observed on the male X chromosome, H4K 1 6ac and the roX1 

and roX2 RNAs also co localize with the MSL proteins in these flanking bands as 

determined by immunolocalization and in situ hybridization respectively (Kelley et al. , 

1 999). A similar phenomenon was observed with the insertion of a roX2 transgene on 

an autosome ( Meller et a!. , 2000) . This suggests a model for dosage compensation in 

which the MSL complex initially assembles at these 30 - 40 CES, which include the 

roX1 and roX2 genes, before spreading into flanking chromatin to mediate dosage 

compensation of surrounding genes. 

This begs the question of how the MSL complex spreads. Several clues to this have 

come from the analysis of partial MSL complex localization in msl mutants. While a 

partial complex binds to the 30 - 40 CES in msl3, mle and mof backgrounds, this 

complex does not spread beyond these CES into surrounding chromatin as in the wild­

type background (Gorman et a!. , 1 995 ;  Gu et al. , 1 998 ;  Lyman et aI. , 1 997;  Palmer et 

aI. , 1 994) . Additionally, the complex cannot spread beyond ectopic CES induced by the 

insertion of roX1 or roX2 transgenes on an autosome in msl3 or mof mutants (Gu et al. , 

2000; Kageyama et al. , 200 1 ) . Furthermore, the complex does not bind the autosomal 

roX1 transgene in mle flies (Kageyama et al. ,  200 1 ) . This spreading deficiency is not 

simply due to the lack of complete complexes, because in mol mutants, which form 

complete MSL complexes that demonstrate no HAT activity, complexes including 

mutant MOF protein can access the CES but not spread into flanking chromatin (Gu ef 

aI. , 2000). In addition, a lack of spreading from CES is also observed in mleGET mutants, 

which form complexes lacking only hel icase activity and roX RNA (Gu et aI. , 2000) . 

Additional clues as to the mechanism of spreading came from observation of the effect 

of over-expression of certain members of the MSL complex. S ignificantly, over­

expression of MLE results in the localization of MLE protein to all of the polytene 

chromosome arms, rather than just the male X chromosome (Richter et a!. , 1 996). 

Similarly, MOF over-expression not only induces genome wide acetylation of lysine 1 6  

on histone H4, but also causes association of MSL 1 and MSL2 with many other 

chromosomal sites (Gu et aI. , 2000). This suggests that the acetylation of H4K 1 6  by 

MOF may provide a binding site for further MSL complexes, enabling them to spread 
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beyond the initial CES .  Additionally, MLE may also function in the spreading of the 

MSL complex, perhaps by enabling the incorporation of the roX] and roX2 RNAs. 

Noteworthy with regards to this proposal is the observation previously noted (section 

l .5 .7) that in double roX! roX2 mutants the MSL complex, as well as the H4K l 6ac 

isoform is partially relocated to the autosomes and removed from the male X 

chromosome (Meller and Rattner, 2002) .  

Although initial experiments indicated that transcription of the roX RNAs was not 

required for their ability to recruit the MSL complex (Kclley et al. , 1 999) , later work 

shows that the MSL proteinJroX RNA ratio has a large influence on the extent of MSL 

spreading into flanking chromatin (Park et al. , 2002) . In fact, spreading from roX 

transgenes is inversely correlated with the number of expressed roX genes, indicating 

that these CES compete for the MSL proteins rcquired for spreading (Park et al. , 2002). 

Spreading does not occur from an autosomal roX transgene in the presence of a wild­

type X chromosome, but occurs extensively in roX double mutants (Park et al. , 2002). 

Transcription of the roX transgencs is essential for this spreading to occur (Park et at. , 

2002). This suggests that MSL complexes will form at the site of roX transcription onto 

the nascent roX transcripts if there are sufficient MSLs present in the nucleus. I f  the 

MSLs are instead recruited to the X chromosome by additional interactions distinct 

from those mediated by the roX RNA as well as by the pool of newly transcribed roX 

RNA, they are unavailable to form additional complexes around the roX transgene and 

spread into flanking chromatin. Thus the ratio of MSL protein to roX RNA may 

determine the extent of spreading from the roX CES into flanking chromatin. The 

1 8 0 1 0  CES is not transcribed, so it is unclear whether it will be affected in a similar 

manner. 

1 .5.12.3 The MSL complex is recruited to sequences lacking CES 

The MSL complex binds X to autosome transpositions whether or not they contain a 

putative CES (Oh et a!. , 2004). Furthermore, the transposed region adopts the enlarged 

appearance of the male X chromosome as observed in previous experiments (Lakhotia, 

1 970; Oh et a!. , 2004). The MSL complex is targeted to actively expressed genes, 

including X-linked transgenes, and its distribution pattern along the X chromosome 

varies in polytene preparations from different tissues (Sass et al. , 2003) .  However an 

autosomal region transloeated to the X chromosome did not attract MSL complex 
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despite the nearby presence of a CES (Lakhotia, 1 970; Oh et al. , 2 004). Further analyses 

confirmed that X-linked fragments ranging from 0.3 kb to 39 kb are able to attract the 

MSL complex when inserted on an autosome regardless of the presence of a CES 

(Fagegaltier and Baker, 2004; Lakhotia, 1 970; Oh et al. , 2004) . These findings 

demonstrate that a model in which the MSL complex spreads in cis from just the roX 

CES, or even the remainder of  the ca. 35 CES, is insufficient to explain the mechanism 

of MSL binding to the X chromosome. Mitzi Kuroda has proposed an amended model 

to explain these findings, in which M S L  targeting sites or recognition elements on the X 

chromosome have varying affinities for the MSL complex (Lakhotia, 1 970; Oh et al. , 

2004) . These sites range from high-affinity e.g. roX CES, to immediate-affinity e.g. 

1 8D 1 0, to low-affinity sites. Immediate and low-affinity sites might require the 

intcraction of several sites to attract the MSL complex, whereas high-affinity sites might 

be involved in different aspects of gene activation rather than the two-fold dosage 

compensation, and might bind the complex tightly via the roX RNAs. Bruce Baker has 

gone further with his proposal that spreading of the MSL complex is not involved in 

dosage compensation and that the CES only exhibit increased binding affinity for the 

MSL complex (Fagegaltier and Baker, 2004) .  This i s  supported by the finding that the 

number of CES observed is directly related to the concentration of the MSL proteins 

(Demakova et al. , 2003) .  

1.5.13 The MSL complex upregulates transcription and relieves position effects 

The model proposed for dosage compensation requires evidence that the recruitment of 

the MSL complex to a CES is sufficient to induce a two-fold upregulation in 

transcription. This evidence has been provided by work in which the roX] and roX2 

gene fragments containing the CES were inserted separately into an insulated construct 

upstream of the armadillo promoter driving expression of the lacZ reporter gene, after 

which this entire construct was transformed into flies (Henry et af. , 200 1 ) .  Males 

carrying either of these constructs typically exhibited elevated {3-galactosidase activity 

in comparison to females, with the ful l  length cDNAs inducing ratios close to the two­

fold increase expected for dosage compensation, while  the CES alone were less 

effective as either monomer or multimers. Some l ines did nonetheless demonstrate 

male/female ratios of two, indicating that the autosomal environment in which the 

construct integrates may significantly affect the transcriptional enhancement by the 

MSL complex. Recent work in this lab has indicated that multimers of the 1 8D 1 0 CES 
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arc sufficient to induce dosage compensation of the ann-IacZ reporter gene, and that the 

roX CESs may be atypical MSL binding sites (Laverty & Weake, Massey University, 

2005,  unpublished data) . 

The effect of chromosome position on the action of the MSL complex was confirmed by 

analysis of transgenic flies carrying the GMR-roXl-mini-white transgene integrated at a 

repressive chromatin environment (Park et al. , 2002). In females, the m ini-white 

transgcne is expressed only in the dorsal eye, while in males, sporadic sectors of 

expression are observed in the ventral half of the eye. This suggests that the recruitment 

of  the MSL complex to the roXl transgene in these males ameliorates the repressive 

local chromatin environment, increasing expression in the ventral sector of the eye. This 

work was extended by studies in which male-specific position effect variegation was 

observed in ca. 1 0% of roX 1 transgenic stocks, in which the transgene had inserted in 

autosomal euchromatin (Kelley and Kuroda, 2003) .  This effect may be mediated by 

MOF, which derepresses transcription of a chromatin template in vitro (Akhtar and 

Becker, 2000). This derepression of transcription provides strong evidence against the 

Birchler model for dosage compensation (Kelley and Kuroda, 2003) .  

Histone acetylation correlates with transcriptional upregulation of X-linked genes in 

males (Smith et al. , 200 1 ) .  Chromatin immunoprecipitation was used to map the 

distribution of H4K 1 6ac on X-linked genes known to be dosage compensated. This 

showed that H4Kl 6ac is present along the entire length of dosage compensated genes 

such as Pgd and Zw, and is not restricted to the promoter regions (Smith et al. , 200 1 ). 

Rather, the highest levels of  H4K 1 6ac are present in the middle and 3 '  UTR of the X­

linked Pgd gene (Smith et aI. , 200 1 ) .  This is consistent with a model in which the two­

fold increase in transcription associated with dosage compensation is facilitated by an 

enhancement of transcription e longation rather than promoter accessibility (Smith et al. , 

200 1 ) . Significantly, the H4K 1 6ac isoform is absent from a region of the X 

chromosome containing the runt gene known to be dosage compensated independently 

of the MSL complex (section 1 .6)  (Smith et al. , 2 00 1 ) .  
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1 . 6  Genes dosage compensated by an alternative mechanism to the 

MSL complex 

The death of Sxl mutant females in an msl background supports the proposal that SXL 

may be required for the MSL-independent dosage compensation of a subset of X-linked 

genes in Drosophila (Bemstein and Cline, 1 994) . Supporting this, the X-linked gene 

runt, expressed early in development, is dosage compensated by a Sxl-dependent, ms/­

independent mechanism (Bemstein and Cline, 1 994; Gergen, 1 987). This  mechanism 

may possibly act differently to the MSL-mediated dosage compensation by negatively 

regulating female expression of the gene (Kelley et aI. , 1 995). Significantly, a subset of 

X-linked genes has been identified using a b ioinformatics approach that contains three 

or more copies of the poly-U stretch (AU7 or U8) SXL binding site (Kelley et aI. , 1 995) .  

Thcse genes include Sxl itself, cut, runt,forked and bar. 

1 .7 Non-dosage compensated genes 

Allcles of some X-linked genes including white (white eosin and white cherry) have 

been shown to lack dosage compensation ( Muller-Hermelink, 1 932;  Smith and 

Lucchesi, 1 969) . A temperature-sensitive vermillion allele has been isolated that lacks 

dosage compensation at the restrictive temperature (Camfield, 1 974). Sgs-4 is not 

dosage compensated in two wild-type stocks, Samarkand and Karsnas, which have 

reduced levels of the SGS-4 polypeptide (Korge, 1 98 1 ) . The yolk protein genes (Yp 1-3), 
which are expressed exclusively in females, can be induced in males by mutation of 

Doublesex (dsx) . However female X/X; dsxldsx flies have twice the level of YP I -3 

compared to X/Y; dsxldsx fl ies, indicating that these are not dosage compensated (Ota et 

al. , 1 9 8 1 ). These non-dosage compensated alleles were reviewed in (Lucchesi and 

Manning, 1 987) .  

1 .7.1 Lsp-l a is not dosage compensated 

Larval serum protein- l (LSP- l )  constitutes one of the major components, together with 

LSP-2, of the haemolymph of Drosophila larvae just prior to pupariation (Roberts et aI. , 

1 977). LSP- l protein first appears in the young third instar larva, rising to a maximum 

of 8% of the total extractable protein by puparium formation (Roberts et al. , 1 977).  

LSP- l is composed of three polypeptides, the a-, /3- and y-chains, which are 

differentiable by molecular weight (Roberts et al. , 1 977) .  The genes encoding these 
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three polypeptides have been mapped, with the f3- and 'I-chain genes mapping to 

autosomes and the a-chain to the X chromosome at the polytene interval 1 1  A 7 - 1 1  B9 

(Brock and Roberts, 1 983 ;  Roberts and Evans-Roberts, 1 979b; Smith et al. , 1 98 1 ) .  The 

genes encoding the subunits of LSP- l have been cloned, with the a- and f)-genes 

demonstrating considerable homology and differing from the 'I-gene (Smith et al. , 

1 98 1 ) .  LSP- l is not essential for survival, as homozygous lsp 1 null mutants I are viable, 

however the fecundity of the mutant is reduced, perhaps due to a reduction in the 

number and viability of eggs, and a rise in abnormal mating behavior (Roberts et at. , 

1 99 1 b; Roberts et al. , 1 99 I a) .  

Significantly, the Lsp-l a genc2 i s  not dosage compensated, with twice as much of the 

a-chain polypeptide being produced in females in comparison to males, while the B­

and y-chain genes are expressed equivalently in both sexes (Roberts and Evans-Roberts, 

1 979a) . S imilarly, Lsp- Ia RNA is not dosage compensated (Brock and Roberts, 1 982) .  

It is  probable that there may be very little selective pressure for compensation on the a ­

chain, which has been proposed to be a recent translocation to the X chromosome from 

an autosome, as the a-polypeptide is very similar to both the B- and 'I-chains (Gonzalez 

et aI. , 2004 ; Roberts and Evans-Roberts, 1 979a) .  

Relocation o f  the gene together with its 5' regulatory elements t o  5 autosomal and 2 

ectopic X chromosome sites results in its equivalent expression in males and females 

relative to the control genes, rp49 and Sgs-3 (Ghosh et al. , 1 989) . However, onc of the 

X-linked insertions shows only partial dosage compensation with slightly increased 

activity being observed in females . These findings differ from the observations of this 

study, and possible reasons for these differences are given in the D iscussion section 

(section 8) .  However, initially these findings suggested that Lspl a's lack of dosage 

compensation was not caused by eis-acting regulatory elements within the 5' promoter 

or enhancer region. This suggests that Lsp-l a is capable of being dosage compensated, 

and that i ts location on the X chromosome, rather than regulatory elements within the 

gene itself precludes this possibility. A gene immediately adjacent to the 5' end of Lsp-

1 a, L 121CG2560, was also included in the construct (Ghosh et aI. , 1 9 89). Unexpectedly 

1 Carrying null mutations in all three of the LSP- l n, � and y subunits. 

2 LspJ a is  also referred to as CG2559 
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however, the L 1 21CG2560 gene that ends approximately 1 kb from the 5 '  start point of 

Lsp-1 a appears to be fully dosage compensated in wild-type Drosophila (Ghosh and 

Mukherjee, 1 992). This gene encodes a ca. l A  kb transcript and is expressed maximally 

in second instar larvael (Ghosh et al. , 1 992) . 

1 .7.2 The LspJa gene domain 

Sequencing of the Drosophila genome led to the identification of three other genes 

close to Lsp 1 a (Adams et aI. , 2000) (Figure 3; Table 2). Two genes, CG15926 and 

CG2560 (L 12) are situated 1 3 04 kb and 1 . 3 kb respectively from the 5' end of Lsp1a. A 

third gene, CG2556 is located 4 .3  kb from the 3' end of Lsp1  a. These four genes are all 

transcribed in the same direction from the upper strand of DNA. The fourth gene, 

CG15730 is situated on the complementary strand, and is transcribed in the opposite 

direction from LspJ a. This gene lies 1 . 5 kb from the 3' end of Lsp 1  a, and 0.6 kb from 

the 5' end of CG2556. This gene domain corresponds to the cytological location l I B. 

Significantly, CES for the MSL complex have been mapped to I t A and I I B-D, 

indicating that the dosage compensation status of Lsp1 a cannot be attributed to the 

failure of this section of the X chromosome to recruit the MSL complex (Lyman et aI. , 

1 997). 

I Northern analysis of CG2560 developmental expression indicates that it is  maximally expressed in first 

instar larvae, rather than second instar larvae (section 3 .2) .  
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Figure 3 .  LspJ a gene domain 

Section of X chromosome (A) containing the Lsp l a gene (red) consisting of 1 00 kb 

(release 2) from positions 1 2 ,208, 1 50 to 1 2 ,308, 1 49 (B). Taken from the Drosophila 

Genome Projec t  website (www. fruitfly. org).  (C) The Lsp l  a gene region is shown 

schematically in detai l .  Exons are indicated in b lack. The direction of transcription is 

indicated by the placement of genes above ( forward strand) or below (reverse strand) 

the line. 
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Gene Position Evidence transcribed Predicted gene 

product! domains 

CGJ5926 X: 1 2,242,347- 1 2,243 ,492 l cDNA 

2 ESTs 

CG2560 (L1 2) X: 1 2,253,5 1 0- 1 2,255 ,555  l cDNA insect cuticle protein 

2 ESTs 

Lsp J a  X: 1 2,256,89 1 - 1 2,259,408 (Roberts et al. , 1 977) larval serum protein 

hemocyanin 

CGJ 5 730 X: 1 2,260,97 1 - 1 2,263 ,070 1 cDNA 

CG2556 X: 1 2,263,7 1 3- 1 2,282,568 1 cDNA 

5 ESTs 

Table 2.  Predicted genes within the LspJ a gene domain 

Based on the information available on the Drosophila Genome Project website 

(www. fruitfly.org) (Adams et aI. , 2000; Ashbumer et al. , 2000) . 
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1 .8 Aim 

Lsp 1 a appears to escape regulation by the MSL complex, exhibiting two-fold higher 

levels of expression in females compared to males. The results of Ghosh et al. ( 1 989) 

indicate that LspJ a is capable of regulation by the MSL complex when moved to other 

locations on the X chromosome. This suggested that the position of LspJ a on the X 

chromosome was responsible  for its lack of regulation by the MSL complex. It also 

indicated that the LspJ a promoter was unlikely to be sex-specifically regulated. The 

initial aim of this work was therefore to confirm that the MSL complex does not 

regulate LJpJ a at its normal location. 

The two models for the way in which the MSL complex recognises X-linked genes 

suggest two alternative explanations for how a gene might escape regulation by the 

MSL complex. If Lsp J a is not regulated by the MSL complex, these models lead to two 

potential hypotheses to explain this escape from dosage compensation. Firstly, that 

Lsp J a escapes regulation by the MSL complex because it lacks the sequences requircd 

to attract the MSL complcx due to its evolutionary history. Thc alternative hypothesis 

states that if the MSL complex binds to a set of chromatin entry sites and spreads from 

these into actively transcribed genes on the X chromosome, it follows that some type of 

boundary element must prevent the MSL complex from accessing LspJ  a. Thus 

chromatin insulators may be involved in preventing the spread of the MSL complex into 

the domain containing LspJ a, resulting in the failure of this gene to be dosage 

compensated. Hence the general aim of this study was to determine the boundaries of 

the non-dosage compensated region surrounding Lsp J q, and then to determine whether 

elements were present in the regions between LspJ  a and neighbouring dosage 

compensated genes that were able to block the spread of the MSL complex. 

Objective 1 :  Determine the boundaries of the non-dosage compensated region 

surrounding Lspl a 

Firstly, to determine the developmental stage at which the genes surrounding Lsp J a are 

expressed using northern RNA hybridization analysis. Following this, to quantify the 

relative levels of transcripts for each gene using R Nase protection in male and female 

Drosophila. 
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Objective 2 :  Test the regions between the flanking dosage compensated genes and 

Lsp J  a for the ability to block the spread of the MSL complex 

To c lone the regions between LspJ  a and the flanking dosage compensated genes and 

insert either side of an X-linked reporter gene. Quantify level of reporter expression in 

male and female Drosophila in order to determine whether these regions are able to 

block the MSL complex from spreading into, and hypertranscribing the X-linked 

reporter construct. 

Obj ective 3 :  Analyze Lsp J a for the presence of the histone modification associated 

with dosage compensation by the MSL complex 

Use chromatin immunoprecipitation analysis to determine if LspJ a is enriched for the 

histone acetylation mediated by the MSL complex. Include controls of X-linked genes 

expressed in the same tissue as L5P J a. 

Objective 4: Determine the evolutionary history of LspJa using phylogenetic 

analysis of Drosophila species 

Use the genome sequence information from Drosophila SpCClCS to identify LSP l  

homologues. Compare these protein sequences to D. melanogaster LSP l a  and conduct 

phylogenctic analysis to determine the rciationship between LSP 1 proteins in the 

different Drosophila species. 
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2 MATERIALS AND METHODS 

2.1 Bacterial media 

All bacterial media was prepared as described in (Sambrook et al. , 1 989). 

2.2 Antibiotics and media additives 

All antibiotics and media additives were prepared as described in (Sambrook et al. , 

1 989).  Ampicillin was used at a final concentration of 50 f.,tg/ml, chloroamphenicol at 

1 70 f.,tg/ml, X-gal (5-bromo-4-chloro-3-indyol-�-D-galactosidase) at 25 f.,tg/ml ,  and 

IPTG (Isopropy1thio-�-D-galactosidase) at 2 5  f.,tg/ml .  

2.3 Growth of bacterial cultures 

All bacterial cultures were grown in Luria Broth (LB) media as described in (Sambrook 

et al. , 1 989).  Long-term stocks of cultures were stored at -80°C as glycerol stocks 

(Sambrook et al. , 1989) . 

2 .4 Stock solutions 

All solutions were prepared as described in (Sambrook et al. , 1989) or (Ashbumer, 

1 989b) . 

2.5 Drosophila melanogaster 

All fly stocks were raised on standard cornmeallmolasses media sprinkled with yeast at 

either at 1 8°C, 22°e, 25°e or 28°C.  Virgins were collected the morning following an 

overnight incubation at 1 8°C of a bottle that had been cleared of  adults. Only those flies 

identified as virgins by examination under a dissecting microscope were selected for use 

in further crosses. 

2.5.1 Description of stocks 

A summary of the stocks used that were not generated in this study is provided in Table 

3 .  
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2.5 . 1 . 1  Y w 

The y w fly stock was used to generate all transgenic stocks, and also for RNase 

protection analysis, northern analysis and in chromatin immunoprecipitation assays. 

2.5.1 .2 Male-specific actin-GFP 

This fly stock has the genotype FM7I, P {w+mc=Act GFP} JMR3/c( 1 )DX,y' f' , and was 

provided by the Bloomington Drosophila Stock Centre from flies donated by lean-Marc 

Reichhart (Stock 4559) . The male flies carry an X chromosome expressing GFP under 

the control of the constitutive actin 5C promoter. The female fl ies have a compound X 

chromosome (XI\X), hcnce cannot inherit the actin-GFP transgene and do not express 

GFP. This stock was used to separate male and female first instar larvae for RNase 

protection analysis. 

2.5. 1 .3 L2/CyO 

This fly stock has the genotype y w; L2/CyO, pr cn2 / and is used as a second 

chromosome marker for the genetic linkage analysis of w + transformants. 

2.5.1.4 GFP CyO 

This fly stock has the genotype w[* ] ;  In(2LR)noc4LScorv9R, b ' /CyO, 

P {w[+mC]=ActGFP} JMR l ,  and was provided by the Bloomington Drosophila Stock 

Centre from flies donated by Michael Ashburner (Stock 4533) .  

2.5.1.5 SerlSb 

This fly stock has the genotype y w; TM3, l Ser'/Sb' and is used as a third 

chromosome marker for the genetic linkage analysis of w+ transformants. 

2.5.1.6 GFP SerlSb 

This fly stock has the genotype w*;  Sb ' /TM3 , P { w+mC=AetGFP} lMR2, Ser' , and was 

provided by the Bloomington Drosophila Stock Centre from flies donated by Michael 

Ashburner (Stock 4534) . 

2.5. 1 .7 CyO/Bc 

This fly stock has the genotype Bc/CyO, pr cn2. Bc i s  a larval marker. 
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2.5 . 1 .8 CyO/Tft 

This fly stock has the genotype y w; b el rds Tft cnlCyO, pr, cn
2
. 

2.5.1 .9 Transposase stock 

This fly stock has the genotype w* ; ry506Sbl p {ry+7.2=Delta2-3 } 99B/TM6B,Tb l and is a 

source of P transposase (Robertson et al. , 1 98 8) .  This stock was provided by the 

Bloomington Drosophila Stock Centre (stock 1 798) .  

2.5. 1 . 1 0  Homologous recombination 

This fly stock has the genotype y l w*; P {ry+t7 .2=70FLP} 1 1  P {v+t I .8=70I-SceI } 2B 

nocSco/CyO, S2 and was provided by the B loomington Drosophila Stock Centre from 

flies donated by Kent Golic (Stock 6934) (Gong and Golic, 2003) .  The balancer may be 

In(2L)CyO, In(2R)CyO, S2 CyO I . These flies express the FLP site-specific recombinase 

and I-SceI endonuclease under the control of the hsp70 heat shock promoters. These 

transgenes are l inked to the scutoid marker. 

2.5. 1 . 1 1 Constitutive FLP 

This fly stock has the genotype W1 1 1 8; P { ry+t7.2=70FLP } 1 0  and was provided by the 

Bloomington Drosophila Stock Centre from flies donated by Kent Golic (Stock 693 8). 

These flies express the FLP site-specific recombinase constitutively. 

2.5. 1 . 1 2  FLP test stock 

This fly stock has the genotype w*; p {w+mW hs=FRT(whS) } 2A and was provided by the 

Bloomington Drosophila Stock Centre from flies donated by Norbert Perrimon (Stock 

1 997) .  These flies carry the mini-white eye marker gene flanked by sites for the FLP 

site-specific recombinase. 

2.5.1 . 1 3  hsp83-MSL2 

This fly stock has the genotype y w; msl l L60/CyO; P {w + =hsp83MSL2 } ,  and was 

provided by Rick Kelley and Mitzi Kuroda. It is used for the overexpression of  M SL2 

(Kelley et at. , 1 995) . The toxicity of the transgene in females is relieved by the removal 

of msll . The L 60 al lele of msll is a y ray induced deletion that removes most of the 

coding region (ca. 2 .5  kb) . 
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2.5. 1 . 14  hsp70-MSL l 

This fly stock has the genotype y w; P {w+=hsp70-MSL l } ! P {w+=hsp70-MSL 1 } .  I t  is 

used for the overexpression of MSL 1 at 29°C (Scott et al. , 2000). 

2.5. 1 . 15  hsp70-MSL3 

This fly stock has the genotype y w; P {w+=hsp70-MSL3 } !  P {w+=hsp70-MSL3 } .  It is 

used for the overexpression of MSL3 at 29°C ( Scott et af. , 2000). 

2.5. 1 . 16  hsp70-MLE 

This fly stock has the genotype y w; P {w+=hsp70-ML E } !  P { w+=hsp70-MLE } .  It is used 

for the overexpression of MLE at 29°C (Scott et al. , 2000). 

2.5.1 . 1 7  hsp70-HA-MOF 

This fly stock has the genotype y w; P {w+=hsp70-HA-MOF } !  P {w+= hsp70-HA­

MOF } .  It is used for the overexpression of MOF at 29°C. MOF is fused in frame to the 

HA tag at its amino terminal (Scott et al. , 2000). 
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Fly stock 

y w  

Malc-specific 

actin-GFP 

L21CyO 

GFP CyO 

SerlSb 

GFP SerlSb 

CyOlBc 

CyOlTft 

Transposasc 

Homologous 

recombination 

Constitutive FLP 

FLP test stock 

hsp83-MSL2 

hsp70-MSL I 

hsp70-MSL3 

hsp70-MLE 

hsp70-HA-MOF 

Genotype Rcference/Source 

y w  

F M7I, P {w+mC=Act Jean-Marc Reichhart 

GFP} JMR3Jc ( I )DX,i fl 

y w;  L 2JCyO, pr cn2 / 
w[* ] ;  In(2LR)noc4LScorv9R, b l /CyO, Michacl Ashburner 

P {w[ +mC]=ActGFP }  JMR I  

y w ;  TM3, y+ SerlJSb l 

w*; SbIITM3 , Michael Ashbumcr 

P {w+mC=ActGFP } JMR2, Serl 

Bc/CyO, pr cn2 

y w; b cl rds Tft cn/CyO, pr, cn2 

w*;  ry506Sb l p {ry+72=Dclta2_ (Robcrtson et aI. , 1 9 8 8) 

3 } 99B/TM6B,Tb l 

y l w* ; p {ry+t7 2=70FLP }  1 1  P {v+t18=70I_ (Gong and Gol ic, 2003) 

SceI } 2 B  nocScoJCyO, S2 

W1 1 1 8 ;  p { ry+t7 2=70FLP} l a 
w* ; p {w+mW hs=FRT(whs) } 2A 

y w; msI ILliO/CyO ; P {w+=hsp83MSL2 } 

y w; P {w+=hsp70-MS L l }  

y w; P {w+=hsp70-MSL3 } 

y w; P {w+=hsp70-MLE } 

y w; P {w+=hsp70-HA-MOF } 

Kent Golic 

Norbert Perrimon 

(Kclley et al. , 1 995) 

(Scott et aI. , 2000) 

(Scott et aI. , 2000) 

(Scott et al. , 2000) 

(Scott et al. , 2000) 

Table 3. Fly stocks utilized in this study that were not generated in this project 
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2.5.2 Description of fly crosses 

2.5.2. 1 Linkage analysis 

To detennine the chromosome carrying the transgene insert, three separate crosses were 

conducted. F irstly, orange eyed male flies carrying the transgene were crossed to y w 

virgin females (section 2 . 5 .  1 . 1 ) at 25°C. I f  the transgene and marker are on the X 

chromosome, then all of  the male offspring would have white eyes, and all the female 

offspring would have orange eyes. Secondly, orange-eyed male flies carrying the 

transgene on an autosome were crossed with L21CyO virgin females (section 2 .5 . 1 .3 )  at 

25°C, and orange eyed, curly-winged male offspring were selected. These males were 

test crosses to y w virgin females at 25°C. I f  the transgene and marker are on the second 

chromosome then all the CyO offspring would have white eyes. Thirdly, orange-eyed 

male flies carrying the transgene on an autosome were crossed with TM3, SerlSb virgin 

females (section 2 .5 . l .5)  at 25°C, and orange eyed, serate-winged male offspring were 

selected. These males were test crosses to y w virgin females at 25°C. If the transgene 

and marker are on the second chromosome then all the Ser offspring would have white 

eyes. 

2.5.2.2 Scheme to move transgene inserts from the second chromosome to the X 

chromosome by mobilization of P-elcments 

This scheme was provided courtesy of Rick Kelley (Baylor College of Medicine, 2004, 

personal communication) , and provides a means of moving transgene inserts from the 

second chromosome to another chromosome, including the X chromosome. The 

transposase stock w*; ry506Sblp{ry+7 2=Delta2_3j99BITM6B, Tbl (section 2 .5 . 1 .9) is 

crossed to the CyO stock y w; L2ICyO, pr en2 y + (section 2 . 5 . 1 .3),  and y w; +ICyO; 

ry
506Sbl P{ry +72 =Delta2-3 jl+ male offspring (stubble, curly) collected. These males are 

crossed to homozygous w + virgin females carrying the transgene construct on the 

second chromosome. Male w+ICyO; ry
506Sb1p{ry+72=Delta2_3jl+ offspring (orange­

eyed, stubble, curly) are collected and crossed to y w virgin females. Any orange-eyed, 

non-stubble, curly virgin female offspring are collected. For these flies to have both 

orange eyes and curly wings, the transgene insert and w + marker must have moved from 

the second chromosome. w + male offspring were not collected as the transgene would 

not be X-linked. The orange-eyed, non-stubble, curly virgin female offspring are 

crossed to y w male flies, and the following generation of orange males test crossed for 

X-linkage of the w + marker. 
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2.5.2.3 Homologous recombination scheme 

This scheme is similar to that designed by (Gong and Golic, 2003) .  As homologous 

recombination is much more efficient in the female germline compared to the male 

germline, females are used for the second generation of the cross. Virgin females of the 

homologous recombination stock / wo; P{ry+17 2= 70FLPj l l  P{v+IJ8= 70I-Scelj2B 

nocSc°ICyO, S (section 2 .5 . 1 . 1 0; scutoid, curly) are crossed to w + GFP flies carrying the 

targeted construct (section 5 .2) .  This cross is heat shocked on day 3 for 1 h at 38°C to 

increase expression of the F LP recombinase and I -SceI endonuclease, which are under 

the control of the heat shock promoter. As the targeted construct is on chromosome 2 ,  

w +  GFP, scutoid, non-curly virgin female offspring are crossed to L21CyO males 

(section 2 .5 . 1 .3) .  Targeting of the construct to the X chromosome is detected by 

examining offspring of this cross for segregation of the w + and GFP markers (i. e. w 

GFP progeny) . This cross is described schematically in Figure 26. 

2.5.2.4 Homologous recombination test crosses 

Males that constitutively express the FLP recombinase (section 2 .5 . 1 . 1 1 ) were crossed 

to virgin females containing either the mini-white marker gene flanked by FRT sites 

(section 2 .5 . 1 . 1 2) or the targeted construct (section 5 . 2) in which the arm-EGFP 

reporter is flanked by FRT sites . Adult progeny of the first cross were examined for the 

presence of the mini-white marker, and larval and adult progeny of the second cross 

were examined for presence of the arm-EGFP marker. 

2.5.2.5 Overexpression of MSL2 in flies carrying reporter constructs 

Virgin GFP-Ser females (section 2 .5 . 1 .6) were crossed with CyO males overexpressing 

MSL2 (section 2 .5 . 1 . 1 3) .  CyO, GFP-Ser males that lacked the msllL60 mutation and 

carried one copy of hsp83-MSL2 were crossed with virgin female flies homozygous for 

the reporter construct to be tested. All the progeny of this cross carry onc copy of the 

reporter construct, and either the GFP-Ser balancer or the hsp83-MSL2 chromosome. 

2.5.2.6 Overexpression of MSL I in flies carrying reporter constructs 

Virgin GFP-Ser females (section 2 . 5 . 1 .6) females were crossed to males overexpressing 

MSL l  (section 2 .5 . 1 . 14).  P {w+=hsp70-MSL l }/ TM3 , P {w[ +mC]=ActGFP} JMR2, Ser' 

male progeny were crossed to virgin females homozygous for the reporter transgene to 
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be tested at 29°C. All the progeny of  this cross carry one copy of the reporter construct, 

and either the GFP-Ser balancer or the hsp 70-MSLI chromosome. 

2.5.2.7 Overexpression of MSL3 in flies carrying reporter constructs 

Virgin GFP-CyO females (section 2 .5 . 1 04) females were crossed to males 

overexpresslllg MSL3 (section 2 . 5 . 1 . 1 5) .  P {w+=hsp70-MSL 3 } /  CyO, 

P {w[+mC]=ActGFP} JMRl male progeny were crossed to virgin females homozygous 

for the reporter transgene to be tested at 2 9°C. All the progeny of this cross carry one 

copy of the reporter construct, and either the GFP-CyO balancer or the hsp 70-MSL3 

chromosome. 

2.5.2.8 Overexpression of MLE in flies carrying reporter constructs 

Virgin GFP-Ser females (section 2 . 5 . 1 . 6) females were crossed to males overexpressing 

MLE (section 2 . 5 . 1 . 1 6) .  P {w+=hsp70-MLE } /  TM3, P {w[ +mC]=ActGFP } JMR2 ,  Ser! 

male progeny were crossed to virgin females homozygous for the reporter transgcne to 

be tested at 29°C. All the progeny of this cross carry onc copy of the reporter construct, 

and either the GFP-Ser balancer or the hsp 70-MLE chromosome. 

2.5 .2.9 Overexpression of MOF in flies carrying reporter constructs 

Virgin GFP-CyO females (section 2 .5 . 1 .4) females were crossed to males 

overexpresslllg MOF (section 2 . 5 . 1 . 1 7) .  P {w+=hsp70-HA-MOF} /  CyO, 

P {w[+mC]=ActGFP} JMRI  male progeny were crossed to virgin females homozygous 

for the reporter transgene to be tested at 29°C. All the progeny of this cross carry one 

copy of the reporter construct, and either the GFP-CyO balancer or the hsp70-HA-MOF 

chromosome. 

2.5.3 Generation of transgenic fly lines 

2.5.3. 1 Co-precipitation of plasmid DNA 

Plasmid DNA prepared by CsCI banding (section 2 .6 .2 .4) and the helper vector plasmid 

pUChsJt�2,3  (7 .3  kb; pUC 1 8  containing 3 .6  kb P-element coding sequence, hsp70 

promoter and ry 3' flanking region) (Rio and Rubin, 1 985) were ethanol precipitated 

together and resuspended in 20 - 50 fAl of injection buffer (0. 1 mM NaH2P04, 0. 1 m M  

Na2HP04, 5 M KCI)  at 0.4 fAg/�1 and 0. 1 fAg/fAI respectively. The solution was 

centrifuged at 1 3  000 g for 5 min prior to use to remove particulate matter that could 

45 



block the needle. Three !-ll of coprecipitated DNA was loaded into a Femtotip 

(Eppendorf) using a microloader (Eppendorf). 

2.5.3.2 Microinjection of plasmid DNA into Drosophila embryos 

Microinjection was conducted as described in ( Spradling and Rubin, 1 982) usmg a 

Transjector-5246 (Eppendorf) and micromanipulator (Leica) with a 0.5 !-lm Femtotip 

(Eppendorf). Manually dechorionatcd y w embryos were dehydrated for between I - 5 

min in a chamber containing silica ChIPs and covered with halocarbon-700 oil (Sigma). 

Plasmid DNA was injected into the posterior end of the embryo. Embryos were placed 

in a high humidity environment at 1 8°C for 24 h, fol lowed by 22°C for 24 h. Surviving 

first instar larvae were transferred to a vial containing standard commeallmolasses food 

without additional yeast. These flies are referred to as Go. 

2.5.3.3 Crossing of adult survivors and identification of transformants 

Go adults were mated to y w flies individually at 25°C. The G 1  progeny resulting from 

this cross were examined for the marker (w+) .  Transformant males and virgin females 

were crossed to y w flies individually at 25°C. The G2 heterozygous progeny were 

crossed to establish a transformant stock. 

2.5.4 Collection of developmental stages of Drosophila 

2.5.4.1 Collection of Drosophila staged embryos, larvae, pupae and adult flies 

Different developmental stages were collected by aging newly laid embryos collected 

from a large population cage for the appropriate period of time at 25°C (Ashbumer, 

1 989a) . 

2.5.4.2 Collection of synchronous third instar larvae 

Synchronous third instar larvae were collected using the blue food method ( Maroni and 

Stamey, 1 9 83).  Bromophenol blue was added to standard commeallmolasses food at 

0.05% (w/v). Climbing late third instar larvae raised on this food were collected. Larvae 

stop feeding late in third instar development, hence can be separated into 3 distinct 

classes according to gut colour: dark blue/purple; l ight blue; white. L ight blue larvae 

were selected, as these are synchronous to within 4 h of development. 
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2.6 Molecular Biology methods 

2.6.1 RNA 

All solutions and equipment for use with RNA were prepared in an RNase-free manner. 

All solutions except those containing Tris, SDS, or solvents were treated with DEPC as 

described in (Sambrook et al. , 1 989) .  All solutions containing RNA were treated with 

RNAsecure™ (Ambion) to permanently inactivate RNases at 60°C for 20 min. 

2.6. 1 . 1  Isolation of  RNA from Drosophila 

Eggs previously ground in l iquid nitrogen, larvae or adult flies were homogenized in 1 

ml of TRIzol® reagent (lnvitrogen) in a Kontes Glass homogenizer, and transferred to a 

1 .5 ml microcentrifugc tube and incubated for 5 m in at room temperature. Two hundred 

/-AI of chloroform was added, mixed vigorously, and incubated for 3 min at room 

temperature, followed by centrifugation at 1 2  000 g for 1 0  min. The upper aqueous 

phase was transferred to a fresh tube, to which was added 500 /-AI of isopropanol. After 

1 0  min incubation at room temperature, the RNA was pelleted by centrifugation at 1 2  

000 g for 1 0  min. The pellet was washed in 70% (v/v) ethanol, recentrifuged at 7500 g 
for 1 0  min, and air-dried for 10  min at room temperature. RNA was resuspended in 96  

III of D E  PC-treated water and 4 III of RNAsecure™ (Ambion). RNases were inactivated 

permanently by incubation of this solution at 600e for 20 min. 

2.6.1.2 DNase treatment of RNA for RNase protection analysis 

Following RNA isolation (section 2 .6. 1 . 1 ) , 1 /-AI of RNase-free DNase (Roche) was 

incubated with the RNA solution at 37°C for 1 5  min. One hundred /-AI of TE Buffer was 

added, and the RNA extracted using 1 volume of phenol :chloroform:isoamylalcohol 

(25 :24:  I ) .  This solution was vortex cd for 1 min then centrifuged to separate phases at 

1 2  000 g for 2 min. The upper aqueous phase was transferred to a fresh tube, and any 

remaining phenol removed using 1 volume of chloform: isoamylalcohol (24: I ) . This 

solution was also vortexed for 1 min then centrifuged to separate the phases at 1 2  000 g 
for 2 min. The aqueous phase was transferred to a fresh tube, and the RNA precipitated 

using 0. 1 volume 3 M NaOAc and 2.5 volumes of ice-cold absolute ethanol at -20oe for 

30 min. The RNA was pelleted at 1 2  000 g for 20 min, then washed in 70% (v/v) 

ethanol and air dried for 1 0  min. The RNA was resuspended in 96 III of DEPC-water 

and 4 /-AI of RNAsecure™ (Ambion). Any RNases present in the solution were 
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inactivated by heating to 60°C for 20 min. RNA was stored for short-term use at -20°C, 

and for longer-term use in 2.5 volumes of absolute ethanol at -80°e. 

2.6. 1 .3 DNase treatment of RNA for real-time RT-PCR analysis 

Following RNA isolation (section 2 . 6. 1 . 1 ) , 2 f.A.l of Turbo™ DNase (Ambion) and 1 1  f.A.I 

of 1 0  X DNase Buffer (Ambion) were incubated with 1 00 f.A.l of RNA at 37°C for 30 

min. One f.A.I of Turbo™ DNase (Ambion) was added after this time, and incubated at 

37°C for a further 30 min. Eleven f.A.I of the DNase Inactivation Reagent (Ambion) was 

added, mixed, and incubated at room temperature for 2 min. The reaction was 

centrifuged at 1 0  000 g for 1 .5 min, and the RNA solution transferred to a fresh tube. 

2.6. 1 .4 Quantification of RNA with Ribogreen kit 

Three separate 1 00 fold dilutions of each RNA sample were quantified using the 

Ribogreen dye (Molecular Probes) according to the manufacturer's instructions. 

Fluorescence intensity was measured on the Fluostar Galaxy (BMG Labtechnologies) . 

2.6. 1 .5 Purification of poly(At RNA from total RNA preparations 

Poly(At RNA was isolated from total RNA preparations using oligo (dT) cellulose 

(Roche) according to the manufacturer's instructions and the protocol of Sambrook et al. 

( 1 989;  7 .26-7 .29) .  All fractions and final poly(A)+ RNA concentrations were 

determined using the RiboGreen kit (section 2 .6 . 1 .4). 

2.6. 1 .6 Northern hybridization analysis 

Northern hybridization analysis was conducted based on the formaldehyde-containing 

gel method of Sambrook et al. ( 1 989 ; 7 .43). Samples were electrophoresed along side 

the 0.24 - 9 .5  kb RNA ladder (Invitrogen). RNA was transferred to Hybond™-XL nylon 

membrane (Amersham Pharmacia Biotech) in 20 X SSC for 1 8  h at room temperature, 

and UV -crosslinked using the Ultraviolet Crosslinker (Ultra-LUM Inc.) .  Probe was 

prepared using method B of the Ready-to-go™ beads kit (-dCTP) (Amersham 

Pharmacia Biotech). Two hundred f.A.I of gel-purified DNA fragment (200 ng) was 

incubated with 5 !ll of 32P_[a]_dCTP (PerkinElmer™) using this kit at 37°C for 1 h .  

Unincorporated nuc1eotides were removed from the labeled probe using the 

ProbeQuant™ G-50 Micro column according to the manufacturer's instructions 
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(Amersham Pharmacia Biotech) . DNA was denatured by boiling for 1 min then 1 00 ng 

of denatured probe with specific activity > 2 x 1 08 cprnJ�g was hybridized to membrane 

at 65°C for 1 8  h in 6 x SSC, 2 x Denhardt' s  reagent, 0. 1 %  (w/v) SDS, 1 00 �g/ml 

salmon sperm DNA. Membranes were washed in 1 x SSC, 0. 1 % (w/v) SOS at room 

temperature for 20 m in, followed by 3 washes in 0.2 x SSC, 0 . 1 % (w/v) SOS at 68°C 

for 20 min each. All products were autoradiographed on BioMax™ MS film (Kodak 

Scientific Imaging) at -70°C for 1 - 1 8  h using an intensifying screen. Membranes were 

stripped where required in boiling 0. 1 % (w/v) SDS for 6 - 1 8  h with shaking. 

2.6. 1.7 In vitro transcription of RNA probes for RNase protection analysis 

In vitro transcription of RNA was conducted based on the method specified by the 

manufacturers of the polymerases (Roche) . Plasmid template was prepared using a CsCl 

gradient (section 2.6.2 .4), linearized with a restriction endonuclease that did not 

generate a 3' overhang, and gel-purified using the Q IAquick® Gel Extraction kit 

(Qiagen). Half a �g of this template DNA was added to 0 .5 �l each of 1 0  mM ATP, 

GTP and UTP, 1 �l of 1 0  x transcription buffer (Roche), 0.4 �I  of RNAsecure™ 

(Ambion), 0 .5  - I �l of 0. 1 or 1 mM CTP to generate high or low specific activity 

probes respectively (Table 4), and enough DEPC-treated water to make up a final 

volume of I 0 �l. These components were heated to 60°C for 20 min to inactivate 

RNases and cooled. To this, 1 .3 - 2 .6  �l of 800 Ci/mmol 32P_[a] _CTP (20 mCi/ml) 

(PerkinElmer™) and 0.5 �l (20 units) of the appropriate polymerase was added (Roche) 

and incubated at 37°C for I h. Following this the plasmid template was removed with I 

�l of RNase-free DNase (Roche) at 3 7°C for I S  min. After inactivation of the DNase 

with I �l of 0 .5  M EDTA, unincorporated radionucleotide was removed using the 

NucAwayTM spin column (Ambion). Integrity of the probe was confirmed by 

electrophoresis on a 5% (v/v) polyacrylamide/8 M urea gel. Only two probes, those for 

CG1 5926 and CG2556 required gcl purification as described in the RPA I I ITM kit 

(Ambion) . 
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Template Probe Protected Polymerase Unlabelled 32P_[a]_CTP 

length fragment(s) CTP added added 

CGl 5926 400 nt 325 nt T3 1 �1 0 . 1 m M  2.6 �l 

CG2560 449 nt 366 nt T7 0 .5  �l 0. 1 mM 1 .3 �l 

Lspla  565  nt 39 1  nt + 294 nt SP6 0.5 ,"",1 1 m M  1 .3 �l 

CG2556 343 nt 268 nt T3 1 �l 0. 1 m M  2.6 �l 

Pgd 43 1 nt 43 nt + 1 7 1 nt T7 1 �l 0. 1 m M  2.6 �l 

rp49 375 nt 3 1 2  nt T3 1 �l 1 mM 1 .3 � l  

Table 4 .  Summary of  the  templates used for the in vitro transcription of antisense  

ssRNA probes for RNase protection analysis 

2.6.1 .8 RNase protection analysis 

RNase protection analysis was conducted using the RP A IIFM kit (Ambion) according 

to the manufacturer's instructions. Two minor modifications were made to this method. 

Samples were precipitated with pellet paint® co-precipitant (Novagcn) to assist with 

visualization of the pellet in the initial co-precipitation of probe and RNA. Samples 

were resuspended in hybridization buffer to which RNAsecureiM (Ambion) had been 

added, and RNases inactivated at 60°C for 20 min. All  RNA samples used in RNase 

protection were treated with DNase (section 2.6 . 1 . 2). Probes produced by in vitro 

transcription (section 2 .6. 1 . 7) were added in 3 - 10  fold molar excess over target mRNA 

as specified by the manufacturer's instructions. All products were electrophoresed using 

the Mini PROTEAN® 3 Cell (BioRad) on a 5% (v/v) polyacrylamide/SM urea gel at 

1 40 V for 1 - 1 . 5 h. Product size was determined by comparison to an RNA ladder 

generated by in vitro transcription of the CenturyTM Marker Plus template set (Ambion). 

2.6.1 .9 Reverse transcription 

Reverse transcription was carried out according the method specified by the 

manufacturer of the expand reverse transcriptase (Roche) . One f,lg of total RNA or 1 00 

ng of poly(Af RNA was converted to cDNA using random hexamer primers CRoche) . 
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2.6.2 DNA 

2.6.2.1 Molecular size markers 

Lambda DNA digested with HindIII  and SadI was used as molecular size markers for 

most applications. This consists of 20.3 kb, 9.4 kb, 3 . 7  kb, 2 .8  kb, 2 .3  kb, 2 .0 kb, l .5 kb, 

1 . 1  kb and 0 .5 kb DNA fragments. The 1 00 bp molecular size markers (GC- I 05-004; 

GeneCraft, Germany) consist of 1 . 6 kb, 1 kb, 0.9 kb, 0 .8  kb, 0 .7  kb, 0.6 kb, 0.5 kb, 0.4 

kb, 0.3 kb 0.2 kb and 0. 1 kb DNA fragments. 

2.6.2.2 Isolation of DNA from adult Drosophila 

Two different methods were used for the isolation of DNA. High quality DNA was 

isolated from adult Drosophila as described in protocol 47 (Ashburner, 1 989b). DNA 

for inverse PCR mapping of transgene inserts was isolated as described in the " Inverse 

PCR and cycle sequencing of P-element insertions for STS generation" protocol 

provided by the BDGP resources (Rebm, 2004). 

2.6.2.3 Southern hybridization analysis 

Six !-Ag of high quality genomic DNA (section 2.6.2 .2) was digested with 1 2  units of 

either EcoRV or ClaI in 1 00 !-AI volume containing the appropriate buffer for I h at 

37°C. Following this, 1 2  further units of enzyme was added and incubated for 1 4  h at 

37°C. The digested DNA was purified by phenol/chloroform extraction and ethanol 

precipitation and resuspended in TE. Southern hybridization was conducted as 

described in Ausubel et at. ( 1 997). Probe was prepared using method B of the Ready-to­

goTM beads kit (-dCTP) (Amersham Pharmacia Biotech) . Two hundred /.! l of gel­

purified DNA fragment (200 ng) was incubated with 5 !-AI of 32p_[ a ]-dCTP 

(PerkinElmer™) using this kit at 3 rC for 1 h. Unincorporated nucleotides were 

removed from the labeled probe using the ProbeQuant™ G-50 Micro column according 

to the manufacturer's instructions (Amersham Pharmacia Biotech) .  Membranes were 

prehybridized in 0.4 M Na2HP04, 50 mM NaH2P04, 7% SDS, 1 % BSA, 1 mM EDTA 

(PH 8 .0) for 2 h at 65°C, followed by hybridization in the same buffer at 65 - 68°C for 

1 8  h with 1 00 ng of denatured probe. Membranes were washed 4 times in 0. 1 x SSC, 

0. 1 % SDS at 65°C for 30 - 60 min. All products were autoradiographed on BioMax™ 

MS film (Kodak Scientific Imaging) at -70°C for 1 - 1 8  h using an intensifying screen, 
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and also analysed using the FLA-5000 phosphorimager (Fuj ifilm). Membranes were 

stripped where required in boiling 0. 1 % (w/v) SDS for 6 - 1 8  h with shaking. 

2.6.2.4 Plasmid DNA 

Small-scale alkaline lysis preparation of plasmid DNA for analysis of cloning was 

performed as described in Unit 1 .2 5  of Sambrook et al. ( 1 989) .  Medium-scale 

preparation of plasmid DNA for cloning was performed using the Qiagen® Plasmid 

Midi Kit (Qiagen) . Large scale alkaline lysis preparation of p lasmid DNA was prepared 

as described in Unit 1 .7 . 1 of Current Protocols in Molecular Biology (Ausubel et al. , 

1 997) . CsCI-ethidium bromide gradient purification of  plasmid DNA for use as a 

template for in vitro transcription (section 2 .6. 1 .7) or for microinjection (section 2 . 5 . 3 .2) 

was performed according to Unit 1 .42 of Sambrook et al. ( 1 989). Ultracentrifugation 

was conducted in a Sorvall Combi ultracentrifuge using a Sorvall TV -865 rotor at 55 

000 rpm for 1 8  h at room temperature (Sambrook et al. , 1 989) .  

2.6.2.5 Restriction endonuclease digestion 

Most restriction endonucleases were supplied by New England Biolabs (NEB).  

However, the fol lowing enzymes were supplied by alternative companies: Asp7 1 8  

(Roche), KpnI (Invitrogcn).  Restriction endonuclease digestion was conducted 

according to the manufacturer's instructions. Typical ly, preparative digests were 

conducted on 5 !!g of plasmid DNA with 2 !!l of the appropriate enzyme at 37°C for 3 -

5 h .  Diagnostic digests of alkaline lysis minipreps were conducted on 5 !!l of plasmid 

DNA using 0 .3  !!l of the appropriate enzyme at 37°C for 1 h .  

2.6.2.6 Dephosphorylation of 5' ends 

Following restriction endonuclease digestion, 1 5  units ( 1 .5 !!l) of calf intestinal alkaline 

phosphatase (NEB) was added to the digested plasmid DNA, and the reaction incubated 

at 37°C for 1 h. Heat inactivation was not generally conducted, as plasmid DNA was 

typically recovered using gel purification. 
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2.6.2.7 Polynucleotide kinase treatment of linker DNA 

Annealed linkers were treated with 0.5 \-ll of T4 polynucleotide kinase (NEB) to add 

phosphate groups to the 5' end of the DNA, with 1 mM ATP in buffer supplied by the 

manufacturer at 37°e for 1 h, followed by heat inactivation at 65°e for 20 min. 

2.6.2.8 Blunt end production 

Klenow fragment of E. coli DNA polymerase (5'-3' exo-) (NEB) or T4 DNA 

polymerase (NEB) were used according to the manufacturer's instructions to form blunt 

ends on plasmid DNA previously digested using restriction endonucleases. Typically, 9 

units (3 \-ll) of T4 DNA polymerase was added to 5 f.tg of digested plasmid DNA (in one 

of the 4 standard NEB buffers immediately following digestion) , supplemented with 

dNTPs at 1 00 f.tM final concentration and incubated at 1 2°e for 20 min. Reactions were 

heat inactivated at 75°e for 1 0  min. 

2.6.2.9 Ligation 

Prepared plasmid and insert DNA were ligated together using I f.tl ( 400 units) of  T 4 

DNA ligase (NEB) in a final reaction volume of 1 0  f.tl with the appropriate buffer at 

1 6°C for ca. 1 6  h according to the manufacturer' s instructions 

2.6.2.1 0 Gel purification 

Amplified products from peR or restriction fragments were subjected to gel 

electrophoresis in 0 .8  - 1 .5% (w/v) agarose, excised, and gel purified using the 

Qiaquick® gel extraction kit (Qiagen) according to the manufacturer's instructions. 

2.6.3 peR 

peR was carried out according the method specified by the manufacturer of the 

polymerase (Roche) . Fragments <3 kb were amplified using Taq DNA polymerase 

(Roche). One hundred ng of genomic DNA or 5 f.tl cDNA was used as a template in a 

50 f.tl reaction volume with 5 f.tl of I OX reaction buffer (Roche), 0.4 f.tM of each specific 

primer and 0.2 mM of dNTPs (Roche) . A typical reaction (method 1 )  consisted of 1 

cycle at 94°e for 2 min, followed by 30 - 35 cycles of: 94°e for 30  s; annealing 

temperature for 30s; extension at 72°e for 45 s - 2 min depending on the size of the 
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amplified product. This was followed by 7 mm at 72°C to ensure that amplified 

products were full-length. To increase the yield of the amplified product, conditions 

were modified in certain reactions (method 2) .  The first 1 0  cycles were conducted as 

described previously, followed by 20 - 2 5  further cyc les in which the extension at 72°C 

was increased by 5 s in each subsequent cycle. 

Long range PCR of fragments > 3 kb was conducted using the expand long template 

PCR system (Roche) . One hundred ng of genomic DNA was used as a template in a 50 

\-ll reaction volume with 5 \-ll of the specified 1 0X reaction buffer (Roche) , 0 .3  \-lM of 

each specific primer and 0.4 mM of dNTPs. A typical reaction (method 3)  consisted of 

1 cycle at 92°C for 2 min, followed by 10 cycles of: 92°C for 10 s; annealing 

temperature for 30 s; extension at 68°C for 4 - 8 min depending on the size of the 

amplified product. This was followed by 25 cycles of: 92°C for 1 0  s; annealing 

temperature for 30 s; extension at 68°C for 4 - 8 min plus 20 s each subsequent cycle. A 

final extension at 7 min at 68°C followed these cycles to ensure that amplified products 

were full-length. The primer sequenccs used in PCR are described in appendix 1 0. 1 .  

2.6.3 .1  Inverse PCR determination of the site of transgene insertion 

Inverse PCR using primers specific for P-element vectors and genomic DNA from 

transformed lines was conducted according to Rehm (2004) . The primer scquences used 

for inverse PCR and sequencing of the resulting inverse PCR products are described in 

appendix 1 0 .2 .  HinP 1 I  proved the most efficient enzyme for producing an inverse PCR 

product suitable for sequencing .  

2.6.4 Transformation of E. coli 

DH5a E. coli was used for all cloning procedures unless otherwise stated. High­

efficiency competent cells were prepared (lnoue et af. , 1 990). Competent E. coli were 

transformed with plasmid ( 1 0  \-ll of ligation reaction or 1 III of plasmid solution) using a 

heat shock protocol (Inoue et al. , 1 990). Max Efficiency® STBL2™ competent cells 

(GibcoBRL) were used, according to the manufacturer's instructions, for cloning of 

plasmid DNA that had a tendency to rearrange, for example the p W30 plasmid. 
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2.6.5 Sequencing 

All sequencing was conducted by the Allan Wilson Centre Sequencing Facility (Massey 

University) . The primer sequcnces uscd for sequcncing are describcd in appendix 1 0 . 3 .  

Plasmid DNA was purified using thc QIAquick® Spin Miniprep kit (Qiagen), and PCR 

products purified using the QIAquick® PCR purification kit (Qiagen), and quantified 

using agarose gel electrophoresis prior to sequencing. 

2.6.6 Chromatin immunoprecipitation 

The chromatin immunoprecipitation method was based on (Miura et al. , 1 999) and 

(Oeryckere and Gannon, 1 994) (fat body isolation); (Sachs and Shi, 2000) (crosslinking 

of protein to DNA) ; Tim Pamell & Pamela Geyer, (immunoprccipitation; Univcrsity of 

Iowa, 2004, personal communications) ; with additional modifications suggested by 

Edwin Smith (Rockcfeller University, 2005, personal communications) . All steps were 

performed on ice using pre-chillcd containers and solutions, and all centrifugation steps 

were performed using a refrigerated centrifuge. 

Flies of the appropriate genotype were reared on bromophenol blue food in bottles at 

25°C. Two hundred male climbing third ins tar larvae were collected and washed in 

Ringers solution, following which their fat bodies were dissected manually and frozen 

immediately in liquid nitrogen. Fat bodies were ground in liquid nitrogen using a mortar 

and pestle, followed by homogenization in a Dounce homogenizer with a loose pestle in 

5 ml of Buffer A ( 1 0  mM Hepes, pH 7.6; 1 mM EOTA; 1 50 mM NaCI;  0 .6% (v/v) 

Triton X- l OO (BOH); 4 mM OTT; 1 0  mM sodium butyrate; I X  protease inhibitor 

cocktail (Roche)) .  The homogenate was centrifuged at 500 g for 30 s at 4°C in a 1 5  ml 

Corex tube to remove tissue debris. The supematant was transferred to a fresh Corex 

tube and stored on ice for 5 min, followed by centrifugation at 1 500 g for 1 0  min at 4 °C. 

The pelleted nuclei were re suspended in 360 �l of ice-cold nucleus isolation buffer 

(0.25 M sucrose; 1 0  mM Tris-HCl, pH 7.4; 3 mM CaCh; 1 0  m M  sodium butyrate; I X  

protease inhibitor cocktail (Roche)) in a micro tube. 

Formaldehyde was incubated with the nuclei resuspension to a final concentration of 

1 % (v/v) for 1 0  min at room temperature with shaking ( 1 0  �l of 37% formaldehyde per 

360 �l of nuclei resuspension) . The nuclei were pellctcd at 1 500 g for 1 0  min at 4°C, 
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resuspended in 360 ""I of nucleus isolation buffer, and pelleted again at 1 500 x g for 1 0  

min at 4°C. The pel leted nuclei were resuspended in 200 ""I of lysis buffer ( 1  % (w/v) 

SDS; 50 mM Tris-Hel, pH 8 . 1 ;  1 0  mM EDTA; 1 0  mM sodium butyrate; I X  protease 

inhibitor cocktail CRoche)) for 1 0  min on ice. 

The nuclei lysis solution was sonicated in a O .S  ml tube on ice in the presence of ca. S O  

"",I volume o f  42S-600 micron acid-washed glass beads (Sigma) for 6 x 30 s pulses at 

power level I . S using a VirSonic sonicator. The lysate was separated from the beads by 

punching a small hole in the base of the O.S ml tube and pulse spinning its contents into 

a I . S ml microtube. The sonicated lysate was diluted with 1 . 8  ml of chromatin 

immunoprecipitation buffer (25 mM Tris-HCI, pH 8 .0; 1 37 mM NaCI; 2 . 7  mM KCI; 

1 %  (v/v) Triton X- lOO (BDH); 1 mM EDTA; 10 mM sodium butyrate) and centrifuged 

at 1 4,000 g for 1 0  min at 4°C. Two hundred "",I of the supernatant was reserved for input 

DNA purification. The remaining 1 . 8 ml of chromatin supematant was reserved for 

immunoprecipitation. 

The 200 "",I of input DNA was incubated with 1 0  ""I of I D  mg/ml RNase for 1 0  min at 

37°C, followed by the addition of 20 ""I of 1 0  mg/ml proteinase K for 6 h at 37°C. The 

crosslinks were reversed by incubation for 6 h at 6S°C.  The DNA was purified using the 

QIAquick® PCR purification kit (Qiagen) and eluted in 50 "",I of the elution buffer. 

The 1 . 8 ml of chromatin supematant was pre-incubated with 60 "",I of a SO% (v/v) 

resuspension of Protein A Sepharose Beads (Sigma) in chromatin immunoprecipitation 

buffer, in the presence of I X  protease inhibitor cocktail (Roche) and 9 "",I of 10 mg/ml 

high quality salmon sperm DNA ( 1 00 "",g/ml final concentration) for I h with shaking at 

4°C. Simultaneously, 6 "",I of the rabbit anti histone H4 (Ac l 6) antibody (AHP4 1 7; 

Serotec) was pre-bound to 1 20 "",I of the SO% (v/v) resuspension of Protein A Sepharose 

Beads (Sigma) in chromatin immunoprec ipitation buffer, in the presence of I X  protease 

inhibitor cocktail CRoche), I D  /-ll of 1 0  mg/ml high quality salmon sperm DNA ( 1 00 

/-lg/ml final concentration), and 20 /-ll of 1 0  mg/ml BSA (NEB) in I ml of chromatin 

immunoprecipitation buffer for 1 h with shaking at 4°C. 
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The antibody-bound beads were pelleted at 1 000 rpm for 30 s at 4°C, washed in 

chromatin immunoprecipitation buffer, and pelleted at 1 000 rpm for 30  s at 4°C. The 

chromatin was separated from the beads at 1 000 rpm for 30  s at 4°C, and the 

supematant incubated with the antibody-bound beads for 3 h at 4°C with shaking. 

Following this, the chromatin-antibody-bead solution was pelleted at 1 000 rpm for 3 0  s 

at 4°C into a 0.5 ml tube, washed and pel leted several times in chromatin 

immunoprecipitation buffer, and pelleted at 1 000 rpm for 3 0  s at 4°C. The beads were 

then washed successively for 5 min at 4°C with shaking, followed by centrifugation at 

1 000 rpm for 30 s at 4°C to pel let the beads in: Low salt wash buffer ( 1 50 mM NaCI; 20 

mM Tris-HCI, pH 8.0; 2 mM EDTA; 1 %  (v/v) Triton X- l OO (BDH); 0 . 1 %  (w/v) S DS; 

1 0  mM sodium butyrate); high salt wash buffer (500 mM NaCI; 20 mM Tris-HCI, pH 

8.0; 2 mM EDTA; 1% (v/v) Triton X- l OO (BDH); 0. 1 %  (w/v) SDS; 10 mM sodium 

butyrate) ;  LiCI wash buffer (250 mM LiCl; 1 0  mM Tris-HCl, pH 8 .0 ;  I mM EDTA; 1 %  

(w/v) sodium deoxycholate; 1 %  (v/v) IGEPAL CA-630 (Sigma) ; 1 0  mM sodium 

butyrate); TE buffer ( 1 0  mM Tris-HCI, pH 8.0; I mM EDTA). The beads were rinsed in 

TE Buffer, pel leted at 1 000 rpm for 30 s at 4°C and resuspended in 1 00 fll ofTE Buffer. 

The immunoprecipitated DNA was purified from the 1 00 fll of resuspended beads by 

the addition of 1 fll of 1 0  mg/ml RNase for 1 0  min at 37°C, followed by incubation with 

5 fll of 1 0% (w/v) SDS and 2 fll of 1 0  mg/ml proteinase K for 6 h at 37°C. Crosslinking 

was reversed by incubation for 6 h at 65°C. The DNA was purified using the 

Q[Aquick® PCR puri fication kit (Qiagen) and eluted in 50 fll of the elution buffer. 

2.6.7 Quantitative real-time peR 
Quantitative real-time PCR was conducted using the LightCycJer FastStart DNA 

MastelLUs SYBR Green I reaction mix ( Roche) in a LightCycler Instrument (Roche) as 

per the manufacturer' s  instructions. Two fll of template, 5 fll of PCR grade water, 0 . 5  fll 

of each primer ( 1 0 !-\-M) and 2 fll of the LightCyclcr FastStart DNA MasterPLUS SYBR 

Green I reaction mix (Roche) were added to each capillary. For chromatin 

immunoprecipitation assays the template consisted of either undiluted 

immunoprecipitated DNA or l OO-fold diluted input DNA. For RT -PCR analyses, the 

template consisted o f  1 0-fold or l OO-fold diluted cDNA. Each PCR reaction was 

conducted in triplicate. The LightCycler protocol used is described in Table 5. The 
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channel setting was F I and the crossmg point automatically determined by the 

LightCycler software (Roche) . 

Program:  Denaturation Cycles: 1 

Segment number Temperature (0C) Hold time (s) Slope (Oels) A cquisition mode 

95 600 20 None 

Program: Amplification Cycles: 45 

95 10  20 None 

2 55 1 0  20 N one 

3 72 1 2  20 S ingle 

Program: Melting Curve Cycles: 1 

95 0 20 None 

2 65 1 5  20 None 

3 95 0 0. 1 Continuous 

Program: Cooling Cycles: 1 

40 30  20  None 

Table 5. The LightCycler protocol used in quantitative real-time PCR 

2.7 E nzyme assays 

2.7. 1 IJ-galactosidase assays 

�-galactosidase activity was measured as described in (Fitzsimons et al. ,  1 999). Third 

instar larvae of all transgcnic lines were staged using the bromophenol blue method 

(section 2 .5 .4.2) and sexed conventionally. Larvae were rinsed twice in Ringers 

solution, and once in water prior to collection in microcentrifuge tubes for assays. �­

galactosidase activity and protein levels were both measured immediately after the 

collection of larvae. Due to the difference in promoter activity between the Lsp 1 a, Pgd 

and armadillo promoters used, varying amounts of homogenate were used in the �­

galactosidase assays (Table 6). Values were normalized to protein levels, but not to wet 

weight as this was not consistent due to washing of larvae. The �-galactosidase activity 

and protein levels of each fly line were determined for at least 3 separate collections of 

larvae emerging from 2::3 separate vials of bromophenol blue food. For each of these 3 

separate larvae samples, �-galactosidase activity and protein levels were measured 3 
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times. �-galactosidase activity was measured in hemisected adults exactly as described 

in (Fitzsimons et aI. , 1 999). 

Promoter Harvested larvae Volume homogenate assayed 

homozygous line heterozygous lines 

I or Lsp la. 5 5 - 1 5  �l 1 5  - 25 �l 

Pgd l a  200 �l 

armadillo 5 25 �l 50  �l 

Table 6. Volume of h omogenate assayed for t}-galactosidase activity 

2.7.2 Protein concentration determination 

The protein concentration was measured as described in (Fitzsimons et aI. , 1 999) using 

the Bio-Rad protein assay (BioRad) . 
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3 STAGE AND DOSAGE COMPENSATION STATUS 

DETERMINATION 

3 . 1  cDNA and genomic clones utilized in  northern and RNase 

protection analyses 

3.1 . 1  Acquired cDNA and genomic clones 

Clones for the genes CG1 5926, CG2560, CG1 5 730 and CG2556 were obtained from 

ResGen ™ (Invitrogen) as part of  the Berkeley Drosophila Genome Project (Rubin et a l. ,  

2000) (Table 7) .  These clones consist o f  oligo-dT primed cDNA clones integrated into 

either the pFLC- I (section 1 0. 5 . 1 3) or pOTB7 (section 1 0. 5 . 1 4) vectors in the sense 

(pFLC- l )  or anti sense (pOTB7) direction from the T7 polymerase binding site. The 

identity of these clones was confirmed using diagnostic restriction endonuclease digests 

and sequencing. All the clones with the exception of CG 15730 were correctly identified. 

Restriction endonuclease digestion of the CG15 730 clone did not produce the expected 

fragments, and the sequence of the clone could not be obtained using the M 1 3  forward 

or reverse primers. This c lone was consequently not used for any subsequent work. 

A genomic clone for Pgd consisting of the first 1 46 1  bp of the gene including the 5 '  

UTR, first exon and intron, and partial second exon was obtained from Dr .  Max Scott 

(Scott and Lucchesi, 1 99 1 ) .  This clone is integrated in the Clal and EcoO 1 09I restriction 

endonuclease sites of the pBluescript I I  KS vector in the anti sense orientation from the 

T7 polymerase binding site. The identity of this clone was confirmed by diagnostic 

restriction endonuclease digestion and sequencing. 

A genomic clone for rp49 consisting of the first 640 bp including the first exon and 

intron, and part of the second exon was obtained from Dr. Max Scott (O'Connell and 

Rosbash, 1 984). This clone is integrated in the EcoRI and HindII I  restriction 

endonuclease sites of the pBluescript I I  KS vector in the sense orientation from the T7 

polymerase binding site. 
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3.1 .2 Experimentally obtained cDNA and genomic clones 

3 . 1 .2.1 CG 1 5 730 in pBluescript II KS 

The possible incorrect identity of  the CG 15730  c lone obtained from ResGen ™ 
(lnvitrogen) necessitated cloning of CG1 5 730. A 1 478 bp region of CG15 730 was 

amplified from male adult cDNA with the AT2077 1 F  and AT2077 1 R  primers (section 

1 0. 1 )  using two rounds of PCR (method 2 :  annealing temperature of 54°C: 30X) .  Male 

adult cDNA was used as the template for PCR of CG1 5 730  because the only clone of 

CG15730 in the Drosophila genome resource had been obtained from an adult tcstes 

cDNA library. Further studies conducted after this cloning, indicate that the real 

template for this PCR reaction was probably contaminating genomic DNA present in 

the cDNA (section 3 .2 . 1 ) .  The 1 478 bp fragment of CG15730 was digested using 

BamHI and HindIII generating an 1 1 74 bp fragment. This fragment was gel purified and 

ligated into pBluescript I I  KS that had previously been digested with both of these 

enzymes, and thc resulting products transformed into competent DH5a E. coli cells 

which were plated on selective LB-IPTG/X-gallamp plates and grown at 37°C 

ovcrnight. C lones consisting of pBluescript with the 1 1 74 bp CG 1 5 730 insert were 

identified using restriction endonuclease digestion and confirmed using sequencing. 

3 . 1 .2.2 Lsp 1 a into pBlueseript II KS 

A clone containing LspJ a could not readily be obtained, thus requiring the cloning of 

this gene during the initial phase of the project. A 2344 bp region of Lsp1 a was 

amplified from third instar larval cDNA with the Forw-Lsp l a  and Rev-Lsp l a  primers 

(section 1 0. 1 )  using two rounds of PCR (method 2 :  annealing temperature of 55°C:  

30X) . Previous evidence had demonstrated that LspJ a i s  maximally expressed during 

the third instar larval phase of development (Roberts et af. , 1 977).  This 2344 bp 

fragment was digested using Ps/I and Sad to produce an 853 bp fragment which was 

then gel purified and ligated into pBluescript II KS that had been previously digested 

with both of these restriction endonuc lease enzymes. The ligation products were 

transformed into competent DH5a E. coli cells, which were plated on selective LB­

IPTGIX-gaIlamp plates and grown at 3rC overnight. Clones consisting of pBluescript 

II KS with the 853 bp LspJ a PstIlSacI insert obtained by restric tion endonuclease 

digestions following RT-PCR of third instar larval cDNA were identified using 
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restriction endonuclease and con finned using sequencing. This clone was used for 

subsequent northern analyses .  

3.1 .2.3 Cloning of Lspla 3 '  UTR into pGEM®-T Easy 

The 3' UTR and surrounding region of Lspl  a was amplified by PCR of genomic 

Drosophila DNA in order to provide a template that differed from Lsp lfJ and was 

suitable for RNase protection analysis. The 3 '  UTR and surrounding region of LspJ a 

was amplified from genomic Drosophila DNA by PCR with the Lsp l afor3'reg and 

Lsp 1 arev3'reg primers (section 1 0 . 1 )  (method I :  annealing temperature of 45°C: 30X) . 

The 575 bp product obtained from the y w strain of Drosophila was significantly 

smaller than the 69 1 bp product expected from the y2; en bw sp strain used in 

generating the genomic BDGP sequence. This 575 bp PCR product was gel purified, 

ligated directly into the pGEM®-T Easy vector (Promega; section 1 0 .5 .9),  and 

transfonned into DH5a E. coli cells. Restriction endonuclease digestion of the c lone 

obtained indicated that the sequence of this region differed significantly from that 

expected from the BDGP genomic sequence. Sequencing of the 575  bp insert confirmed 

this. The sequence is highly homologous to the BDGP genomic sequence in the coding 

sequence and probable 3' UTR, however has a 1 1 8 bp deletion following the putative 

poly(Af site of LspJ a (section 1 0. 6. 1 ) .  There are also a large number of SNPs in this 

intragenic  region. 

3.1 .2.4 Subcloning of CG2560 fragment into pBluescript II  KS 

The CG2560 c lone did not provide a good template for in vitro transcription using T3 

polymerase. Hence a 366 bp ClaI/ Pstl fragment of the gene was subcloned into 

pBluescript II KS to provide an optimal template for in vitro transcription. The 

restriction endonucleases Clal and Ps/I were used to excise the 366 bp fragment of 

CG2560 from the CG2560/pFLC- I c lone. This fragment was gel purified and ligated 

into pBluescript 11 KS in the antisense direction from the T7 polymerase binding site, 

and transfonned into DH5 a E. coli cells. The identity of the c lone was confirmed using 

diagnostic restriction endonuclease digests and sequcncing. 
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Gene cDNAI vector Antibiotic- Orientation from 

Genomic resistance T7 site 

CG15926 RE29468 pFLC- I ampicillin Sense 

CG2560 RE57452 pFLC- I ampicillin Sense 

CG1 5 7301 AT2077 1 pOTB7 chloroamphcnicol Antisense 

CG2556 RE0392 1 pFLC- l ampicillin Sense 

Pgd Genomic pBluescript II KS ampicillin Antisense 

lp49 Genomic pBluescript II KS ampicillin Sense 

Table 7. cDNA and genomic clones acquired from ResGen or Dr. Scott 

Gene insert vector Antibiotic- Orientation from 

resistance T7 site 

CG15730 cDNA pBluescript II KS ampici l l in Sense 

Lsp l a  cDNA pBluescript II KS ampicillin Antisense 

Lsp l a  3' UTR pGEM®-T Easy ampicillin Sense 

CG2560 cDNA pBluescript II KS ampicillin Antisense 

Table 8. cDNA and genomic clones constructed for northern and RNase protection 

analyses 

1 This clone was not used for northern RNA hybridization or RNase protection analysis. 
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3.2 Stage-specific expression of genes within the LspJ a gene domai n  

The expression of the genes within the Lsp 1 a gene domain was examined with regard 

to developmental stagc in order to ascertain the optimal developmental stage in which to 

determine the dosage compensation status of each gene. The following developmental 

stages were examined in y w flies: embryos harvested 0 - 2 h after laying, embryos 

harvested 1 2  h after laying, first instar larvae, second instar larvae, third instar larvae, 

pupae, male adults and female adults (section 2 .5 .4 . 1 ) . Between 1 - 2 mg of RNA was 

extracted from multiple collections of each developmental stage. The Lsp 1  a and 

CG2560 mRNAs are relatively abundant and are detectable by northern RNA 

hybridization analysis with 1 0  IAg of total RNA (Figure 4, Figure 6).  The CG 1 5926 and 

CG2556 mRNAs could not be readily detected with total RNA and thus poly(At RNA 

was purified from 0.5 - 1 .0 mg of total RNA using oligodT cellulose ( section 2 .6 . 1 .5) .  

The rp49 mRNA was used as a loading control for thi s  northern RNA hybridization 

analysis, and the developmental expression pattern observed for this gene is consistent 

with previously published northern analysis despite the overexposure of the film in 

these experiments (O'Connell and Rosbash, 1 984). CG1 5 730 was not detected with 2 IAg 

of poly(At RNA by northern RNA hybridization analysis (data not shown) . However, 

CG15 730 can be detected in both male (not shown) and female adult RNA if larger 

amounts of poly(At RNA ( 1 5  - 20 IAg) are used in northern RNA hybridization 

analysis (Figure 5) .  This product is larger than that expected for the gene, and may 

result from contaminating genomic DNA, or from non-specific cross-hybridization. Al l  

RNA used in  northern RNA hybridization analysis was of  high quality as  determined by 

agarose gel electrophoresis and ethidium bromide staining (not shown) . 

CG1 5926 encodes three transcripts of approximately 2 kb, 3 kb and 4 kb (Figure 4). 

These transcripts are expressed differentially throughout development, with maximal 

expression of the more abundant 2 kb and 3 kb transcripts in embryos 0 - 2 h after 

laying, first and second instar larvae, and both male and female adults. The 4 kb 

transcript is much less abundant than the two smaller transcripts, and exhibits a slightly 

different expression pattern, peaking in embryos 1 2  h after laying, and again in adults. 

This gene was shown to be upregulated in male adults (section 3 . 5), and hence the 

dosage compensation status of this gene could not be determined using RNase 

protection analysis. 
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CG2560 encodes a single abundant transcript of approximately 1 .4 kb, which is 

expressed in first, second and third instar larvae (Figure 4) . The levels of the CG2560 

transcript reach a maximum in first instar larvae, and decline in second and third instar 

larvae. Due to the peak of expression of CG2560 in first instar larvae, the dosage 

compensation status of this gene has been examined in first instar larvae (section 3 .5) .  

CG2556 encodes four transcripts of approximately 2 kb, 4.3 kb, 4.5 kb and 4 .7  kb 

(Figure 4). These transcripts are expressed differentially throughout development, with 

the largest 4 .7  kb transcript being expressed at much lower levels than the smaller three 

transcripts. The 2 kb transcript is the sole transcript detected in 0 - 2 h embryos, and is 

probably of maternal origin. This transcript is expressed again in second instar larvae, 

then peaks in adult females. All three of the more abundant transcripts are expressed at a 

higher level in females relative to males, although this may be due to loading effects 

(Figure 4). The 4.3 kb and 4 .5 kb transcripts are expressed at all stages after the first 

instar larval stage. The dosage compensation status of CG2556 has been examined in 

third instar larvae (section 3 .7), as its transcript levels proved to be both too variable and 

low in hemisected adult flies for RNase protection analysis (data not shown). 

The CG15730 probe recognized a transcript at extremely low levels, requiring 1 5  - 20 

I-lg of poly(At RNA for detection using northern analysis. Due to this, it was not 

possible to examine the stage-specific expression of this gene using northern RNA 

hybridization analysis because of the large amounts of sample tissue required. However, 

the expression of CG15730 has been analysed in male (not shown) and female adults 

using northern RNA hybridization analysis (Figure 5) .  CG 1 5 730  is present at very low 

levels in both male and female adult flies, as three principle transcripts of 4.3 kb, 4.5 kb 

and 8 kb. This is considerable larger than the A T20771 cDNA of 2 .233 kb, indicating 

that either this cDNA does not represent the complete CG 1 5 730 gene, that these large 

products represent contaminating genomic DNA present in the poly(At RNA 

preparation. It is also possible that these bands represent weak cross-hybridization to 

abundant transcripts. 

The stage-specific expreSSIOn of Lsp 1 a was also confirmed by northern RNA 

hybridization analysis. As is consistent with previous results, a 2.85 kb transcript of 
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Lsp 1 a is expressed at high levels almost exclusively in third instar larvae (Roberts et 

al. , 1 977; Smith et al. , 1 98 1 ) (Figure 6) .  Although the third instar larval, pupal, and 

adult male RNA samples in this gel are underloadcd with respect to rp49, it is apparent 

that Lsp1 a transcripts are only present in the third instar larval stage. Furthermore, a 

decrease in the level of rp49 expression is visible in published northern analysis during 

late larval and early pupal stages relative to the other stages of development (O'Connell 

and Rosbash, 1 984). The dosage compensation status of this gene has been examined in 

third instar larvae (section 3 .7) .  

3.2.1 The CG15730 transcript can not be detected in adult poly(A)+ mRNA using 

RT-PCR 

In order to confirm whether the detection of CG 15730 with 1 5  - 20 !J,g of poly(At 
RNA using northern RNA hybridization analysis in male and female adults was due to 

the presence of contaminating genomic DNA, RT-PCR of CG15730 was performed on 

mixed adult poly(At mRNA. Reverse transcription of 1 00 ng of DNase-treated mixed 

adult poly(At mRNA was performed in the presence of reverse transcriptase and RNA 

template, and in thc absence of either of these (section 2 .6 . 1 . 9) .  PCR was performed on 

the cDNA, the reactions performed in the absence of reverse transcriptase or RNA 

template, a positive genomic control, and a negative water control using primers 

specific for CG15730 (Figure 7A) and CG2556 (Figure 7B) .  PCR was performed on 

CG 1 5 730 for 40 cycles using the A T2077 1 F and A T2077 1 R primers, and on CG 2556 

for 35 cycles using the CG2556E2F and CG2556E4R primers (section 1 0 . 1 ) .  The 

primers for CG2556 span an intron, hence produce a genomic product of 820 bp 

compared to a cDNA product of 636 bp. CG 15730 does not contain an intron, hence the 

genomic and cDNA products are both expected to be 1 478 bp (Figure 7A) . No PCR 

products were detected in any of the negative control lanes ( lanes 2, 4 and 6), and PCR 

products of the correct size were detected in the genomic template lane (lane 5) .  

However, while a PCR product of  the correct size was detected for CG2556 in the 

cDNA lane (lane 2B), no such product was detected in the corresponding PCR reaction 

of CG1 5 730 (lane 2A). CG2556 is not abundantly expressed in adult Drosophila, hence 

the detection of this gcne but not CG1 5 730, indicates that CG15730 is not expressed at 

detectable  levels in entire adult Drosophila. There is a high level of sequence 

conservation between Drosophila species in the putative open reading frame of 

CG1 5 730 (appendix 1 0. 7) .  1 94 of the 784 residues (24%) in the putative CG 1 5730 
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protein are conserved (identical) between 7 Drosophila species (excluding D. simulans 

due to the incomplete nature of the protein sequence) . Due to the existence of a cDNA 

corresponding to this gene, and this high level of sequence conservation, it appears 

likely that CG 1 5 730 is a real gene, but may be expressed in a very small set of cells, or 

only under certain conditions. Due to the difficulty in detecting expression of CG 15 730, 

and the inconclusive nature of the gene, RNase protection of this gene was not 

attempted. 

67 



A. CG15926 
-4 kb 

-3 kb 

-2 kb 

B. CG2560 .-
- l A kb 

I , 
C. CC2556 -4.7 kb 

-4.5 kb 
-4.3 kb 

-2 kb 

D. r[1./9 

0.6 kb 

EO E 1 2  L I L2 L3 P M F 

Figure 4. Stage-specific expression of CG15926, CG2560 and CG2556 

Northern analysis of 2 I-lg of poly(A)+ RNA from embryos 0 - 2 h after laying (EO), 

embryos 1 2  h after laying (E 1 2), first ins tar larvae (L 1 ) , second instar larvae (L2), third 

instar larvae (L3), pupae (P), adult males (M), and adult females (F). All embryo, larval 

and pupae samples consist of mixed male and female RNA. (A) Northern probed with 

CG l5926 cDNA and exposed for 1 8  h with BioMax film (Kodak) and intensifying 

screen at -80°C. (B) Northern probed with CG2560 cDNA and exposed for 1 0  h with 

BioMax film (Kodak) and intensifying screen at -80°C. (C) Northern probed with 

CG2556 cDNA and exposed for 1 8  h with BioMax film (Kodak) and intensifying 

screen at -80°C. (D) Northern probed with rp49 cDNA as a loading control and exposed 

for 1 h with B ioMax film (Kodak) and intensifying screen at -80°C. 
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Figure 5. Northern analysis of CG15730 

Northern analysis of 20 !-!g of poly(At RNA from adult female Drosophila 

melanogaster. (A) Northern probed with CG 1 5 730 cDNA and exposed to BioMax fi lm 

for 1 8  h (Kodak) and intensifying screen at -80°e. (B) Northern probed with rp49 

cDNA as a loading control and exposed to BioMax film for 1 h (Kodak) and 

intensifying screen at -BOoe. Putative transcripts of 4. 3 kb, 4 . 5  kb and B kb were 

detected that were considerably larger than the 2.2 kb transcript expected. 
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Figure 6. Stage-specific expression of LspJ a 

Northern analysis of 1 0  /.lg of total RNA from embryos 0 - 2 h after laying (EO), 

embryos 12 h after laying (E 1 2) ,  first instar larvae (L 1 ) , second instar larvae (L2), third 

instar larvae (L3), pupae (P), adult males (M), and adult females (F). All embryo, larval 

and pupae samples consist of mixed male and female RNA. (A) Northern probed with 

Lsp J a cDNA and exposed for 1 8  h with BioMax film (Kodak) and intensifying screen 

at -80°C. (B) Northern probed with rp49 cDNA and exposed for 1 8  h with BioMax film 

(Kodak) at -80°C. 
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Figure 7. CG15730 i s  not detected in mixed adult poly(A)+ mRNA relative to 

CG2556 using RT-PCR 

RT-PCR of CG15730 (A) and CG2556 (B) performed as described in 3 .2 . 1 .  1 0% of 

each PCR reaction was electrophoresed on 1 % (w/v) agarose gel. Lane 1 consists of 

molecular size markers (section 2.6 .2 . 1 ) . The templates for the peR consist of: 5 �l of 

cDNA generated from 1 00 ng of mixed male and female y w Drosophila melanogaster 

adult poly(At mRNA (lane 2);  1 III of reverse transcription reaction containing no RNA 

template (lane 3); 1 �l of reverse transcription reaction containing no reverse 

transcriptase (lane 4) ;  1 00 ng of genomic DNA ( lane 5) ;  1 �l of sterile water (lane 6 

negative control). 
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3.3 Production of probes for in vitro transcription 

Templates for the generation of antisense single stranded RNA probes for RNase 

protection analysis were generated by restriction endonuclease digestion of plasmid 

clones, followed by gel purification. 

A template for in vitro transcription of CG15926 was prepared by digesting the 

CG15926 clone (section 3 . 1 . 1 ) with DraI. This generates an in vitro transcription 

template that produces an antisense ssRNA probe of 400 nt using T3 polymerase, 

consisting of 325 nt of the 3' end of the CG 15926 clone and 75 nt of the pFLC- I MCS. 

This probe protects two discrete fragments of approximately 1 00 nt and 225 nt when the 

hybridized probe and mRNA are digested with RNaseA/T 1 (Figure 8) .  This is probably 

due to nicking of an AT rich region that lies 1 00 nt from the 3 '  end of the CG15926 

mRNA by RNaseA, as digestion with RNaseT 1 alone results in the production o f  a 

single protected fragment of the expected 325 nt size. This fragment is more diffuse 

than the two separate fragments, therefore A/T 1 digestion was used rather than T I alone 

in al l quantitative analyses. 

The CG2560 subclone (section 3 . 1 .2 .4) was digested with Eco0109I, which cuts within 

the MCS of pBluescript at the 5' end of the CG2560 fragment. This template produces 

an antisensc 449 nt ssRNA probe using T7 polymerase that consists of the entire 366 nt 

of the CG2560 fragment together with the pBluescript MCS regions either side (Figure 

8) .  This probe protects a single discrete 366 nt fragment of the CG2560 mRNA. 

The Lsp1a. 3' UTR clone in pGEM®-T Easy (section 3 . 1 .2 .3 )  was digested with EcoRV, 

which cuts 90 bp from the 5' end of the 3' UTR clone. This template produces an 

anti sense 565 nt ssRNA using SP6 polymerase that protects two fragments, a major 

product of 294 nt and a minor product of 39 1 nt, corresponding to two polyadenylation 

sites present in the 3' UTR fragment (Figure 8, section 1 0.6 . 1 ) .  The minor product at 

39 1 nt is represented by a very faint band, and is unlikely to be of biological 

signi ficance. 

The restriction enzyme AseI was used to digest the CG2556 clone (section 3 . 1 . 1 ) .  A 343 

nt antisense ss RNA probe is transcribed from thi s  template with T3 polymerase 
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consisting of 268 nt of the 3' end of the CG2556 clone and 75 nt of the pFLC- I MCS. 

This probe protects a discrete 268 nt fragment of the CG2556 mRNA (Figure 8) .  

The Pgd clone (section 3 . 1 . 1 )  was digested with NruI, which cuts inside the first exon. 

The antisense ssRNA probe transcribed from this template with T7 polymerase covers 

the first and second exons of Pgd, and includes the intervening intron. Hence, this 43 1 

nt probe protects two discrete fragments of 43 nt and 1 7 1  nt corresponding to exons 1 

and 2 respectively (Figure 8) .  Only the 1 7 1  nt fragment is visible in Figure 8 .  

The rp49 c lone (section 3 . 1 . 1 ) was digested with Ajmr ,  which cuts inside the first 

intron. The antisense ssRNA probe generated from this template using T3 polymerase is 

375 nt and consists of 3 1 2  nt of the second exon, 8 nt of the intron, and 55 nt of the 

pBluescript MCS.  This probe protects a discrete 3 1 2  nt fragment of the rp49 mRNA 

(Figure 8). 

Template Polymerase Probe length Protected fragment(s) 

CG15926 T3 400 nt 325 nt 

CG2560 T7 449 nt 366 nt 

Lspla  SP6 565 nt 39 1 nt + 294 nt 

CG2556 T3 343 nt 268 nt 

Pgd T7 43 1 nt 43 nt + 1 7 1  nt 

rp49 T3 375 nt 3 1 2  nt 

Table 9. Summary of the templates used for the in vitro transcription of antisense 

ssRNA probes for RNase protection analysis 
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A. CG 1 5926 B. CG2560 

--+ 

--+ 

C. Lsp J a  D.  CG2556 

--+ 

--+ 

E. Pgd+ F. rp49 

--+ --+ 

Lane 1 2 3 1 2 3 

RNase + + + + 

Figure 8.  RNase protection analysis of CGJ 5926, CG2560, LspJ a, CG2556, Pgd and 

rp49 

Lane I consists of 20 f-lg CA, D) or 4 f-lg CB, C, E, F) of RNA from the stage at which the 

gene is maximally expressed hybridized to the appropriate anti sense ssRNA probe and 

digested with RNase. Lane 2 consists of 20 f-lg CA, D) or 1 0  f-lg CB. C, E, F) of yeast 

RNA hybridized to the appropriate antisense ssRNA probe and digested with RNase. 

Lane 3 consists of 1 0  f-lg of yeast RNA hybridized to the appropriate antisense ssRNA 

probe, not digested with RNase, representing intact probe. Samples were 

electrophoresed on a 5% Cv/v) polyacrylamide/8 M urea gel at 1 40 V for 1 - 1 .5 h and 

either visualized on a FLA-5000 phosphorimager (Fuj ifi lm) or by exposure to BioMax 

film CKodak). Protected transcripts are indicated by the arrows and are discussed in the 

text and described in Table 9. 
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3.4 Determination o f  the linear range of the RN ase protection assays 

Prior to the detennination of the dosage compensation status of genes within the Lsp 1 a 

domain using RNase protection, it was necessary to establish a range of RNA 

concentrations at which the assay remained linear for each gene. RNA harvested from 

the developmental stage at which each gene is maximally expressed as detennined by 

northern analysis (section 3 .2) was extracted. A range of amounts of this RNA was 

assayed using RNase protection with specific antisense ssRNA probes for each of the 

genes within the Lspl a gene domain, as well as the two control genes, rp49 and Pgd. 

Initial studies demonstrated that assays using RNA extracted with Trizol that had not 

undergone DNase treatment coupled with a secondary phenollchlorofonn extraction 

were not linear at higher RNA concentrations (data not shown) .  Hence, all assays were 

performed using RNA that had undergone a secondary phenol/chloroform extraction 

following DNase treatment. 

As demonstrated in F igure 9, Figure 1 0, Figure 1 1  and Figure 1 2 , RNase protection 

analysis is l inear over the range from 2 - 1 6  I-Ag of total RNA for rp49, Pgd, CG2560 

and L,I,p l a. The specific activity of the rp49 and Lsp1 a probcs were 20- and l O-fold 

lower than that of CG2560, while the Pgd, CG2556 and CG1 5926 probes had the 

highest significant activity due to the relative low abundance of these transcripts (Table 

4). One I-Ag of total RNA produces levels nearly equivalent with that of the background, 

and hence is too low for use in dosage compensation determination. Four I-Ag of total 

RNA was used for the dosage compensation determination of each of these genes. The 

poorer fit of the CC25 60 data points to the line of best fit at the lower end of the range 

is probably caused by incorrect loading, and this gene was still considered to be within 

the linear rangc at 4 I-Ag of total RNA. 

RNase protection analysis of CG2556 is linear over the range from 7 . 5  - 30 I-Ag of total 

RNA (Figure 1 3) .  The outlying value at 1 5  I-Ag is due to incomplete loading of that 

sample in the gel. Twenty I-Ag of total RNA was used for the dosage compensation 

detennination of this gene in first instar larvae. RNase protection analysis of CG 1 5926 

is l inear over the range from 25 - 1 00 I-Ag of total RNA (Figure 1 4) .  Forty I-Ag of total 

RNA was used for the dosage compensation detennination of this gene in hemisected 

adults. 
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Figure 9. Linear range of rp49 RNase protection analysis 

1 4  1 6  1 8  

RNA extracted from bromophenol-blue staged male third instar larvae subjected to 

RNase protection with an antisense rp49 ssRNA of  375 nt (A). The samples run in lanes 

1 - 5 consist of 1 ,  2, 4, 8 and 1 6  I-lg of total RNA respectively (3 1 2  nt) .  Lane 6 

corresponds to a negative control of  1 6  fAg of yeast RNA (Y) hybridized to probe and 

degraded by RNase. Lane 7 consists of intact rp49 probe (375 nt) not subjected to 

RNase treatment. Samples were electrophoresed on a 5% (v/v) polyacrylamide/8 M urea 

gel at 1 40 V for 1 h, and quantified using FLA-5000 phosphorimager (Fuj ifilm) . The 

quantified results are shown graphically (B) as PSL (photo stimuli level) versus mass of 

RNA in the assay, with lane 6 (negative control) as the background value of zero. PSL 

values do not have units. 
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RNA (Ilg) 
RNase + 
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4 
+ 

4 
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Figure 1 0. Linear range of Pgd RNase protection analysis 

RNA extracted from bromophenol blue-staged male third instar larvae subjected to 

RNase protection with an antisense Pgd ssRNA of 43 1 nt (A) . The samples run in lanes 

1 - 5 consist of I ,  2, 4, 8 and 1 6  Ilg of total RNA respectively (43 nt + 1 7 1  nt). Lane 6 

corresponds to a negative control of 20 �g of yeast RNA (Y) hybridized to probe and 

degraded by RNase. Lane 7 consists of intact Pgd probe (43 1 nt) not subjected to RNase 

treatment. Samples were electrophoresed on a 5% (v/v) polyacrylamide/8 M urea gel at 

1 40 V for 1 . 5 h, and quantified using a FLA-5000 phosphorimager (Fujifilm). The 

quantified results are shown graphically (B) as PSL versus mass of RNA in the assay, 

with lane 6 (negative control) as the background value of zero. 
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Figure 1 1 . Linear range of LspJa RNase protection analysis 

• 

1 6  I 

RNA extracted from bromophenol blue-staged male third instar larvae subjected to 

RNase protection with an anti sense Lsp Ja ssRNA of 565 nt (A). The samples run in 

lanes 1 - 5 consist of 1 ,  2 , 4, 8 and 1 6  fAg of total RNA respectively (294 nt + 39 1 nt) . 

Lane 6 corresponds to a negative control of 20 fAg of yeast RNA (Y) hybridized to probe 

and degraded by RNase. Lane 7 consists of intact LspJ a probe (565 nt) not subjected to 

RNase treatment. Samples were electrophoresed on a 5% (v/v) polyacrylamide/8 M urea 

gel at 1 40 V for I h, and quantified using a FLA-5000 phosphorimager (Fuj ifilm). The 

quantified results are shown graphically (B) as PSL versus mass of RNA in the assay, 

with lane 6 (negative control) as the background value of zero. 
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Figure 1 2. Linear range of CG2560 RNase protection analysis 

-

30 

RNA extracted from mixed first instar larvae subjected to RNase protection with 

antisense ssRNA probe corresponding to CG2560 (A). The samples run in lanes 1 - 5 

consist of 4, 8 ,  1 2 , 1 6  and 24 J.l g of total RNA (366 nt) . Lane 6 corresponds to a 

negative control of 24 J.lg of yeast RNA (Y) hybridized to probe and degraded by 

RNase. Lane 7 consists of intact probe (449 nt) not subjected to RNase treatment. 

Samples were electrophoresed on a 5% (v/v) polyacrylamide/8 M urea gel at 1 40 V for 

1 h, and quantified using a Storm 860 phosphorimager (Molecular Dynamics) . The 

quantified results are shown graphically (B) as volume versus amount of RNA in the 

assay, with lane 6 (negative control) as the background value of zero. 
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Figure 13.  Linear range of CG2556 RNase protection analysis 

35 

RNA extracted from mixed adults subj ected to RNase protection with antisense ssRNA 

probes corresponding to CG2556. The samples consist 7 .5 ,  1 2 .5 ,  1 5 , 25 and 30 �g of 

total RNA. A negative control of 30 �g of yeast RNA (Y) hybridized to probe and 

degraded by RNase was included. Samples were electrophoresed on a 5% (v/v) 

polyacrylamide/8 M urea gel at 1 40 V for 1 .5 h, and quantified using a Storm 860 

phosphorimager (Molecular Dynamics) . The quantified results are shown graphically as 

cpm versus amount of RNA in the assay, with the negative control as the background 

value of zero. 
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Figure 14. Linear range of CG15926 RNase protection analysis 

RNA extracted from mixed adults subjected to RNase protection with antisense ss RNA 

probes corresponding to  CG 1 5926. The samples consist 25 ,  50, 75 and 1 00 �g of  total 

RNA. A negative control of I 00 �g of yeast RNA (Y) hybridized to probe and degraded 

by RNase was included. Samples were electrophoresed on a 5% (v/v) polyacrylamide/8 

M urea gel at 1 40 V for l .5 h, and quantified using a Storm 860 phosphorimager 

(Molecular Dynamics). The quantified results are shown graphically as cpm versus 

amount of RNA in the assay, with the negative control as the background value of zero. 
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3.5 CG15926 is upregulated in male adults 

The dosage compensation status of CG] 5926 was examined in hemisected y w adults as 

northern RNA hybridization analysis indicated that this gene was expressed in both 

male and female adult flies. Hemisected adults were used to minimize the presence of 

transcripts from the reproductive organs. Four separate simultaneous harvests of female 

and male hemisected y w adult flies were conducted, and the RNA from these flies 

extracted, DNase treated, and subjected to a secondary phenol/chloroform extraction. 

These RNA samples were assayed using antisense ssRNA probes for CG] 5926, rp49 

and Pgd. Forty �g of RNA was assayed for CG] 5926, and S �g of RNA for Pgd and 

rp49. The protected fragments were separated on 5% (v/v) polyacrylamide/SM urea 

gels, which were dried and quantified using a FLA-5000 phosphorimager (Figure 1 5 , 

Fuj i film). The value (photo stimuli level; PSL) obtained for each band was corrected for 

the background value of the lane in which yeast RNA had been hybridized to the probes 

and completely degraded by RNase treatment (Table 1 0) .  In order to control for uneven 

levels of RNA in the samples, the values obtained for CG15926 and Pgd were further 

corrected by dividing by the values obtained in each lane for rp49. Following this, the 

female to male ratios of both genes were calculated for the 4 matched samples (Table 

1 1 ) .  A female to male ratio of onc indicates that a gene is dosage compensated, whereas 

a female to male ratio of two suggests that a gene is not dosage compensated. A female 

to male ratio of less than one indicates that a gene is upregulated in males. Pgd has a 

female to male transcript ratio of 0.90 ± 0. 1 3 ,  indicating that it is dosage compensated 

as expected. CG 1 5926, however, has a female to male transcript ratio of 0 .60 ± 0 . 1 2  

indicating that it is upregulated in males. This increased male expression indicates a 

possible additional role for CO 1 5926 in males, although the function of this protein is 

unknown, and it does not share significant sequence identity with any proteins of known 

function (Table 2) .  However, the dosage compensation status of CG] 5 926 could not be 

examined using RNase protection analysis due to this increased expression in male 

adults. 
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A. rp49 
375  nt 

3 1 2  nt 

B. Pgd+ 43 1 nt 

1 7 1  nt  

c. CG 1 5926 400 nt 

200 nt 

1 25 nt 

Lane 1 2 3 4 5 6 7 8 9 1 0  
RNase + + + + + + + + + 
RNA F F F F M M M M Y Y 

Figure 15. RNase protection analysis of rp49, Pgd and CG15926 transcripts in male 

and female hemisected adults 

RNA extracted from female (lanes 1 - 4) and male (lanes 5 - 8) hemisected y w adults 

was subjected to RNase protection with anti sense ssRNA probes corresponding to rp49, 

Pgd and CG 15926. The samples run in lanes I - 8 consist of 40 !-lg (CG 1 5926) or 8 !-lg 

(rp49, Pgd) of total RNA, lane 9 corresponds to a negative control of  1 0  (A, B) or  40 

(C) !-lg of yeast RNA hybridized to the probe and degraded by RNase. Lane 1 0  consists 

of intact probe not subjected to RNase treatment. Samples were electrophoresed on a 

5% (v/v) polyacrylamide/8 M urea gel at 1 40 V for 1 h and quantified using a FLA-

5000 phosphorimager (Fuj ifilm). 
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Gene Sex Volume' Volume - background (Volumc-background)lrp49 
CGJ5926 female 6 1 80.09 5 99 1 .32 1 .02 

CGJ5926 female 4396. 8 1  4208 .04 0 .88 

CGJ5926 female 63 1 3 .45 6 1 24 .68 1 .07 

CGJ5926 female 5754.76 5565 .99 0.67 
CG1 5926 male 6864 .9  6676. 1 3  1 .50  
CGJ5926 male 7006 68 1 7 .23  1 . 63 

CGJ5926 male 8520.36 833 l . 59  1 .47 
CGJ5926 male 8809 .9 862 l . 1 3  l .49 
CG1 5926 Y+R 1 88 .77 0.00 

Pgd female 1 092 . 8 1  1 0 1 8 .43 0. 1 7  
Pgd female 1 389.77 1 3 1 5 .39  0.27 
Pgd female 1 1 77.29 1 1 02. 9 1  0. 1 9  

Pgd female 1 565 .84 1 49 1 .46 0. 1 8  
Pgd male 1 0 1 7 . 1 3  942 .75  0 .2 1 
Pgd male 1 1 25 .7 1 1 05 1 .33  0.25 

Pgd male 1 39 l . 1 6 1 3 1 6 .78 0 .23 

Pgd male 1 29 1 .54 1 2 1 7 . 1 6  0.2 1 
Pgd Y+R 74.38  0 

lp49 female 5973 . 1 7  5 874.30 
rp49 female 4888 .03 4789. 1 6  
rp49 female 5836.79 5737 . 92 

rp49 female 8425 . 1 4  8326.27 
rp49 male 4563 .87  4465 .00 
Ip49 male 4292 . 7 1  4 1 93 . 84 

rp49 male 5753 .77 5654 .90 
rp49 male 5889.47 5790.60 

rp49 Y+R 98.87 0.00 

Table 1 0. Levels of CG15926, Pgd and rp49 transcripts in male and female 

hemisected y w adult flies determined by RNase protection analysis 

All female and male transcript levels (PSL) corrected for the background level of the 

yeast + probe + RNase sample (negative control). CG 1 5926 and Pgd levels are 

normalized to rp49 to correct for loading differences. 

I PSL values do not have units. 
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CG1 5926 Pgd 

F/M Ratios Mean F/M Ratios Mean 

Lane l !Lane 5 0.68 0.60 ± 0. 1 2  0 .82 0 .90 ± 0. 1 3  

Lane 2/Lane 6 0 .54 1 . 1 0 

Lane 3!Lane 7 0.72 0 . 83 

Lane 4!Lane 8 0.45 0 .85  

Table 1 1 . Female: male ratios of CG15926 and Pgd transcript levels 

Female to male ratios of CG 1 5926 and Pgd transcript levels normalized to rp49 taken 

from Table 1 0  and Figure 1 5 . Mean female to male ratios and 95% confidence intervals 

are indicated for each set of ratios. 
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3.6 Determination of the dosage compensation status of CG2560 

Northern RNA hybridization analysis showed that the CG2560 transcript was most 

abundant in first instar larvae. There is no conventional method of distinguishing gender 

in first instar larvae, hence a strain in which only the male larvae express GFP was used 

to determine the dosage compensation status of CG2560 (section 2 .5 . 1 .2). 

Four separate simultaneous harvests of female and male first instar larvae were 

conducted, and the RNA from these larvae extracted, DNase treated, and subjected to a 

secondary phenol/chloroform extraction .  These RNA samples were assayed in duplicate 

using multiple antisense ssRNA probes for CG2560, rp49 and Pgd. The protected 

fragments produced by these 3 probes were separated on a 5% (v/v) polyacrylamide/8M 

urea gel, which was dried and quantified using a Storm 860 phosphorimager (Molecular 

Dynamics) (Figure 1 6) .  The two similarly sized products of equal intensity representing 

CG2560 were both quantified. The value (volume) obtained for each band was 

corrected for the background value of the lane in which yeast RNA had been hybridized 

to the probes and completely degraded by RNase treatment. In order to control for 

uneven loading, the values obtained for CG2560 and Pgd were further corrected by 

dividing by the values obtained in each lane for rp49. Following this, the female to male 

ratios of both genes were calculated for the 4 matched samples (Table 1 2) .  A female to 

male ratio of onc indicates that a gene is  dosage compensated, whereas a female to male 

ratio of two suggests that a gene is not dosage compensated. These ratios strongly 

indicate that CG2560 is dosage compensated, with the ratios obtained in gel A ranging 

from 0.94 to 1 . 1 4, while Pgd, which is known to be dosage compensated, ranges from 

0.54 to 1 .0 1 .  The ratio of 0 .54 obtained for Pgd is quite low, and may be due to 

discrepancies in the gel or in the storage of the phosphor plate. The ratios in gel B have 

a wider range (0.93 to 1 .2 1  for CG2560; 0.72 to 1 . 62 for Pgd), and are also consistent 

with dosage compensation of CG2560. The ratios obtained from lanes 3 and 7 can be 

discounted due to overloading of lane 3 in gel B .  
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CG2560 ( 366 nt) --+ 

rp-/9 (3 1 2  nt) --+ 

Pgd ( 1 7 1 11t) --+ 

Lane 2 3 4 5 6 7 8 9 1 0  
RNase + + + + + + + + + -

Figure 1 6. CG2560 dosage compensation assay 

2 3 4 5 6 7 8 9 1 0  
+ + + + + + + + + -

Duplicate gels (A) and (B) consisting of RNA extracted from female (lanes 1 - 4) and 

male (lanes 5 - 8) first instar larvae subjected to RNase protection with multiple 

antisense ssRNA probes corresponding to CG2560, rp49 and Pgd. The samples run in 

lanes I - 8 consist of 4 !lg of total RNA, with lanes I and 4, 2 and 5, 3 and 6, and 7 and 

8 consisting of matched samples. Lane 9 corresponds to a negative control of 1 0  !lg of 

yeast RNA hybridized to the probes and degraded by RNase. Lane 1 0  consists of intact 

probes not subjected to RNase treatment . Samples were electrophoresed on a 5% (v/v) 

polyacrylamide/8 M urea gel at 1 40 V for 1 . 5 h and quantified using a Storm 860 

phosphorimager (Molecular Dynamics) . 
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Gene Sex Gel A Gel B 

Volumel Volume - (Volume- Volume Volume - (Volume-
background background)! background backgrounc 

rl!..49 rl!..49 
CG2560 female 7528.27 6287. 1 0  0 .27 4079.22 2458.60 0.22 
CG2560 female 4620.28 3379. 1 1 0 .3 1 9903 .0 1  8282.39 0 .42 
CG2560 female 1 3522.34 1 228 1 . 1 7  0 .39  73325 .08 7 1 704.46 0 .74 

CG2560 female 9444.25 8203 .08 0.30 9726.86 8 1 06.24 0. 3 1  
CG2560 male 5683 .53 4442 .36 0.26 4978.76 3358 . 1 4  0.23 
CG2560 male 986 1 .46 8620.29 0.33 1 1 5 12 .94 9892 .32 0 .35 
CG2560 male 72 1 1 . 98 5970. 8 1  0.34 1 6099 .80 14479. 1 8  0 .35 
CG2560 male 870 1 .46 7460.29 0 .3 1 1 3 1 06. 1 2  1 1 485 .50 0. 3 1  
CG2560 Y+R 124 1 . 1 7  0 .00 1 620.62 0.00 

Pgd female 1 3004.40 1 244 1 . 74 0 .53  8848.67 8235 .4 1  0 .73 
Pgd female 8344. 1 5  778 1 .49 0.72 1 4843 . 5 1 1 4230.25 0 .73 
Pgd female 1 1 445 .38 1 0882. 72 0.34 80849.07 80235 .8 1 0. 83 

Pgd female 698 1 .2 1  64 1 8 .55  0.24 8443 .87  7830. 6 1  0 .30 
Pgd male 1 0474 .45 99 1 1 . 79 0 .58  7086. 1 6  6472 .90 0.45 
Pgd male 1 9025 .07 1 8462 .4 1  0 .7 1 1 7 1 4 1 .07 1 6527 .8 1 0 .59 
Pgd male 7363 .85 680 1 . 1 9 0 .39 1 5670.04 1 5056.78 0 .36 
Pgd male 1 1 243 .88 1068 1 .22 0.44 1 6045 . 73 1 5432 .47 0 .42 
Pgd Y+R 562.66 0.00 6 1 3 .26 0 .00 

rp49 female 24936.59 23538 .02 1 2450.38  1 1 257 .89 
rp49 female 1 2 1 8 1 .04 10782.47 20775 .89  1 9583 .40 
rp49 female 33034.24 3 1 635 .67 98236. 3 1  97043 .82 
rp49 female 28472 .96 27074.39 27 1 53 .74 2596 1 .25 
rp49 male 1 8370.59 1 6972.02 1 5492.79 14300 .30 
rp49 male 27308 .94 259 1 0. 3 7  29442 .87  28250.38 

rp49 male 1 900 1 .4 1  1 7602 .84 42909.56 4 1 7 1 7 .07 
rp49 male 25709.28 243 1 0. 7 1  3827 1 .05 37078 .56 
rp49 Y+R 1 398 .57 0.00 1 1 92 .49 0.00 

Table 12. Levels of CG2560, Pgd and rp49 transcripts in male and female first 

instar larvae determined by multi-probe RNase protection analysis 

All female and male transcript levels (volume) corrected for the background level of the 

yeast + probe + RNase sample (Y+R; negative control). CG2560 and Pgd levels are 

normalized to rp49 to correct for loading differences. The underlined values from lane 3 

in Gel B are discarded due to overloading. 

I PSL values do not have units . 
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Female : Male Gel A Gel B 

ratio CG2560 Pgd CG2560 Pgd 

Lane I /Lane 5 1 .02 0 .9 1 0.93 1 .62 

Lane 2/Lanc 6 0 .94 1 .0 1  1 .2 1  1 .24 

Lane 3/Lane 7 1 . 1 4 0 .89 2 . 1 3 *  2 .29* 

Lane 4/Lanc 8 0.99 0.54 1 .0 1  0.72 

Table 13.  Female: male ratios of CG2560 and Pgd transcript levels 

Femalc to male ratios of CG2560 and Pgd transcript levels normalized to rp49, and with 

outlying values removed. Indicated values (*)  discarded due to overloading of lane 3, 

Figure 1 6 . 

Gel A 

Gel B 

Gene 

CG2560 

Pgd 

CG2560 

Pgd 

Mean 

1 .02 

0 .84 

1 . 05 

1 . 1 9 

95% confidence interval 

0.08 

0.20 

0. 1 6  

0 .5 1 

Table 14. Mean female: m ale ratios of CG2560 and Pgd 

Mean female to male ratios and 95% confidence intervals calculated using ratio values 

from Table 1 3  excluding the lane 3/1ane 7 ratio from gel B (Figure 1 6) .  
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3.7 Determination o f  the dosage compensation status of Lspl a and 

CG2556 

Third instar larvae of the y w genotype were used rather than the GFP strain used for 

first instar analysis (section 3 .5 ) .  Pgd and LspJ a transcripts were not equivalent in male 

and female third instar larvae from the GFP strain due to retarded male development 

possibly caused by the presence of a balancer chromosome. This data is not shown in 

detail, but female to male transcript ratios normalized to rp49 ranged for Pgd from 0 .62 

to 1 .08, and for LspJa from 0.42 to l . 73 .  The GFP fly stock was therefore not suitable 

for the analysis of Pgd and LspJ a transcript levels in third instar larvae. 

Two separate methods were used for collecting third instar larvae of the same 

developmental stage. The first method involved timing the development of the larvae. 

Newly hatched first instar larvac wcrc col lected after 36 h and grown on standard 

cornmeallmolasses media at 22°C for a further 36 h. Fol lowing this third instar larvae of 

the same age and approximately same size were collected and separated according to 

sex. The second approach used the blue-food method (Maroni and Stamey, 1 983). This 

method util izes the fact that larvae stop feeding late in the third instar, shortly prior to 

pupariation. Newly hatched first instar larvae were col lected and grown on standard 

cornmeallmolasses media containing 0 .05% (w/w) bromophenol blue at 22°C for ca. 36 

h.  Larvae fed on this medium show a dark blue alimentary canal, the colour of which 

persists for several hours after feeding has ceased. After this time (3 -4 h), the colour 

becomes significantly lighter, and larvae become completely white just before 

pupariation. Third ins tar larvae collected that have a light blue alimentary canal will be 

developmentally synchronous to within 2 - 4 h.  

Four separate col lections of 1 0  conventionally sexed y w third instar larvae were made 

using each method of staging. RNA was extracted from these larvae and DNase treated 

(section 2 .6. 1 . 2) .  Due to the similar sizes of some of the protected fragments produced 

by rp49 and LspJ a, and the reduced expression levels of CG2556 compared to these 

genes, multi-probe RNase protection was not attempted for these genes. RNase 

protection analyses were conducted on 4 I-lg of RNA from each of the 4 female and 4 

male RNA samples using anti sense ssRNAs corresponding to rp49, Pgd and Lsp J a. 
RNase protection was also conducted on 20 I-lg of  RNA from each of the female and 
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male samples usmg an anti sense ssRNA corresponding to CG2556. The protected 

fragments resulting from these assays were separated on 5% (v/v) polyacrylamide/SM 

urea gels, which were dried and quantified using a FLA-5000 phosphorimager 

(Fuj ifilm) (Figure 1 7) .  The value (photo stimuli level; PSL) obtained for each band was 

corrected for the background value of the lane in which yeast RNA had been hybridized 

to the probes and completely degraded by RNase treatment. As rp49 was not analysed 

in the same gel as the other genes, no corrections were made for loading differences. 

Instead, several values were discarded due to misloading, for example the absent sample 

in lane 6 of Pgd gel (Figure 1 7), or due to suspected sample mix-ups. No more than 1 

value was discarded from each of the 4 female or 4 malc values for each gene, and each 

mean is based on at least 3 values. All the raw values used are shown in Table 1 5  and 

Table 1 6 . 

Fol lowing this, the mean female and male PSL values for each gene were calculated, 

together with ratios of these averages (Table I S , Table 1 7, Figure 1 7) .  The ratios were 

also calculated using an alternative method, in which female to male ratios of al l 4 

genes were calculated for the 3 to 4 matched samples (Tablc 1 6, Tablc 1 7, Table 1 8). 

This second method enabled 95% confidence intervals to be calculated for the mean 

female to male ratio. As the ratios calculated using both these methods are very similar, 

only ratios calculated using the latter method will be discussed below. A female to male 

ratio of one indicates that a gene is dosage compensated, whereas a female to male ratio 

of two suggests that a gene is not dosage compensated. 

As expected, rp49, an autosomal gene, has a female to male transcript ratio of 0 .79 ± 

0.27 in the bromophenol blue-staged larvae, and 0.95 ± 0.22 in the age/size-staged 

larvae. This shows that the amount of RNA loaded in the female and male samples is 

approximately equivalent. Pgd, however has a female to male transcript ratio of I .S4 • 

0.5 1  in the age/size-staged larvae. This was not expected for an X-linked gene that is 

known to be dosage compensated, however may have occurred due to the 

developmental asynchrony of the third instar larvae collected. 6-PGD enzyme activity 

levels vary throughout third instar larval development (Will iamson et aI. , 1 980), and 

third instar larvae that develop from first ins tar larvae collected within a 1 h period from 

hatching can reach pupariation with an asynchrony of 1 0  - 1 5  h (Maroni and Stamey, 

1 983) .  Using the alternative bromophenol blue-staged larvae, Pgd has the expected 
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female to male ratio of 0.9 1 ± 0.42. Thus, Pgd is dosage compensated in third instar 

larvae. 

Lsp J a  has a female to male transcript ratio of l . 8 1  ± 0. 1 4  in the bromophenol blue­

staged larvac, and of 2 .32 ± 0.27 in thc age/size-staged larvae. Hence, in concordance 

with the results of previous groups (section 1 .7 . 1 ) , LspJ a is not dosage compensated in 

third instar larvae. The novel gene, CG2556, has a female to male transcript ratio of 

0.99 ± 0. 1 5  in the bromophenol blue-staged larvae, and of 0 .98 . 0.27 in the age/size­

staged larvae. Thus CG2556 is dosage compensated in third instar larvae. 
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Figure 17. RNase protection analysis of rp49, Pgd, CG2556 and LspJ a transcripts 

in male and female third instar larvae 

RNA extracted from female (lanes 1 - 4) and male (lanes 5 - 8) third instar larvae was 

subjected to RNase protection with antisense ss RNA probes corresponding to rp49, 

Pgd, Lspla or CG2556. The samples run in lanes I - 8 consist of 4 �g of total RNA, 

lane 9 corresponds to a negative control of I 0 �g of yeast RNA hybridized to the probe 

and degraded by RNase. Lane 1 0  consists of intact probe not subjected to RNase 

treatment. Samples were electrophoresed on a 5% (v/v) polyacrylamide/8 M urea gel at 

1 40 V for 1 h (rp49, Lspla and CG2556) or 1 .5 h (Pgd) and quantified using a FLA-

5000 phosphorimager (Fujifilm). The sample gels shown for each probe were exposed 

to BioMax film (Kodak) and intensifying screen at -80°C for 3 - 1 8  h. 
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Gene Sex PSL1 PSL-background 
rp49 female 7 1 1 3 .66 5748 . 1 6  
rp49 female 8 6 1 0.26 7244.76 
rp49 female 6930. 1 2  5564.62 
rp49 female 5953 .2 1 4587 .7 1 
rp49 male 9256.26 7890.76 
rp49 male 770 1 . 82 6336 .32 
rp49 male 8 1 46.27 6780.77 
rp49 male 1 0785 .67 9420 . 1 7  
rp49 yeast + RNase 1 365 .5  0 
rp49 5 - 1 0% yeast - RNase 3 0290.69 28925. 1 9  
Pgd female 2203 2079 .87 
Pgd female 2745 .73 2622 .6 
Pgd female 2 9 1 3 . 76 2790.63 
Pgd female 1 884.24 1 76 1 . 1 1 
Pgd male 2780.8 2657.67 
Pgd male 2233.2 1 2 1 1 0.08 
Pgd male 2984. 1 2860.97 
Pgd yeast + RNase 1 23 . 1 3  0 
Pgd 5 - 1 0% yeast - RNase 82969. 1 2  82845 .99 
Lsplo.  female 25476.35 2490 1 .9 
Lsp lo. female 24822 .88 24248.43 
Lsp lo. female 23958 .5 1 23384.06 
Lsplo. male 1 4473 .6 1 1 3899. 1 6  
Lsp lo. male 1 3059.9 1 1 2485 .46 
Lsp lo. male 1 4400.0 1 1 3825.56 
Lsp lo. yeast + RNase 574.45 0 
Lsplo. 5 - 1 0% yeast - RNase 1 2897 .64 1 2323 . 1 9  
CG2556 female 1 1 37 .72 826.2 1 
CG2556 female 1 1 1 6. 7 1  805 .2 
CG2556 female 1 429.97 1 1 1 8 .46 
CG2556 female 1 437.22 1 1 25 .7 1 
CG2556 male 1 308.08 996.57 
CG2556 male 1 065 .35 753 . 84 
CG2556 male 1 3 73 . 1 8  1 06 1 .67 
CG2556 yeast + RNase 3 1 1 .5 1  0 
CG2556 5 - 1 0% yeast - RNase 7330.38 70 1 8 .87 

Table 15 .  Levels of rp49, Pgd, CG2556 and LspJa transcripts in male and female 

third instar larvae staged by the bromophenol blue-method 

All female and male transcript levels (PSL) corrected for the background level of the 

yeast + probe + RNase sample (negative control). 

I PSL values do not have units. 
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Gene Sex PSL1 PSL-background 
rp49 female 5952 .53  5750.35 
rp49 female 5339 .27 5 1 37.09 
rp49 female 5895 .4 1 5693.23 
rp49 female 6200.24 5 998.06 
rp49 male 5297.93 5095.75 
rp49 male 7202 .7 1  7000.53 
rp49 male 75 1 7 .22 73 1 5 .04 
rp49 male 5340.38  5 1 38.20 
rp49 yeast + RNase 202. 1 8  0 .00 
rp49 5 - 1 0% yeast - RNase 24052 .05 23849.87 
Pgd female 839 1 .46 83 1 6.06 
Pgd female 7676 .55  760 l . 1 5  
Pgd female 8094.43 80 1 9 .03 
Pgd female 8493 .04 84 1 7.64 
Pgd male 4702.52 4627. 1 2  
Pgd male 4640.34 4564.94 
Pgd male 6052 . 1 7  5976.77 
Pgd male 3357 .30 328 1 .90 
Pgd yeast + RNase 75 .40 0.00 
Pgd 5 - 1 0% yeast - RNase 296 1 9 .63 29544.23 
Lspla. female 4 1 4 1 0.77 4 1 1 62 .55 
Lspla.  female 4 1 386.72 4 1 1 38 .50 
Lspla. female 36235 . 98 35987.76 
Lspla.  male 20543 .48 20295.26 
Lspla.  male 1 8009 .3 1 1 776 l .09 
Lspla.  male 1 3980 . 1 9  1 373 1 .97 
Lspla.  yeast + RNase 248.22 0.00 
Lspla. 5 - 1 0% yeast - RNase 1 896 1 .24 1 87 1 3 . 02 
CG2556 female 6678.9 1  6020.7 1 
CG2556 female 5 1 86.82 4528.62 
CG2556 female 62 1 1 . 1 3 5552.93 
CG2556 female 68 1 1 . 97 6 1 53 .77  
CG2556 male 5056.83 4398.63 
CG2556 male 6725 .98 6067 .78  
CG2556 male 7364 . 6 1  6706.4 1 
CG2556 male 6876. 0 1  62 1 7 .8 1 
CG2556 yeast + RNase 658.20 0 .00 
CG2556 5 - 1 0% yeast - RNase 1 07643.75 1 06985 .55  

Table 16 .  Levels of  rp49, Pgd, CG2556 and LspJa transcripts in male and female 

third instar larvae staged by age/size 

All female and male transcript levels (PSL) corrected for the background level of the 

yeast + probe + RNase sample (negative control) .  

1 P S L  values d o  not have units. 
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Figure 1 8. Mean rp49, Pgd, CG2556 and LspJa transcript levels in male and female 

third instar larvae staged by bromophenol blue-method as determined by RNase 

protection analysis 

RNA extracted from female and male third instar larvae staged using the blue food 

method was subjected to RNase protection with antisense ss RNA probes corresponding 

to either rp49, Pgd, Lspla.  or CG2556. Samples were quantified using a FLA-5000 

phosphorimager (Fuj i film) fol lowing gel electrophoresis. 95% confidence intervals are 

indicated for the mean PSL values shown below in Table 1 7. 

Gene Female 

rp49 

Pgd 

Lspla.  

CG2556 

Mean PSL 

5786.3 1 

23 1 3 . 55 

24 1 78 . 1 3  

968.90 

95% Cl 
1 075 .65 

467 . 56 

86 1 .54 

1 73 .58  

Male 

Mean PSL 

7607.0 1 

2542.9 I 

1 3403 .39  

937.36 

Female:  Male ratic 

95% Cl of means 

1 346.70 0 .76 

439.48 0 .9 1 

900.52 1 . 80 

1 83 . 58  1 .03 

Table 17. Mean rp49, Pgd, CG2556 and LspJ a transcript levels in male and female 

third instar larvae staged by bromophenol blue-method as determined by RNase 

protection analysis 
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Figure 1 9. Mean rp49, Pgd, CG2556 and LspJa transcript levels in male and female 

third instar larvae staged by age/size as determined by RNase protection analysis 

RNA extracted from female and male third instar larvae staged by age/size was 

subjected to RNase protection with anti sense ssRNA probes corresponding to either 

rp49, Pgd, Lspla or CG2556. Samples were quantified using a FLA-5000 

phosphorimager (Fuj ifilm) fol lowing gel electrophoresis. 95% confidence intervals are 

indicated for the mean PSL values shown below in Table 1 8. 

Gene Female Male F emale: Male ratic 

Mean PSL 95% Cl Mean PSL 95% Cl of means 

rp49 5644.68 356.07 6 1 37 . 38  1 1 6 1 . 63 0 .92 

Pgd 8088.47 358.93 46 1 2 .68 1 078 .60 1 .75 

Lspla 39429.60 3372.97 1 7262.77 3745 .43 2 .28  

CG2556 5564.0 1 722.03 5847.66 983.67 0 .95 

Table 1 8. Mean rp49, Pgd, CG2556 and Lspl a transcript levels in male and female 

third instar larvae staged by age/size as determined by RNase protection analysis 
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Gene Female: Male ratios of pairs 

rp49 0 .73 
l . 1 4 
0 . 82 
0 .49 

Pgd 0.78 
1 . 32  
0 .62 

Lsplo.. l . 79 
1 . 94 
l . 69 

CG2556 0 .83  
1 .07 
1 .06 

Mean female :  male ratio 95% Cl 

0.79 0.27 

0.9 1 0.42 

1 .8 1  0. 1 4  

0.99 0. 1 5  

Table 19. Female: male ratios of pairs, and mean ratios of rp49, Pgd, CG2556 and 

LspJ a transcript levels in third instar larvae staged by the bromophenol blue­

method 

Gene 

rp49 

Pgd 

Lsp 1 0.. 

CG2556 

Female: Male ratios of pairs 

l . 1 3  
0 .73 
0 .78 
l . 1 7  
l . 80 
l . 67 
l . 34 
2 .56 
2 .03 
2 .32  
2 .62 
l . 37  
0 .75 
0 .83 
0 .99 

Mean female: male ratio 95% cr 

0.95 0.22 

1 . 84 0.5 1 

2 .32 0.34 

0.98 0.27 

Table 20. Female: male ratios of pairs, and mean ratios of rp49, Pgd, CG2556 and 

LspJ a transcript levels in th ird instar larvae staged by age/size 
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3.8 Expression of CG2556 and CG2560 in the fat body of third instar 

larvae 

Lsp J  a is  exclusively expressed in the fat body of third instar larvae (Davies et al. , 

1 986) .  Both of the genes that flank LspJ a, CG2560 and CG2556, arc expressed in third 

ins tar larvae (section 3 .2, Figure 4). Real-time RT-PCR was conducted on fat body and 

whole larval cDNA to determine whether these flanking genes are expressed in the fat 

body tissue. 

RNA was isolated from 1 0  whole male y w third instar larvae, and from fat bodies 

dissected from 1 0  male y w third instar larvae (section 2 .6. 1 . 1 ). RNA was DNase treated 

using the Turbo DNase (Ambion; section 2 .6. 1 .3) to remove all contaminating genomic 

DNA. Treatment with other commercially availablc DNases did not remove residual 

DNA, and products were observed when real-time PCR was conducted on the RNA 

samples (data not shown) .  Quantitative real-time PCR was conducted in tripl icate on 

cDNA generated from 1 Ilg of the DNase-treatcd RNA (sections 2 .6 . 1 .9, 2 .6.7) .  PCR 

was also conducted on RNA, which had not been subjected to reverse transcription, and 

on water. These reactions produced products with crossing points >8 cycles after the 

cDNA reaction products, that were composed entirely of primer dimers as determined 

by melting curve analysis. 

Quantitative real-time PCR was conducted on l OO-fold dilutions of fat body and whole 

larval cDNA using the rp49-596F and rp49-720R; Lsp l a- 1 884F and Lsp l a-2085R; 

Lsd2- 1 490F and Lsd2- 1 674R; CG2560-696F and CG2560-875R; GpdhF and GpdhR 

primers (section 10. 1 ) . Quantitative real-time PCR was also conducted on 1 0-fold 

dilutions of fat body and whole larval cDNA using the CG2556- 1 1 29F and CG2556-

1 229R primers (section 1 0. 1 ) .  The crossing point was automatically determined by the 

LightCycler software for each PCR reaction in triplicate. The mean crossing point was 

used in al l  further calculations, as the standard deviation was generally <0.2 cycles 

(section 1 0 .8) .  Any outlying PCR values were discarded. The fold enrichment of a 

particular cDNA in fat body compared to whole larvae was determined using the 

equation: 2A(crossing point whole larvae - crossing point fat body) . 
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Two genes expressed in the fat body of third instar larvae, LspJ a and Lsd-2, are 

enriched 2 .24 and 1 . 82-fold respectively in fat body tissue compared to whole larvae 

(Figure 20, Table 2 1 ) . This high level of relative expression is consistent with their 

expression in fat body tissue. Two constitutively expressed genes, rp49 and Gpdh, are 

enriched 0.79 and O.78-fold respectively in fat body tissue compared to whole larvae. 

This level of relative expression of close to one is consistent with their expression 

throughout the larva. The low level of enrichment for CG2560 indicates that this gene is 

not expressed in fat body tissue, and is consistent with the putative function of CG2560 

as a larval cuticle protein ( 1 1 104) (Ashburner et ai. , 2000). CG2556 is enriched 0.92-

fold in fat body tissue compared to whole larvae. This level of relative expression is 

similar to that of the constitutively expressed genes rp49 and Gpdh, and indicates that 

CG2556 is expressed both in the fat body, and in other parts of the larva. 

Gene Fold enrichment 

Lsp J a  2 .24 

Lsd-2 1 . 82 

Gpdh 0.78 

rp49 0.79 

CG2556 0.92 

CG2560 0.03 

Table 2 1 .  Fold enrichment of specific cDNAs in fat body tissue compared to whole 

third instar larvae 
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Real-time RT-PCR of Lsp i a,  Lsd-2, Gpdh, rp49, CG2556 and CG2560 i n  male fat 

body and whole third instar male larvae cDNA. The fol d  enrichment of each transcript 

in fat body compared to whole larvae cDNA is shown. 
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4 MEASUREMENT OF PROMOTER ACTIVITY 

Lsp 1 a is flanked by two dosage compensated genes, yet is expressed at two-fold higher 

levels in female larvae in comparison to male larvae. As Lspl a is not enriched for the 

histone modification associated with dosage compensation by the MSL complex 

(chapter 6) , it is unlikely that this gene is regulated by the MSL complex. If the MSL 

complex binds initially at the chromatin entry sites, then moves from these sites into 

actively transcribed genes on the X chromosome, then it might be supposed that Lsp l  a 

escapes regulation by the MSL complex due to elements that l ie between it and the 

flanking dosage compensated genes that are able to block the spread of the MSL 

complex. In order to test this hypothesis, constructs were generated in which the 

regions between Lspl a and the flanking dosage compensated genes were inserted either 

side of an X-linked reporter gene (Figure 2 l B  construct c). It was hypothesized that the 

reporter gene would escape dosage compensation by the MSL complex if these flanking 

regions contained elements able to block the spread of the MSL complex. Due to the 

previously published study by Ghosh et af. ( 1 989) ,  it was initially supposed at the 

beginning of this study that the Lsp 1 a promoter was unlikely to show any sex-specific 

regulation. However, in order to control for this possibility, constructs were made in 

which the Lsp 1 a promoter drives expression of the lacZ reporter gene (Figure 2 1  B 

constructs b, d). A control construct consisting of thc constitutive annadillo promoter 

driving lacZ expression (Figure 2 I B  construct a) used in previous studies (Henry et al. , 

200 I )  was included as a control .  
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a) a rm-lacZ 

b) Ipl lacZ 1 
c) 1 1  I arm-lacZ 12 

d) I� lacZ 

Figure 2 1 .  Schematic of constructs 

(A) The regions used in the generation of constructs: the 593 bp LspJ  a promoter (P) ,  

883  bp extended Lspl  a promoter (I) and 4596 bp region between Lsp J  a and CG2556 

(12) Exons (black) and introns (white) are indicated for each gene in the region. (B) The 

constructs used to generate transgenic fly l ines: arm-lacZ (a), P-lacZ (b), I-arm-lacZ-I2 

(c), I-JacZ-12 (d) and P *-lacZ (e). P *-lacZ is identical to the P-lacZ construct, except for 

a mutation in a putative Doublesex (DSX) binding site in the promoter sequence. 

1 03 



4.1  Generation of constructs 

4.1 . 1  Isolation of LspJa genomic regions 

4.1 . 1 .1 Lsp J  a promoter into pGEM®-T E asy 

The promoter region of LspJ a required for full correct temporal and spatial expression 

was identified by deletion mapping as being a 570 bp region 5' of the translation start 

site (De1aney et al. , 1 9 87) . This region was amplified by peR with the L sp l pForw and 

Lsp l pRev primers (section 1 0 . 1 )  from Drosophila y w genomic DNA (method 1 :  

annealing temperature of 45DC: 30X). The 593 bp expected product was gel purified, 

ligated directly into the pGEM®-T Easy vector (Promega), and transformed into DH5 a 

E. coli cells. A 593 bp clone consisting of the promoter (-573 bp to +20 bp) was 

identified using restriction endonuclease digestion and confirmed by sequencing. There 

are only a few SNPs between the y w strain used for this c loning and the Drosophila 

genomic sequence Cv2; en b,v sp), however these include two new EeoRI sites (section 

10 .6.2) .  This fragment is referred to as LspJ a or (P) . 

4.1 . 1.2 Mutant Lsp l a promoter into pGEM®-T Easy 

A putative DSX binding site in the LspJ  a promoter was mutated using PCR 

mutagenesis from TGTACAACGTGG to TGTTTCCCGTGG. The Lsp l pForw and 

Lsp l pdsxmutRev primers (section 1 0. 1 )  were used to amplify a 297 bp product from 

Drosophila y w genomic DNA (method 1 :  annealing temperature of 50DC: 30X). The 

Lsp l pRev and Lsp lpdsxmutForw primers (section 1 0 . 1 )  were used to amplify a 309 bp 

product from Drosophila y w genomic D NA (method I :  annealing temperature of 50DC: 

30X) . The 297 bp and 309 bp amplification products were gel purified together, and 

used as a template for PCR with the Lsp I pF orw and Lsp 1 pRev primers (section 1 0. 1 ) 

(method 1 :  annealing temperature of 50De: 30X). The 593 bp resulting product 

containing the ACAA to TTCC mutation in the putative DSX binding site was gel 

purified, l igated directly into the pGEM®-T Easy vector (Promega), and transformed 

into DH5a E. coli cells. This mutation was confirmed by sequencing (section 1 0.6.2) .  

This fragment is  referred to as LspJ amut or (P*) .  

4.1 . 1.3 Genomic region between CG2560 and LspJ  a into pGEM®-T Easy 

The 883 bp genomic region between the end of the 3' UTR of CG2560 and the 

beginning of the Lspl a ORF includes the Lspl a promoter region. This fragment was 
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amplified by peR with the InsulF orw and Lsp 1 pRev primers (section 1 0. 1 ) from 

Drosophila y w genomic DNA (method 1 :  annealing temperature of 45°C: 30X). The 

883 bp product was gel purified, ligated directly into the pGEM®-T Easy vector 

(Promega), and transformed into DH5a E. coli cells. A c lone consisting of this  genomic 

region (-863 bp to +20 bp) was identified by restriction endonuclease digestion and 

confirmed by sequencing. There are only a few SNPs, and a single 1 0  bp insertion, 

between the y w strain used for this cloning and the Drosophila genomic sequence (y2; 

en bw sp) (section 10.6 .2) . This fragment is referred to as (I). 

4. 1 . 1 .4 Genomic region between Lsp J  a and CG2556 into pGEM®-T Easy 

The genomic region between the end of the 3' UTR of Lspla and the beginning of the 5 '  

UTR of CG2556 was amplified by long range peR with the Lsp 1 aCG2556F and 

Lsp l aCG2556R#2 primers (section 1 0 . 1 )  from Drosophila y w genomic DNA (method 

3 :  annealing temperature of 45 °C: 35X) .  The 4596 bp product obtained was gel purified, 

ligated directly into the pGEM®-T Easy vector (Promega), and transformed into DH5a 

E. coli cells. Its identity was confirmed by restriction endonuclease digestion and 

sequencing of ends. This fragment is referred to as ( 12) . 

4. 1 .2 Construction of the pCaSpeR-Lspla-pgal and pCaSpeR-I-pgal reporter 

constructs 

The armadillo promoter of pCaSpeR-arm-�gal (arm-IaeZ) (Fitzsimons, 1 998 ; Thummel 

et aI. , 1 988;  Vincent et aI. , 1 994) was excised with EeoRI and Asp7 1 8, and the resulting 

plasmid elP treated and gel purified. The EcoRI - Asp7 1 8  linker (section 1 0.4) 

containing the BamHI, NheI and Stur restriction endonuclease sites between the EcoRI 

and Asp7 1 8  cohesive ends was treated with polynucleotide kinase and ligated into the 

cut vector. This ligation reaction was transformed into methylation deficient E. coli 

(dam-13 : :Tn9 dem-6 hsdM hsdR2 recF1 43 merA merB; (MacNeil et al. , 1 992) cells. 

This strain of E. coli was used because the Stul site within the linker was subject to dcm 

methylation. This replacement was confirmed by restriction endonuclease digestion and 

sequencing with the arm-IacZseq sequencing primer (section 1 0.3) .  This plasmid was 

named pCaSpeR-EA-�gal (section 1 0 . 5 .3) .  
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Either the 5 93 bp Lsp J a  promoter, or the 883 bp genomic region between CG2560 and 

Lsp J  a was inserted in the sense orientation 5' of the lacZ reporter gene in pCaSpeR-EA­

pgal. The 593 bp (P) or 883 bp (l) fragments were excised from the pGEM®-T Easy 

vector (Promega) using NotI and blunt-ended using Klenow polymerase followed by gel 

purification. These fragments were ligated into pCaSpeR-EA-pgal that had been 

digested with StuI, CIP treated, and gel purified. These were then transformed into 

DH5a E. coli cells. These insertions were confirmed using restriction endonuclease 

digestion and sequencing with the arm-IacZseq sequencing primer (section 1 0.3) .  The 

resulting plasmids were named pCaSpeR-Lsp l a-pgal (P-IacZ) (section 1 0. 5 .4) and 

pCaSpeR-I-pgal (section 1 0. 5 .6) .  

4.1 .3 Construction of the pCaSpeR-Lsplnmut-llgal plasmid containing a 

mutation in the putative DSX binding site of the Lsp J a  promoter 

The 593 bp LspJ  a promoter containing the mutation in the putative DSX binding site 

(section 4. 1 . 1 . 2) was inserted 5 '  of lacZ in pCaSpeR-EA-pgal. The mutant promoter was 

excised from the pGEM®-T Easy vector (Promega) using NotI and blunt-ended using 

Klenow fragment of E. coli DNA polymerase followed by gel purification. This 

fragment was ligated into pCaSpeR-EA-pgal that had been digested with StuI, CIP 

treated, and gel purified. This was then transformed into DH5a E. coli cells .  This 

replacement was confirmed by restriction endonuclease digestion and sequencing with 

the ann-IacZseq sequencing primer (section 1 0 .3) .  The resulting plasmid was named 

pCaSpeR-Lsp I amut-pgal (P *-lacZ) (section 1 0. 5 .5) .  

4.1 .4 Insertion of the putative insulator region between LspJa and CG2556, 3 '  of 

lacZ under the control of the extended LspJa promoter 

A suitable restriction site was required for the insertion of putative insulator elements 

from pGEM®-T Easy into pCaSpeR-I-�ga1 . Due to the l ack of PstI sites in the MCS of 

pGEM®-T Easy, and the presence of flanking NotI sites in the MCS of pGEM®-T 

Easy, as well as the lack of NotI sites in pCaSpeR-I-pgal, a Ps!I - NotI linker (section 

1 0.4) was inserted in the PstI site 3' of the lacZ-SV40 reporter gene construct. The 

pCaSpeR-I-�gal vector was digested with PstI, CIP treated and gel purified. The PstI -

NotI l inker ( section lOA) that had been treated with polynucleotide kinase was l igated 

into the cut vector, and transformed into DH5a E. coli cells. Clones carrying the 
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plasmid with the PstI - NotI linker were identified usmg restriction endonuclease 

digestion. 

The 4596 bp genomic region between the cnd of the 3' UTR of LspJa and the beginning 

of the 5 '  UTR of CG2556 was inserted 3' of lacZ in the sense orientation in pCaSpeR-I­

pgal. The (12) fragment was excised from the pGEM®-T Easy vector using NotI and gel 

purified. This 4596 bp NotI fragment was ligated into pCaSpeR-I-pgal containing the 

PstI - NotI l inker that had been digested with NotI, CIP treated and gel purified, and 

transformed into DH5a E. coli cells. Clones of this construct were identified using 

restriction endonuclease digestion, and confirmed by sequencing with the 

armlacZNotlseq sequencing primer (section 1 0.3) .  This  p lasmid was named pCaSpeR-I­

pgal-I2 (I-lacZ-I2) (section 1 0. 5 .7) .  

4.1 .5 Insertion of putative insulator regions either side of arm-lacZ in pCaSpeR-

arm-pgal 

A suitable restriction site was required for the insertion of putative insulator elements 

from pGEM®-T Easy into pCaSpeR-arm-pgal . Similarly to pCaSpeR-Lsp l a-pgal or 

pCaSpeR-I-pgal (section 4 . 1 .4) ,  as there arc no NotI sites in pCaSpeR-arm-pgal, a PstI -

NotI linker (section 1 0 .4) was inserted in the PstI site 3 '  of the arm-lacZ-SV40 reporter 

gene construct in the pCaSpeR-arm-pgal plasmid. The pCaSpeR-arm-pgal vector was 

digested with PstI, CIP treated and gel purified. The PstI - NotI linker that had been 

treated with polynucleotide kinase was l igated into the cut vector, and transformed into 

DH5a E. coli cells. Clones carrying pCaSpeR-arm-pgal with the PstI - NotI linker were 

identified using restriction endonuclease digestion. 

Due to the presence of an internal EcoRI site in the CG2560-LspJ  a genomic region 

(section 1 0.6 .2) ,  an alternative restriction endonuclease site was required for the 

insertion of putative insulator fragments from pGEM®-T Easy. There are no StuI sites 

in pCaSpeR-arm-pgal, so the EcoRI - StuI l inker (section 1 0.4) was inserted in the 

EcoRI site 5' of the arm-/acZ-SV40 reporter gene construct in the pCaSpeR-arm-pgal 

plasmid. The pCaSpeR-arm-�gal vector from the previous step was digested with 

EcoRI, CIP treated and gel purified. EcoRI - Stur linker (section 1 0.4) that had been 

treated with polynucleotide kinase was ligated into the cut vector, and transformed into 
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DH5a E. coli cells. This enabled blunt end cloning of putative insulator fragments 

excised from pGEM®-T Easy with NotI. Clones carrying pCaSpeR-arm-�gal with the 

EcoRI - Stul l inker, as well as the Pstl - NotI l inker were identified using restriction 

endonuclease digestion. The resulting plasmid was named pCaSpeR-arm-�gal StuIlNotI 

(section 1 0. 5 .2). 

The pCaSpeR-arm-�gal StuIlNotI vector was digested with StuI, CIP-treated, and gel­

purified. The 883 bp (I) fragment was excised from pGEM®-T Easy with NotI. This 

NotI fragment was blunt-ended using Klenow polymerase followed by gel purification, 

and ligated into the Slul site of the digested pCaSpeR-arm-�gal StuIlNotI plasmid, S '  of 

the arm-lacZ reporter construct. This ligation reaction was transformed into DH5a E. 

coli cells. Clones carrying pCaSpeR-arm-�gal with the (I) region 5' of arm-lacZ in the 

sense orientation were identified using restriction endonuclease digestion, and 

confirmed by sequencing with the arm-IacZseq sequencing primer, generating 

pCaSpeR-I-arm-�gal (section 1 0.3) .  

Following this, pCaSpeR-I-arm-�gal was digested with NotI, CIP treated, and gel 

purified. The 4596 bp (12) region was excised from the pGEM®-T Easy vector using 

NotI and gel purified. This 4596 bp NotI fragment was ligated into the cut pCaSpeR­

arm-�gal StuIlNotI vector, and transformed into DH5a E. coli cells. Clones carrying 

pCaSpeR-I-arm-�gal with the 4596 bp (12) region 3' of arm-lacZ in the sense orientation 

were identified using restriction endonuclease digestion, and confirmed by sequencing 

with the armlaeZNotIseq sequencing primer (section 1 0.3). This plasmid was named 

pCaSpeR-I-arm-�gal-I2 (I-arm-lacZ-12) (section 1 0. 5 . 8) .  

4.2 Generation of transgenic fly lines c arrying reporter constructs 

The plasmids constructed in (section 4 . 1 )  were used to generate transgenic fly l ines by 

P-element mediated transformation (section 2 .5 .3) .  A y w stock was used as the 

recipient strain, and transgenic l ines were detected by the presence of a mini-white 

marker gene. All  fly lines used in this study were characterized by linkage analysis 

(section 2 .5 .2 . 1 ) ,  inverse PCR (section 2 .6 .3 . 1 ) and Southern hybridization analysis 

(section 2 .6 .2 .3) .  The copy number of the insert as determined by Southern 
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hybridization analysis, and the chromosomal position of the insert as determined by 

inverse PCR are described in Table 22 .  

4.2. t Characterization of transgenic Drosophila lines 

The copy number of the transgene was determined for each transgenic Drosophila line 

using Southern hybridization analysis. Genomic D NA was extracted from each of the 

fly l ines and subjected to digestion with EcoRV or Clal. Digested DNA was probed 

with a 4 .7  kb HindIIIIEcoRl fragment from pCaSpeR-arm-pgal consisting of the 5' p­

element and mini-white marker gene (Figure 22). 

Both EcoRV and Clal cut in the middle of the mini-white gene, hence two fragments 

would be expected from each transgene and two fragments from the endogenous white 

gene for each transgenic fly line. ClaI digestion of y w genomic DNA produces a 

strongly hybridizing band at ca. 2 kb and a weaker product at ca. 1 0  kb representing the 

endogenous white gene. The weaker band at 1 0  kb is not always observed in these 

Southerns due to the high level of background. EcoRV digestion produces two strong 

hybridization products that migrate at ca. 2 kb and ca. 5 kb. 

ClaI digestion of the transgene produces two fragments, the size of which depends on 

the construct, as Clal cuts at various places within the armadillo, (P) or (I) sequences, 

and the genomic region in which the transgene has inserted. Consistent products of 

5 .502 kb, 4 .374 kb, 6.407 kb and 4.664 kb are expected for each of the arm-IacZ, P­

lacZ or P *-lacZ, !-arm-IacZ-!2 and f-IacZ-f2 transgenes respectively. The correct 

products are present in each of these lines (Table 22), with the exception of lane 2 1 ,  

which was incorrectly loaded. Only one extra band corresponding to the remainder of  

the 5 '  P-mini-white transgene plus genomic sequence is expected for single copy 

transgenes. Only a single band is present for all arm-lacZ lines with the exception of  

arm-lacZ:68D3 (lane 9) ,  which appears to  have two transgene inserts. An extra band 

may also be present in P *-lacZ: 75D4 (lane 22), indicating more than one transgene 

insertion, although the weaker product of ca. 1 0  kb expected from the endogenous white 

gene is not present in this sample . It is possible that this line only contains a single copy 

of the transgene, and that a new Clal site has been generated in the endogenous white 

gene. 
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EcoRV has an extra unmarked recognition site near the EcoRI site at the start of the 

mini-white gene i , hence a 2 .987 kb band is present in all transgenic l ines regardless of 

the type of construct. A weaker band that hybridizes to the remainder of the ca. 1 .7 kb 5' 

P-mini-white gene and genomic sequence is present in all transgenic lines, but is absent 

in y w flies. The presence of only one extra band indicates that there is only a single 

copy of the transgene present in each line. As observed with ClaI digestion, an extra 

weakly hybridizing band may be present in arm-lacZ:68D3 ( lane 9), indicating the 

presence of two transgenes. No extra band in present in lane 2 1 ,  indicating that this l ine 

probably represents a single copy transgene insertion. 

It is unclear whether the X-linked I-lacZ-I2 line (lane 24) has one or two copies of the 

transgene by Southern hybridization analysis, due to the poor transfer in the ClaI gel 

and high background on that lane in the EcoRV gel .  Furthermore, the insertion point of 

the transgene( s) could not be determined for this l ine by inverse PCR. However, the 

high activity level of the transgene relative to its female/male activity ratio indicates that 

this l ine may have more than one copy of the transgene and so this line is not included 

in the graphs of female/male activity ratio versus male activity/copy. 

These results indicate that all the transgenic lines used in this study, with the exception 

of arm-lacZ:68D3, and possibly also P *-lacZ: 75D4 and I-lacZ-I2:X represent single 

copy insertions of the transgene. However, only single insertion sites were detected 

using inverse PCR for both these lines although Southern hybridization analysis 

indicates that these may have two insertions of the transgene. 

The genes closest to the insertion site of the X-linked transgenes as determined by 

inverse peR are identified in Table 2 3 .  The I-arm-lacZ-I2: 1 9C3 transgene has inserted 

between the X-linked CG 163 1  and CG15462 genes, that are uneharacterised with 

respect to function and expression. The arm-lacZ: 1 OD8 transgene has inserted in the 

first intron of the X-linked inaF (CG2457) gene, which encodes a protein with calcium 

channel regulator activity involved in rhodopsin mediated signalling that is expressed in 

the head and eye of adult flies (Li et al. , 1 999) . The P-lacZ:9B4 transgene has inserted 

I This site is not present in the sequence, but is recognised during restriction endonuclease digestion, and 

has been marked on the plasmid maps. 
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in the first intron of the X-linked CG15309 gene, which has an unknown function and 

expression pattern but exhibits similarity to the Yippee family of putative zinc finger 

binding proteins. The P-IacZ: 12A2 transgene has inserted in the first intron of the X­

linked NF A T  (CG 1 1 1 72) gene, which is a transcription factor expressed in many 

different tissues throughout development (Huang and Rubin, 2000) . The P-IacZ: 1 9£7 

transgene has inserted between the X-linked CG1529 and Ntf-2 (CG1 740) genes . 

CG 1529 encodes a putative zinc finger DNA binding protein with an unknown 

expression pattern. The Ntf2 gene product is involved in the import of proteins to the 

nucleus, and is expressed in a variety of tissues and developmental stages as the 

phenotype of various mutant alleles ranges from reduced eyes to larval lethality 

(Bhattacharya and Steward, 2002). Significantly, some Ntf-2 mutants have phenotypes 

that manifest in the fat body tissue of third instar larvae, indicating that Ntf2 is 

expressed in this tissue (Bhattacharya and Steward, 2002). The P*-lacZ:4D6 transgene 

has inserted between the X-linked CG4068 and Ptp4E (CG6899) genes. The function 

and expression pattern of C04068 have not been characterised, while Ptp4E encodes a 

protein tyrosine phosphatase expressed widely during embryogenesis (Yang et at. , 

1 99 1 ) . The P *-lacZ:9B12 transgene has inserted in the first exon of the X-linked 

CO 1 7841 gene, which is essential as it exhibits a mutant lethal phenotype (Bourbon et 

al. , 2002) .  
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Lane
l Transgene Plasmid used to generate construct Transgene 

Position2 transgene co2:z:: number 
1 70B3 pCaSpeR-arm-�gal arm-lacZ 1 
2 65E8 pCaSpeR-Lsp 1 a-�gal P-lacZ 1 
3 9B4 pCaSpeR-Lsp l a-�gal P-lacZ 
4 1 2A2 pCaSpeR-Lsp 1 a-�gal P-lacZ 
5 83A 1 pCaSpeR-Lspl  a-�ga1 P-lacZ 
6 39A 1 pCaSpeR-Lsp l a-�gal P-lacZ 
7 75F6 pCaS peR -I -arm -�gal-I2 /-arm-lacZ-/2 1 
8 47A 1 3  pCaSpeR-I-�gal-I2 /-lacZ-/2 1 
9 6803 pCaSpeR-arm-�gal arm-lacZ 2 
1 0  6207 pCaSpeR-arm-�gal arm-lacZ 1 
1 1  1 9E7 pCaSpeR-Lsp l a-�gal P-lacZ 1 
1 2  50C 1 7  pCaSpeR-Lsp l a-�gal P-lacZ 
1 3  2 pCaSpeR-Lsp 1 a-�gal P-lacZ 
1 4  23A3 pCaSpeR-I-arm-�gal-12 J-arm-lacZ-/2 1 
1 5  57A6 pC as peR -I -arm -�gal- I2 /-arm-lacZ-/2 1 
1 6  2 1 A2 pCaS peR -I -arm -�gal- 12 /-arm-lacZ-/2 1 
1 7  19C3 pCaS peR -I -arm -�gal- 12 /-arm-lacZ-/2 1 
1 8  1 008 pCaSpeR-arm-�gal arm-lacZ 
1 9  79A4 pCaSpeR-arm-�gal arm-lacZ 
20 3 pCaSpeR-Lsp 1 amut-�gal P *-lacZ 

2 1  406 pCaSpeR-Lsp 1 amut-�gal P *-lacZ 
22 7504 pCaSpeR-Lsp 1 amut-�gal P*-lacZ 1 -2? 
23 9B I 2  pCaSpeR-Lsp 1 amut-�gal P *-lacZ I 

24 X pCaSpeR-I-�gal-I2 /-lacZ-/2 I ?  
25  y w  
26 4504 2CaS2eR-arm-�gal arm-lacZ 

Table 22. The copy number and chromosomal position of the transgene in each 

line as determined by Southern hybridization analysis and inverse peR 

I Lane in Southern hybridization analysis (F igure 22).  

2 Detennined by inverse peR or linkage analysis.  
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a) Clal 

Lane I 2 3 • 5 6 7 I , le 11 12 \3 14 15 " 17 II I' 20 21 22 13 U 15 16 

b) EcoRV .'I;��.r.� 

Lane I 2 3 4 5 6 7 I , 10 11 12 \3 14 15 16 17 11 IU t ll n 13 14 25 26 

10 kb 

6.407 kb 
5.502 kb 
4.664 kb 
4.374 kb 

2.0 kb 

5.0 kb 

3.0 kb 

2.0 kb 

Figure 22. Southern hybridization a nalysis of transgenic fly lines 

Genomic DNA was extracted from each of the fly lines described in Table 22 and 

subjected to digestion with ClaI CA) or EcoRV (B) . Digested DNA was probed with a 

4.7 kb HindIIIIEcoRI fragment from pCaSpeR-arm-�gal consisting of the 5' P-element 

and mini-white marker gene. 
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Transgenic l ine 

1-arm-IacZ-12: 1 9C3 

arm-IacZ: 1 0D8 

P-lacZ:9B4 

P-IacZ: 12A 2  

P-lacZ: 19£ 7  

P*-lacZ:4D6 

P*-lacZ:9B 12 

Chromosomal position determined by inverse PCR 

Between CG1 63 1  and CG15462 

In the first intron of inaF (CG245 7) 

In the first intron of CG15309 

In the first intron of NFA T ( CG 1 1 1 72) 

Between CG1529 and Ntf-2 (CG1 740) 

Between CG4068 and Ptp4£ (CG6899) 

In the first exon of CG 1 7841 

Table 23. The position of insertion of transgenes under the control of the LspJ a 

promoter on the X ch romosome 
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4.2.2 �-galactosidase activity is linear over a large range 

Twenty third instar larvae of the genotype IspJ a-IacZ: 9B4 were staged usmg the 

bromophenol b lue food method (section 2 .5 .4.2) or by age/size on standard 

cornmeal/molasses food (sections 2 . 5 , 2 . 5 .4. 1 ) . These larvae were homogenized in 2 ml 

of phosphate assay buffer, and 0, 1 0, 20, 30 and 50 ",, 1 of the homogenate assayed for �­

galactosidase activity in triplicate (section 2 . 7. 1 ) . The mean �Absorbance/Time is 

plotted against the volume of homogenate assayed in Figure 23 .  l3-galactosidase activity 

is linear over the entire range of absorbance assayed using both staging methods, with 

the highest absorbance's measured in both reading >2.6.  All l3-galactosidase assays 

described in the following sections were conducted on larvae staged using the 

bromophenol blue method, or on hemisected adults. 
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/-- Bromophenol blue-staged larvae " •. . .  Age/Size staged larvae 

Figure 23. �-galactosidase activity increases in a linear manner with increasing 

homogenate volume 

Mean �Absorbance574nm/time is plotted against increasing volumes of homogenate (0 -

50 ",,1) consisting of homogenized IspJ a-lacZ: 9B4 third instar larvae staged using the 

bromophenol blue method or by age/size on standard food. 95% confidence intervals 

are indicated for 3 replicates. 
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4.2.3 The difference in the level of protein between female and male third instar 

larvae does not affect the female/male � -galactosidase activity ratio 

Female third instar larvae are slightly bigger than male larvae, and contain around 20% 

more protein than male larvae. To determine whether this discrepancy affected the 

female/male (3-galactosidase activity ratios obtained, in which (3-galactosidase activity is 

normalized to protein levels (section 2 .7) ,  the female/male activity ratio obtained for 6 

female and 5 male arm-lacZ: 79A4 third instar larvae was compared to that obtained for 

5 female and 5 male arm-lacZ: 79A 4 third instar larvae. The mean female/male ratio of 

OD/min/!-lg protein using 6 female and 5 male larvae was 0 .66 ± 0.05, while that 

obtaincd using 5 female and 5 male larvae was 0 .70 ± 0.04.  Thus the uneven protein 

levels in female and male third instar larvae do not affect the female/male (3-

galactosidase activity ratio when activities are normalized to protein levels. Due to this 

finding, an equal number of male and female third instar larvae were assayed to 

determine the female/male (3-galactosidase activity ratio in all transgenic lines. 
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4.3 The regions flanking LspJ a do not block dosage compensation of 

an X-linked transgene 

The genes fl anking LspJ a are dosage compensated, whil e  Lsp J  a appears non-dosage 

compensated (sections 3 . 5 ,  3 . 7). In order to determine whether the genomic regions 

between Lsp J  a and the neighbouring genes contained elements able to b lock the MSL 

complex from moving into, and dosage compensating Lsp l  a ,  these genomic regions 

were cloned and placed either side of the arm-lacZ reporter construct (section 4. 1 .5 ,  

Figure 2 1 ) .  T h e  883 bp genomic region between the end of the 3 '  UTR o f  CG2560 and 

the beginning of the Lsp J a ORF ( I) contains all the elements required for stage and 

tissue-specific expression of Lsp J a (Delaney et aI. , 1 987). Third instar larvae of 

transgenic fly l ines carrying these I-arm-lacZ-I2 constructs were indistinguishable from 

transgenic fly lines carrying the P-lacZ constructs in so far as these l ines produced as 

much f)-galactosidase activity as P-lacZ l ines, and significantly more than arm-lacZ 

l ines (Table 25) .  It appears that the (1)  sequence is either acting as an enhancer or as an 

upstream promoter. Therefore, it was impossible to determine whether the genom ic 

regions between Lsp J a and the neighbouring genes contained elements able to block 

dosage compensation using third ins tar larvae, because of the increased reporter gene 

activity in females caused by the Lsp l  a promoter sequcnces. Thus, reporter gene 

activity of transgenic fly lines carrying the /-arrn-lacZ-/2 c onstructs was measured in 

adult fl ies (section 2 .7), as the armadillo promoter is active at all stages of Drosophila 

development (Riggleman et aI. , 1 989). In adult fl ies, the female/male f)-galactosidase 

activity ratio of both X-linked and autosomal arm-lacZ lines is ca. 1 (Table 24) .  The 

autosomal arm-lacZ:68D3 and arm-lacZ: 79A 4 lines show female/male ratios of 0.99  ± 

0.09 and 0.92 ± 0.09 respectively. The X-l inked arm-lacZ: l OD8 line has a female/male 

ratio of l . 1 2  ± 0 .26. This is consistent with previously published data ( Henry et aI. , 

200 1 ) . Transgenic fly lines carrying the /-arrn-lacZ-/2 construct inserted on an 

autosome, should also exhibit female/male f)-galactosidase activity ratios of ca. I ,  as the 

MSL complex should only act on X-linked transgenes. As expected, the autosomal /­

arm-lacZ-I2:21A2 and /-arm-lacZ-I2:5 7A 6 Iines show female/male ratios o f  1 .00 ± 0.05 

and 0.99 ± 0.07 respectively . If the genomic regions flanking Lsp J  a are able to b lock 

the MSL complex from moving into, and dosage compensating a reporter gene flanked 

by thcse regions, then an X-l inked /-arm-lacZ-I2 l ine would not be dosage 

compensated. Hence, females would have twice the level of (3-galactosidase activity as 
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males, and flies homozygous for the construct would have female/male �-galactosidase 

activity ratios of ca. 2. However, the X-linked /-arm-IacZ-12: 1 9C3 line has a 

female/male ratio of 1 . 1 1 ± 0.06. This indicates that the genomic regions between 

Lsp l  a and the neighbouring genes do not contain elements able to block the MSL 

complex from moving into, and dosage compensating a reporter gene. Hence the MSL 

complex is not preventing from spreading into Lspl  a by boundary elements. However, 

it is possible that further uncharacterized elements may lie within the large first intron of 

the gene 3' of Lspl a, CG2556. Also, there may be stage or tissue-specific regulatory 

elements that lie within these regions able to block dosage compensation of Lspl a only 

in fat body tissue andlor in third instar larvae. 

Dose Mean Mean Mean 

Female/ male female 

Male ratio activity/ activity! 

Construct location Male Female n 1 of activity2 copy copy 

ann-IacZ 68033 (A) 1 3 0 .99±0.094 2 .36±0. 1 3  2 .33±0.09 

ann-IacZ 79A4 CA) 2 2 3 0.92±0.09 2 .6 1 ±0. 1 6  2 .39±0. 1 2  

ann-IacZ 1 008 (X) 2 3 1 . 1 2±0.26 4.27±0.5 1 2 .36±0.27  

/-ann-lacZ-/2 2 1A2 (A) 2 2 3 1 .00±0.05 2 .46±0.43 2.45±0 .35  

/-arm-l acZ-12 57A6 (A) 2 2 3 0.99±0.07 2 .62±0.20 2 .58±0. 1 3  

l-ann-lacZ-/2 1 9C3 (X) 2 3 1 . 1 1 ±0.06 4 .02±0.27 2 .2 2±0. 1 2  

Table 24. Mean male and female fl-galactosidase activities and ratios in adult flies 

I Number of independent experiments. 

2 l OO f,lO D  min� 1 �!g protein- I 

3 This line contains 2 insertions of the transgene. 

4 95% confidence intervals are indicated. 
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4.4 Autosomal insertions of X-linked promoters show increased 

activity in males 

While female and male B-galactosidase activity levels were equal for the arm-IacZ l ines 

in adult flies (Table 24), these levels were not equal in third instar larvae (Table 25) .  An 

increase in B-galactosidase activity in males carrying autosomal, but not X-linked, 

insertions of the arm-IacZ and pgd-IacZ (Scott and Lucchesi, 1 99 1 )  reporter constructs 

was observed. The mean female/male B-galactosidase activity ratio for the 5 autosomal 

arm-lacZ lines is 0.77 ± 0 .04, and is 0 .73 ± 0 .08 for the single autosomal pgd-lacZ l ine 

(Table 25). In contrast the single X-linked arm-IacZ: J OD8 and pgd-IacZ lines h ave 

female/male B-galactosidase activity ratios of 1 .07 ± 0 .04 and 1 .09 ± 0.07 respectively. 

This  suggests that the X -linked promoters armadillo and pgd are partially upregulated in 

males when inserted on an autosome in larvae, but not in adults. However, only a single 

X-linked line was obtained for both the arm-lacZ and pgd-IacZ gene constructs making 

it difficult to draw firm conclusions. For this  reason, the female/male B-galactosidase 

activity ratios from autosomal l ines containing the DiP J a promoter driving lacZ 

expression are shown both with and without correction for this decreased autosomal 

ratio (Figure 24, section 4. 5 . 1 ) .  

4.5 LspJ a promoter activity i s  higher in female larvae 

As discussed at the beginning of the chapter, constructs were made with the LspJ a 

promoter fused to lacZ to determine if the promoter is  more active in females than in 

males. Previously published studies indicated this should not be the case (Ghosh et al. , 

1 989).  Surprisingly, many P-IacZ lines (Figure 2 1 B ,  b) showed h igher activity in female 

larvae in comparison to male larvae (Table 25) .  This indicated that the Lsp J a promoter 

could be sex-specifically regulated. The I-arm-IacZ-I2 and I-IacZ-I2 l ines also showed 

higher activity in female compared to male larvae (Table 25) .  The I-arm-IacZ-I2 finding 

is surprising, as ann-lacZ alone is not more active in female larvae relative to males .  It 

appears that the LspJ a promoter is hyperactivating lacZ as B-galactosidase levels of the 

I-arm-lacZ-I2 lines are 5 - 1 0  fold higher than those of arm-IacZ alone as discussed 

previously (section 4.3) .  The (l) and (P) genomic fragments contain all the elements 

necessary for the stage and tissue-specific expression of the reporter gene. 
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In contrast with the findings of Ghosh et al. ( 1 989), many of the transgenic l-arm-lacZ-

12, l-lacZ-I2 and P-lacZ lines had female/male j3-galactosidase activity ratios greater 

than onc (Table 25). These ranged from 0.90 ± 0.09 to 1 . 85  ± 0.3 0  for autosomal 

insertions, with a median of 1 . 33 .  If these ratios are corrected for the difference between 

autosomal and X-linked insertions (section 4.4), the range alters to between 1 . 1 6  ± 0.09 

and 2 .39 ± 0 .30, with a median of 1 .72. Homozygous X-linked l ines had ratios ranging 

from 1 .6 1  ± 0.20 to 2.42 ± 0 .59, with a median of 1 .87 .  These data strongly indicate that 

the Lspl  a promoter is sex-specifically regulated, as autosomal transgenes show 

increased activity in females, and that the activity of this promoter is higher in female 

compared to male larvae. A potential explanation for the high level of variability in the 

female/male j3-galactosidase activity ratios between the different transgenic l ines is 

given below (section 4.5 . 1 ) . 

In order to discount the possibility that the level of LspJ a promoter activity is higher in 

female larvae because the fat body constitutes a larger proportion of the larva in 

comparison to male larvae, the level of protein in male and female dissected fat bodies 

relative to whole third instar larvae was measured (Table 26). The protein l evels in 

dissected fat bodies from three collections of single male and female third instar larvae 

were measured in triplicate (section 2 .7 .2) .  These were compared to the protein levels 

from three collections of single male and female whole third instar larvae measured in 

triplicate. Surprisingly, the proportion of fat body as a percentage of the entire larvae is 

45% for male larvae and 26% for female l arvae. Thus a fat-specific enzyme normalized 

to total protein would have higher activi ty in males than in females. While attempts 

were made to dissect out all of the fat body tissue, it is possible that these dissections 

may be more efficient with male larvae. However, if the difference reflects the anatomy 

of male and female larvae, it may explain why arm-lacZ and Pgd-lacZ activities were 

higher in male l arvae than in female larvae. However, this finding does not explain the 

higher activity of the P-IacZ constructs in female larvae. The higher percentage of 

protein in the fat body dissected from male larvae may be due to the presence of the 

large male gonads within this tissue. It is not possible to remove these from the fat body 

tissue during dissection, and these are significantly larger than those of the female 

during third instar larval development. 
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There are several possible explanations for the discrepancies observed between the data 

from this study and those of Ghosh et al. ( 1 989) . Their approach involved taking the 

genomic region containing LspJ a, including most of the CG2560 and CG1 5 730 genes, 

and inserting this elsewhere in the Drosophila genome. The transgene was distinguished 

from the endogenous Lsp l  a by the insertion of 500 bp of mouse DNA into the ORF, 

and transcript levels were measured in male and female third instar larvae by northern 

analysis relative to sgs-3 and rp49. The use of this method and the inclusion of the extra 

sequence and Lsp 1 a ORF in the transgenc may have influenced their results. 

However, closer analysis of their data reveals that one of the two X-linked transgenes 

examined in their study has a male/female transcript ratio of ca. 0.80, which is  

consistent with higher promoter activity in females. Furthermore, 4 of the 5 autosomal 

transgenes have roughly equivalent transcript l evels between males and females, 

although one autosomal line also exhibits higher activity in females. 

4.5 .1  The female to male promoter activity ratio decreases with increased activity 

The level of upregulation of the Lspl a promoter in females is highly variable between 

transgenic l ines, and i s  proportional to the activity of the transgene (Figure 24) . Lines 

exhibiting low levels of activity in male larvae have high female to male activity ratios, 

while l ines with high activity levels have female to male activity ratios close to one. 

When the data is graphed, a clear l inear relationship between the level of  autosomal 

transgene activity in males and the female to male activity ratio of the same transgene is  

observed (Figure 24). This may be caused by increased sensitivity of the LspJ a 

promoter to position effects in males, but not females. Thc eye colour of all l ines is due 

to the expression of mini-white marker gene, which is immediately adjacent to the P­

lacZ transgene. The mini-white marker is known to be particularly sensitive to position 

effects (Kelley and Kuroda, 2003). However, lines with particularly low levels of /3-

galactosidase activity have eye colour comparable to that of lines exhibiting high levels 

of activity. This indicates that these position effects may be stage or tissue specific, 

rather than representing general heterochromatin repression. 

Autosomal lines have equal COplCS of the reporter construct in females and males. 

Homozygous X-linked lines have twice the number of copies in females as in males. 

1 2 1  



Despite this difference in copy number, the X-linked lines have female to male activity 

ratios equivalent to those of the autosomal lines that have the same level of transgene 

expression (Figure 24) . This suggests that the single male copy of the X-l inked P-/acZ 

transgene is producing the equivalent output of two autosomal copies, indicating 

hypertranseription by the MSL complex. The presence of active MSL complex on two 

of these X-linked transgenes was subsequently confirmed using chromatin 

immunoprccipitation (section 6) . 
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Figure 24. The female to male activity ratio i s  proportional to the level of  male 

activity 

CA) The mean female/male B-galactosidase activity ratio in blue-food staged third instar 

larvae graphed against mean male B-galactosidase activity/gene copy for X-linked and 

autosomal P-lacZ, P *-lacZ, 1-lacZ-J2 and l-ann-lacZ-12 transgenic fly l ines. 95% 

confidence intervals are indicated for 3 experiments. CB) As in panel CA) but corrected 

for the difference between the X-linked and autosomal arm-IacZ female/male ratios in 

larvae. The trendlines are based on the autosomal P-lacZ lines. 
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Dose Mean Female/ Mean male 
Male ratio activity/copy 

Construct location Male Female n l ofactivitl 
arm-lacZ 68D33 (A) 3 0.74±0.084 1 .44±0.09 
arm-IacZ 70B3 (A) 3 0 .80±0.04 1 .43±0.03 

arm-lacZ 6207 (A) 3 0.8 1±0 .06 O .99±O.O2 

arm-IacZ 79A4 (A) 2 2 3 0.70±O.04 1 .48±0.O6 

arm-IacZ 4504 (A) 2 2 3 0. 82±O.03 1 .77±0.02 

arm-lacZ 1 008 (X) 1 2 3 1 .07±0.04 2 .09±0.0 1 

pgd-lacZ 3 (A) 2 2 5 0 .73±0 .08 0 .04±0.00 

pgd-IacZ X 2 3 1 .09±0.07 O. l 8±0.02 
l-arm-lacZ-12 57A6 (A) 2 2 3 1 .40±0.20 7 .S0±0.48 
l-arm-lacZ-12 2 1 A2 (A) 2 2 3 1 .50±O . 1 1  6 .89± 1 .62 
l-arm-lacZ-12 23A3 (A) 2 2 3 1 .63±0. 1 2  6.73± 1 .66 
l-arm-lacZ-12 75F6 (A) 2 2 3 1 .02±0.2S 1 1 .65±0.92 

l-arm-lacZ-12 1 9C3 (X) 2 6 1 .6 1 ±0 .20 1 3 . 1 2±0.97 

l-lacZ-12 47A 1 3 (A) 2 2 3 0 .90±O.09 1 8 .47± 1 .77 

1-1acZ-12 X 5 2 3 2 .32±0 . 1 3  24.87±3 .47 

P-lacZ 2 (A) 3 1 .0 1 ±O. 1 2  1 5 .96±0.73 
P-lacZ 50C 1 7  (A) 3 1 .20±0.20 1 1 .96±2.46 
P-lacZ 83Al  (A) 3 I .2S±0. 1 3  1 2 .27± \ '02 
P-lacZ 65E8 CA) 2 2 3 1 . 53±0.09 5 .65±0.9 1 
P-lacZ 39Al (A) 2 2 5 1 .8S±0.30 2 .3S±0.83 
P-lacZ 9B4 (X) 2 7 1 .74±0 .33 1 \ .6 1± 1 .42 
P-lacZ 1 9E7 (X) 2 6 2 .0 1±O.38 4 .27± 1 .0 1 
P-lacZ 1 2A2 (X) 2 7 2.42±O.59 9.62±2.78 

P *-lacZ 75046 (A) 3 1 .35±O.35 8 .86±0.93 
P *-lacZ 3 (A) 1 3 1 .82±0 .SS  0.90±0.40 
P *-lacZ 9B 1 2  (X) 2 3 1 .69±O.06 1 6.73±0 .80 
P *-lacZ 406 (X) 2 3 1 .4 1 ±O.07 6.02± 1 .63 

Table 25. Mean male and female tJ -galactosidase activities and ratios in 

bromophenol blue-staged third instar larvae 

I Number of independent experiments 

2 l OO!lOO min- I !lg protein-I 

3 This l ine contains 2 insertions of the transgene. 
4 95% confidence intervals are indicated. 

5 This line may contain > 1 insertion of the transgene and is not included in Figure 24. 

6 This l ine may contain > 1 insertion of the transgene. 

Mean female 
activity/copy 

1 .06±0. 1 2  

1 . 1 4±0.04 

O.8 1 ±O.O7 

1 .04±0.O7 

1 .45±0.O6 

1 . 1 2±0.03  

0 .03±0.00 

O. l O±O.OO 

9.00±2. 1 7  

1 0 .27± 1 .6 1  

1O .87±2 .02 

1 1 .83±2 . 55  

1 0 .48± 1 .04 

1 6.5S±2 . 1 3  

28 .86±4 .7 1 

1 6 . 1 0±2 .04 

1 4 . 1 S±0 .49 

1 5 .26±0 .32 

8 .70± \ '77  

4.26± 1 .42 

9.76±0 .88 

4 .0S±O.29 

1 0.4 1 ± 1 .42 

1 1 .78± 1 .76 

1 .50±0.2 8  

1 4 . 1 4±O.34 

4 .27± I .0 8  
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Sample 

Whole 

larvae 

Fat body 

Sex 

Male 

Female 

Male 

female 

Mass protein (/lg) 

1 40 .58 

1 45 . 3 5  

1 3 l .69 

1 83 . 87 

1 85 . 1 9  

1 73 . 1 7  

63 . 2 1  

67. 65 

58 .27 

48. 72 

47.74 

43 . 29 

Mean protein (/lg) 

1 39 .20 

1 80 .74 

63 .05 

46.58  

Proportion 

m fat 

protein 

body 

compared to whole 

larvae 

45 .29 

25 .77 

Table 26. Fat body and whole larval protein levels in male and female third instar 

larvae 

Fat bodies from single male and female third instar larvae aged on bromophenol blue 

food were dissected in triplicate. The mass of protein in these fat bodies was measured 

and compared to that of single whole male and female third instar larvae in triplicate. 

The proportion of protein in the fat body relative to the overall level of protein in the 

whole larvae is shown. 

4.5.2 Mutation of a putative DSX binding site in the Lsp J a  p romoter does not 

reduce female promoter activity 

The upregulation in activity of the Lsp J  a promoter could be due to the sex-specific 

transcription factor Doublesex (DSX) that is known to regulate female-specific 

promoters (Coschigano and Wensink, 1 993) . A putative Doublesex (DSX) binding site 

exists in the promoter of Lsp J a (tgtACAAcgtggc) . This site was identified by analysis 

of the 593 bp LspJ a promoter using the Genomatix MatInspector, which identi fies 
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putative transcription factor binding sites . D SX induces female-specific upregulation of 

the yolk protein genes (Coschigano and Wensink, 1 993). In order to determine whether 

DSX induces upregulation of the Lsp J a promoter in females, the putative DSX binding 

site was mutated by PCR mutagenesis (section 4. 1 . 1 .2) and inserted upstream of the 

reporter gene, lacZ (section 4 . 1 .3) .  Both X-linked and autosomal transgenic P *-lacZ fly 

lines exhibit female-specific upregulation equivalent to that of P-lacZ, I-ann-lacZ-f2 

and I-lacZ-I2 lines (Table 25 ,  Figure 24), indicating that this putative DSX site is not 

responsible for the sex-specific difference in the regulation of the Lsp J  a promoter. 

4.5.3 LspJa promoter activity is reduced by overexpression of MSL2 

Sex-specific regulation of the LspJ  a promoter could be duc to regulation by a member 

of the MSL complex. For example, MLE regulates roX2 expression (Lee et al. , 2004) 

and M SL2 regulates expression of both of the roX genes (Amrein and Axel, 1 997; 

Meller et al. , 1 997; Rattner and Meller, 2004). In order to determine whether the LspJ a 

promoter is capable of responding to the MSL complex, flies in which MSL2 is 

expressed under the control of the hsp83 promoter were crossed to X-linked and 

autosomal P-lacZ, I-arm-lacZ-I2 or ann-lacZ l ines (section 2 . 5 .2 .5). The progeny of 

these crosses all have a single eopy of the transgene and either carry hsp83-MSL2 or a 

GFP marker. (3-galactosidase activity of  male and female GFP and hsp83-MSL2 third 

instar larvae was examined in X-linked and autosomal arm-lacZ, P-lacZ and /-arm­

lacZ-12 lines. As expected, the presence of M SL2 in male larvae does not affect 

expression of X-linked or autosomal arm-lacZ, P-lacZ or /-ann-lacZ-/2 transgenes 

(Table 27) .  However, in females MSL2 increases X-linked arm-lacZ expression to ca. 

1 .7-fold (MSL2++ female/ WT -GFP female ratio, Table 27), demonstrating that the 

presence of MSL2 in females is sufficient to induce dosage compensation of an X­

linked transgene. This is consistent with previously published data showing the 

expression of  MSL2 in females is sufficient to induce formation of the MSL complex 

and its subsequent targeting to the X chromosome (section 1 .5 . 3) .  Unexpectedly, MSL2 

expression in females causes a ca. 2-fold decrease in the expression of both X-linked 

and autosomal P-lacZ and I-arm-lacZ-f2 transgenes (MSL2++ female/ WT -GFP female 

ratio, Table 27). Based on the 95% confidence intervals ,  these MSL2++ female/GFP 

female ratios are significantly less than the expected ratio of one (Table 27) .  
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The simplest explanation for this finding is that the Lsp J  a promoter is regulated by the 

MSL complex, or by an individual component of the complex. The former possibility 

seems unlikely as chromatin immunoprecipitation data indicates that Lsp 1 a is not 

regulated by the MSL complex (section 6). Hence the most straightforward explanation 

is that Lsp J  a is directly repressed by M SL2, independently from the MSL complex. An 

alternative possibility is that a component of the MSL complex, but not the entire 

complex itself, partially protects the Lsp J a promoter from position effects, and that this 

component is sequestered by the MSL complex in males. In females ectopically 

expressing MSL2, the MSL complex forms and also sequesters this component of the 

MSL complex. 

Mean ratio of activity ( 1 00f.tOD min'! f.tg protein'!) 

MSL2++t MSL2++ MSL2++ WT (GFP) 

male! female! male! male! 

WT (GFP) WT (GFP) MSL2++ WT (GFP) 

Construct location male female female female 

P -lacZ 9B4 (X) 
, 

O.89±O.O9- O.S4±O.06 l . S 8±0.29 O .96±0.07 

P -lacZ 1 2A2 (X) 1 .20±0.2 1 OA4±O. 1 3  1 . 93±0 .79 O.67±0. l S  

P-lacZ 1 9E7 (X) 0.94±0. 20 0 .S3±O .28  1 .2 9±0.20 O.74±OA4 

P-lacZ 6SE8  CA) 1 .36±O.09 O.38±O. 1 3  1 AS±OAO O .39±O.09 

P -lacZ 39A l (A) 1 .22±O. 1 1  O.30±O . 1 3  1 .99± 1 .02 OA3±0 .OS 

I-arm-lacZ-I2 23A3 CA) 1 . 1 2±O. 1 O  O .S7±O. 1 2  1 .24±0. 1 6  O.62±0.06 

arm-lacZ 79A4 (A) l . OO±O. 1 0  1 .20±O. l S  1 . 1 9±0. 1 4  1 .43±O. 1 7  

arm-IacZ 1 008 (X) 1 .O2±O.O9 1 . 66±O. 1 1  1 .  1 8±0.07 1 . 93±0.22 

Table 27. Mean �-galactosidase activity ratios in staged-third instar larvae 

overexpressing MSL2 

All ratios are from flies heterozygous or hemizygous for the construct i. e. carrying one 

copy of the transgene. 

1 MSL2++ flies carry the hsp83-MSL2 transgene. 

2 95% confidence intervals are indicated for three independent experiments. 
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4.5.4 The LspJ a promoter is upregulated by overexpression of MSLl,  but not by 

other components of the MSL complex 

Four members of the MSL complex, M SL l ,  MSL3, MLE and MOF, were tested as 

potential regulators of the Lspl  a promoter. Flies in which these individual MSL 

proteins arc expressed at high levels were crossed into two autosomal P-IacZ lines 

subject to strong position effects, which exhibited corresponding high female to male 

activity ratios (sections 2 . 5 .2 .6, 2 . 5 .2 .7 ,  2 . 5 .2 .8 ,  2 .5 .2 .9) .  If an individual MSL protein is 

responsible for protecting the Lspl  a promoter from position effects, the promoter 

should be more active in males that express the MSL protein, if the levels of this MSL 

arc l imiting due to it being sequestered into the MSL complex. Activity in females 

expressing the MSL protein could also increase, as although females have higher B­

galactosidase than males in these l ines, the activity is still much less than that of other 

transgenic l ines. All the progeny of these crosses carry onc copy of the autosomal 

transgene and either the MSL transgene under the control of the hsp 70 promoter, or a 

GFP balancer chromosome. In general, B-galactosidase activity levels in the P-IacZ 

larvae overexpressing some of the MSL proteins were quite variable (Table 28, 95% 

confidence intervals in MSL I and MLE P-IacZ larvae). This variability was not 

observed with the control arm-lacZ transgene, and is consistent with the relief of 

position effects on the P-lacZ transgene in some, but not all, cells overexpressing the 

MSL protein, as in variegated or mosaic phenotypes. Despite this variabili ty, some 

general trends can be observed. Overexpression of MSL I ,  but not MSL3 , MLE or 

MOF, increases Lspl a promoter activity in both male and female P-lacZ larvae (Table 

28) .  This increase is statistically significant (p<0.025) in male P-lacZ:65E8 larvae, but 

is not sufficient to equalize the activity to levels of WT (GFP) females. A significant B­

galactosidase activity increase was not observed in male P-lacZ:39A l  larvae expressing 

hsp70-MSLl compared to WT (GFP) males. However, female P-IacZ:39A l larvae 

expressing hsp 70-MSLl did show a significant increase in B-galactosidase activity 

compared to WT (GFP) females. An increase in the activity of an autosomal arm-lacZ 

transgene in female larvae overexpressing MSL I or MLE is also observed. While 

statistically significant, this difference is unlikely to be of b iological importance as the 

difference between 1 .44 ± 0.09 and 1 .32  ± 0.02, or 1 .24 ± 0.02 and 1 . 1 9 ± 0.03 is very 

low. These differences are statistically significant only due to the low errors in these 

experiments. It is possible that the P-IacZ:39A l  l ine, which has a lower level of male 
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activity than the P-lacZ:65E8 line, may be subject to stronger position effects. 

However, MSL 1 expression was not sufficient to increase male expression to that of 

WT females in the P-lacZ: 65E8 line, and it is probable that another component is  

required for the partial protection of the promoter from position effects. Furthermore, an 

X-linked P-lacZ transgene does not exhibit significantly lower activity in msll mutant 

females compared to non-mutant females (ratio of mslI L6°lmsllL60 female to mslIL60 
IGFP female activity is O .93±O.26 in the P-lacZ:9B4 l ine) . This indicates that MSL l 

alone is not sufficient for any protection of the Lsp 1 a promoter from position effects. 
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location 
Mean activity ( l OOIlOD min"! Ilg protcin"l) 

construct 
MSL l ++ male MSL 1 ++ female GFP male GFP female 

P-lacZ 65E8 (A) 3 . 1 9±O. 821 6 . 1 l ±0.6 1 1 .97±0.07 6 . 1 3±0. 5 0  

P-lacZ 39Al (A) 2 .28±O.44 5 .33±0 .88 1 .66±O.28 2 .S6±O.23 

ann-lacZ 79A4 (A) 1 .92±O. 1 1  1 .44±0.09 1 .  77±0.04 1 .32±0.02 

MSL3++ male MSL3++ female GFP male GFP female 

P-lacZ 65E8 (A) 3 .09±O.33 

P-lacZ 39A l (A) l . SO±O.25 

ann-lacZ 79A4 (A) 1 .60±O.07 

MLE++ male 

P-lacZ 65E8 (A) 1 .74±0.48 

P-lacZ 39A I (A) 1 . 1 3±O.64 

ann-lacZ 79A4 (A) 1 . 7 l±O.03 

MOF++ male 

P-lacZ 65E8 (A) 2 .32±O.3 5  

P-lacZ 39A l (A) O . 85±O. 3 1  

ann-IacZ 79A4 CA) 1 . 8 1±O.06 

5 . 1 6±0.85 

2 . 1 7±0.04 

0 .95±O.04 

MLE++ female 

4. 85±0.45 

2 .30± 1 .0 1  

1 .24±0 .02 

MOF++ female 

6.28±0. 1 7  

2. 1 7±OAO 

1 .  1 4±0.03 

2 .9S±O.28  5 .77± 1 . 1 8  

1 .2S±0. 1 9  2 .S4±O .68  

1 .50±O. 1 5  1 .03±O .O 1 

GFP male GFP female 

1 .7 1 ±O.20 5 .38±0.9 1 

0 .76±OA3 1 . 82±0. 74 

1 .64±O.07 1 . 1 9±0 .03 

GFP male GFP female 

2 .65±O.77  5 . 96±0.23 

0 .76±O.23 2 . 8 l ±0.98 

1 .75±O.07 1 . 1 6±0.04 

Table 28. Mean � -galactosidase activities in autosomal arm-lacZ and P-lacZ 

staged-third instar larvae overexpressing MSLl ,  MSL3, MLE or MOF 

All activities are from male (M) and female (F) fl ies heterozygous for the construct, i. e. 

carrying 1 copy of the lacZ transgene. The mean activity in larvae expressing an MSL 

was significantly higher than the mean activity of  GFP larvae by T -test analysis 

[t( 1 6)=X; p<O.025] in the underlined samples. 

1 95% confidence intervals are indicated. 
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4.6 Summary of the promoter activity results 

The Lsp 1 a promoter exhibits increased activity in female larvae in comparison to male 

larvac. The level of increased female promoter activity is dependent on the expression 

level of the transgenc. Transgenes with a high level of expression show little difference 

in promoter activity between male and fcmale larvae. Contrastingly, transgenes that are 

expressed at lower levels have significantly higher levels of activity in female larvae 

relative to male larvae. Significantly, the activity of the Lspl a promoter is decreased ca. 

two-fold in the presence of MSL2. The activity of the promoter is slightly increased in 

the presence of MSL 1 .  The significance of these findings is discussed further in chapter 

8 .  
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5 ATTEMPT TO I NTRODUCE REPORTER GENES INTO T HE 
ORF OF LSPJa IN VIVO 

Attempts were made during the course of this study to introduce vanous reporter 

constructs into the Lsp 1 a gene in its natural position on the X chromosome using 

homologous recombination. This would have enabled the level of LspJ a expression 

relative to the LspJ a-IacZ transgenes to be determined. It would also have enabled 

direct targeting of the MSL complex via chromatin entry sites into Lsp J a in order to 

determine whether this induced dosage compensation and resulted in equal levels of 

male and female expression. The constructs required to target a reporter construct into 

LspJ a consist of a 9.4 kb LspJ a genomic region inserted within a homologous 

recombination targeting vector (Figure 25) .  This vector consists of site-specific 

endonuclease and recombinase recognition sites that flank the genomic sequence and 

reporter construct. Expression of the endonuclease and recombinase in flies carrying the 

targeting construct should result in its excision and recombination within the Lsp I a 

region on the X chromosome. Marker genes were inserted in the open reading frame 

(ORF) of LspJ a within the targeting construct to identify potential recombinants. Two 

marker genes were tested with an eye-specific or  constitutive promoter controlling a 

gene encoding a fluorescent protein. In addition the construct containing the eye­

specific marker contained a lacZ reporter gene controlled by a constitutive promoter to 

quantify gene expression. Unfortunately attempts with both of these constructs were 

unsuccessful . The potential reasons for this lack of success arc discussed in the 

following sections. 

5.1  Homologous recombination construct for insertion of arm-lacZ into 

the LspJ a ORF 

5.1 . 1  Genomic region between CG2560 and CG2556 into pGEM®-T Easy 

The genomic region between the middle of the ORF of CG2560 and the middle of the 5 '  

UTR o f  CG2556 was amplified by long range PCR with the CG25 600RFF and 

CG25565'UTRR primers (section 1 0. 1 ) from Drosophila y w genomic DNA (method 3 :  

annealing temperature o f  5 5 °C: 35X). The 94 1 3  b p  product obtained was gel purified, 

ligated directly into the pGEM®-T Easy vector (Promega), and transformed into DH5a 
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E. coli cells. The identity of this clone was confirmed by restriction endonuclease 

digestion and sequencing. This fragment is referred to as the 9A kb LspJa.  genomic 

regIOn. 

5. 1 .2 Insertion of GMR-3xP3-DsRed-hsp 70polyA into pCaSpeR-arm-pgal 

StuI/NotI 

The 1 .6 1  kb GMR-3xP3-DsRed-hsp 70polyA reporter construct was excised from 

pB/SCS-GMR-3xP3-DsRed-hsp70polyA-SCS' (provided by Asela Attapatu, Massey 

University) with NotI and San, and blunt-ended using Klenow polymerase followed by 

gel purification. This fragment was l igated into pCaSpeR-arm-�gal StuIlNotI (section 

4 . 1 .5) that had been digested with PstI and blunt ended using T 4 DNA polymerase, and 

transformed into DH5a E. coli cells .  Clones in which GMR-3xP3-DsRed-hsp 70polyA 

was in the same orientation as arm-lacZ were selected by restriction endonuclease 

digestion and confirmed using sequencing with the armlacZNotIseq scquencing primer 

(section 1 0. 3) .  The GMR-3xP3-DsRed marker gene is strongly expressed in the eye and 

is detected using fluorescence microscopy with the SZX-FRFP l red fluorescence fi lterl 

set attached to the SZX-RF A3 fluorescence illuminator on the SZX 1 2  stereomicroscope 

(Olympus). 

5.1 .3 Replacement of GH02424 cDNA with PstI - NotI linker in pOT2/GH02424 

The ehloroamphenicol-resistant plasmid pOT2 containing the GH02424 eDNA was 

digested with PstI to remove the cDNA insert, C[P treated, and gel purified. The 

polynucleotide kinase-treated PstI - NotI linker (section l OA) was ligated into the 1 .607 

kb pOT2 vector, and transformed into DH5a E. coli cells. Clones in which the l inker 

had inserted correctly were identified by restriction endonuclease digestion. The 

resulting plasmid was named pOT21NotI. 

5.1 .4 Insertion of the 9.4 kb LspJa genomic region into pOT2 

In order to utilize the FspI site in the Lsp J  a open reading frame, it was necessary to 

transfer the LspJ  a genomic region into a plasmid that lacked this restriction 

endonuclease site. pOT21NotI does not contain a FspI restriction endonuclease site. The 

9 A kb Lsp J a. genomic region was excised from the pGEM®-T Easy vector (Promega) 

I Excitation filter: 5 20-550nm. Barrier filter: 5 8 0nm. 
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using NotI and gel purified. This fragment was l igated into pOT21NotI that had been 

digested with NotI , CIP treated and gel purified. This was transformed into DH5a E. 

coli cells. The identity of this clone was confirmed by restriction endonuclease 

digestion. 

5.1 .5 Insertion of the arm-lacZIGMR-3xP3-DsRed-hsp 70polyA reporter genes into 

the Lsp J  a open reading frame 

The ann-lacZIGMR-3xP3-DsRed-hsp 70polyA dual reporter cassette was inserted into 

the single FspI restriction endonuclease site within the open reading frame of 

LspJ a within the 9.4 kb genomic fragment in pOT2 . The ann-IacZIGMR-3xP3-DsRed­

hsp 70polyA construct was excised from pCaSpeR-arm-pgal StuIlNotI using NotI and 

StuI, blunt ended using Klenow polymerase and gel purified. This was ligated into 

pOT21NotI carrying the 9.4 kb Lspl a. genomic region that had been digested with the 

blunt-cnd cutter FspI , CIP treated and gel purified. The l igation reaction was 

transformed into DH5a E. coli cells. Clones carrying the reporter genes within the 

Lsp 1 a open reading frame in the same orientation as Lsp 1 a were identified using 

restriction endonuclease digestion. Clones in which the pCaSpeR fragment had inserted 

rather than the arm-IacZIGMR-3xP3-DsRed-hsp 70polyA construct were identified by 

growth on LB media containing ampicillin, and discarded. 

5.1.6 Insertion of the 9.4 kb LspJ a genomic region carrying the arm-lacZIGMR-

3xP3-DsRed-hsp 70polyA reporter genes into the pW30 homologous 

recombination vector 

The pW30 plasmid (Gong and Golic, 2003) consists of F RT site-specific recombinase 

sites in the same orientation flanking sites for the I-Sce site-specific endonuclease. 

These FRT and I-SceI sites surround a multiple cloning site that includes a NotI 

restriction endonuclease site (section 1 0.5 . 1 3 ) .  A Not! restriction endonuclease site was 

regenerated at the 3' end of the ann-lacZIGMR-3xP3-DsRed-hsp70polyA reporter gene 

cassette after insertion into the Lsp 1 a open reading frame, hence partial digestion was 

used to separate the genomic fragment/reporter cassette from pOT2. Partial digestion 

with NotI followed by gel purification was used to separate the 1 7 . 1  kb cassette 

containing the 9.4 kb Lspla. genomic region with the arm-IacZIGMR-3xP3-DsRed­

hsp 70polyA reporter genes from the smaller restriction endonuclease digestion products 
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including the 1 .6 kb pOT2 vector. This 1 7 . 1  kb NotI fragment was ligated into pW30 

that had been digested with NotI, CIP treated and gel purified. The ligation reaction was 

transformed into DH5a E. coli cells. C lones carrying the 1 7. 1  kb fragment in pW30 

were identified by restriction endonuclease digestion. Clones in which the entire 1 8 .6 kb 

plasmid had inserted into pW30 were identified by growth on LB-media contain ing 

chloroamphenicol, and discarded. The position of the arm-lacZIGMR-3xP3-DsRed­

hsp 70polyA reporter gene cassette within Lsp 1 a was confirmed by sequencing with the 

armlacZStuIRevseq, GMR-DsRedFseq and GMR-DsRedFseq2 sequencing primers 

(section 1 0.3 ) .  As expected, the reporter gene cassette had inserted exactly within the 

FspI site of  L.)pi a. This plasmid is referred to as pW30-Lsp l n-armlacZ/GMR-3xP3-

DsRed (Figure 25) .  

5.2 Homologous recombin ation construct for insertion of arm-EGFP 

into the ORF of Lspl a 

5.2. 1  Replacement of  lacZ-SV40 with the Asp 718 - PsII Iinker 

The lacZ-SV40 reporter gene of pCaSpeR-arm-pgal (Vincent et af. , 1 994) was excised 

with Asp7 l 8  and PstI, and the resulting fragment gel purified. The Asp7 1 8-PstI linker 

(section l OA) containing the BamHI, BglII, NheI and NotI restriction endonuclease sites 

between the Asp7 1 8  and PstI cohesive ends was ligated into the cut vector. This l igation 

reaction was transformed into DH5a E. coli cells, and clones carrying pCaSpeR-arm­

pgal with the Asp7 l 8-PstI linker in place of the missing lacZ-SV 40 reporter gene were 

identified by restriction endonuclease digestion. This plasmid was named pCaSpeR­

arm. 

5.2.2 Replacement of Pub p romoter in pB[PUbnlsEGFP] with armadillo 

promoter 

The polyubiquitin promoter of pB[PUbnlsEGFP] (Handler and Harrell ,  200 I )  (section 

1 0. 5 . 1 1 ) was excised with EcoRI and BamHI,  and the resulting 6 1 1 7  bp fragment 

retaining the EGFP ORF gel purified. The 1 79 1  bp armadillo promoter from pCasper­

arm was excised using EcoRI and BamHI and gel purified. The 1 79 1  bp armadillo 

EcoRIIBamHI fragment was directionally ligated into pB[PUbnlsEGFP] missing the 

Pub promoter, and transformed into DH5a E. coli cells .  Clones in which armadillo was 

in the same orientation as EGFP were selected by restriction endonuclease digestion 
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and confinned using sequeneing with the annlacZNotIseq sequencing primer (section 

1 0.3 ) .  

5.2.3 Insertion of the arm-EGFP reporter gene into the LspJa open reading 

frame 

The 3 . 8  kb arm-EGFP reporter cassette was released from pB[nlsEGFP] by digestion 

with ClaI and EcoRI, b lunt ended with T4 DNA polymerase and gel purified. This arm­

EGFP cassette was ligated into the unique F�pI site of the 9.4 kb genomic fragment in 

pOT2 (section 5 . 1 .4), and transformed into DH5a E. coli cells. C lones carrying arm­

EGFP within the Lsp 1 a open reading frame were identified using restriction 

endonuclease digestion. Clones in which the pCaSpeR fragment had inserted rather than 

the arm-EGFP construct were identified by growth on LB media containing ampici llin, 

and discarded. 

5.2.4 Insertion of the 9.4 kb Lspl a genomic region carrying the arm-EGFP 

reporter gene into the pW30 homologous recombination vector 

The pW30 plasmid (Gong and Golic, 2003) consists of FRT site-specific recombinase 

sites, in the same orientation, flanking sites for the I -Sce site-specific endonuclease. 

These F RT and I-ScC! sites surround a multiple c loning site that includes a NotI 

restriction endonuclease site (section 1 0. 5 . 1 3) .  A NotI restriction endonuclease site was 

present within the arm-EGFP reporter cassette, hence partial digestion was used to 

separate the genomic fragment/reporter gene from pOT2. The 1 3 .2 kb NotI cassette 

containing the 9.4 kb L�pla. genomic region with the arm-EGFP reporter gene was 

excised by partial digestion with NotI, and separated from the smaller restriction 

endonuclease digestion products including the 1 .6 kb pOT2 vector by gel purification. 

This 1 3 .2  kb NotI fragment was ligated into pW30 that had been digested with NotI, 

CIP treated and gel purified. The l igation reaction was transformed into STB2™ E. coli 

cells ( 1 0268-0 1 9; GibcoBRL/Life Technologies) . This c loning step was carried out 

using STB2™ E. coli cells ( 1 0268-0 1 9; GibcoBRLlL ife Technologies) to prevent 

plasmid rearrangement due to the presence of repetitive DNA e lements such as the FRT 

sites within the plasmid. Clones carrying the 1 3 .2 kb fragment in pW30 were identified 

by restriction endonuclease digestion. Clones in which the entire 1 4.8 kb plasmid had 

inserted into pW30 were identified by growth on LB-media containing 

chloroamphenicol, and discarded. The position of the arm-EGFP reporter gene cassette 
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within Lspl a was confirmed by sequencing with the armlacZStuIRcvseq, Lsp 1 a l  020F 

and Lsp l a1 468R sequencing primers (section 1 0 .3) .  As expected, the reporter gene 

cassette had inserted exactly within the FspI site of Lsp J a. Sequencing with the pw30-

545F and pw30- l 276R sequencing primers (section 1 0 .3)  was used to confirm that these 

F RT and I-SceI sites were intact, and the pW30 sequence was identical to that received 

from Kent Golic. This plasmid is referred to as pW30-Lsp l a-armEGFP (Figure 25) .  

The ann-EGFP marker gene is expressed in all developmental stages but is most easily 

detected during the third instar larval stage using fluorescence microscopy with the 

SZX-FGFP green fluorescence filter l set attached to the SZX-RFA3 fluorescence 

i l luminator on the SZX l 2  stereomicroseope (Olympus) . 

I Excitation filter: 460-490nm. Barrier filter: 5 1  Onm. 
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CG2560 Lsp 1 a CG2556 

m I 11 
CG 1 5730 

B 

a) GMR-3X3P-OsRed-hsp70polyA 

b) a rm -EGFP 

pW30 

Figure 25. Schematic of homologous recombination constructs 

(A) The 9.4 kb Lspl a region begins within the ORF of CG2560 and extends to the 5' 

UTR of CG2556. Exons (black) and introns (white) are indicated for each gene in the 

region. (B) Schematic of the p W30-LspJ a-armlacZIGMR-3xP3-DsRed (a) and p W30-

Lsp l a-armEGFP (b) constructs. These plasmids contain the arm-lacZIGMR-3XP3-

DsRed (a) or ann-EGFP (b) reporter genes inserted in the ORF of Lspl a within the 9.4 

kb Lsp J  a region inside the pW30 plasmid, flanked by F RT and I-Sce! sites. 
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yl  w*; hs-FLP, hs-I-SccI nocsco ¥ 
CyO, S2 

X 1 *  + :Ji Y w ;  w -pW30-[GMR-3xP3 -DsRed] 0 

1 heat shock day 3 

/ w* ; w+-pW30-[GMR-3xP3-DsRed] ¥ X yl  w; __ --==L'-2 ___ c3 
hs-FLP, hs-I-SccI nocsco 

1 
CyO, pr cn2 y+ 

If homologous recombination is successful 

yl w* [GMR-3xP3 -DsRed] ; hs-FLP, hs-I-SceI nocsca c3 
y CyO, pr cn2 y+/ L2 

OR 
I • Sea 0 y w [GMR-3xP3-DsRed] ; hs-FLP, hs-I-SceI noc -f 

/ w  CyO, pr cn2 y+/ L2 

Figure 26. Homologous recombination crossing scheme 

All female flies shown in the crossing scheme are virgins. The crossing scheme is 

identical to that used for the p W30-Lsp l a-armEGFP transformant lines. Virgin females 

expressing the FLP recombinase and I-Sce! endonuclease under the control of heat 

shock (hs) promoters are crossed to males homozygous for the targeting construct. The 

progeny of this cross arc heat shocked on day 3 to induce expression of the FLP 

recombinase and I-Scel endonuclease. Homologous recombination i s  much more 

efficient in the female germ line compared to the male germline, thus females are used 

for the second generation of the cross. If homologous recombination occurs, the GMR-

3xP 3-DsRed cassette within the FRT and I-Sce! sites will be excised from the second 

chromosome and integrated within the Lsp J  a ORF on the X chromosome. Thus the 

DsRed and mini-white eye colour markers will segregate, and any w- DsRed+ offspring 

will be potential candidates for successful homologous recombination. 
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5.3 The DsRed marker is not visible in p W30-LspJ a-armlacZIGMR-

3xP3-DsRed transgenic fly lines 

Two separate crosses between flies with wild-type eye colour (red) and flies carrying 

the GMR-3XP3-DsRed transgene prior to the initiation of this phase of the project 

indicated that while the wild-type red eye colour masks DsRed expression in the eye 

itself, DsRed expression is observed in the oscilli of flies carrying the transgenic 

marker. Hence DsRed was considered a suitable marker in conjunction with mini-white 

for homologous recombination. 

A single line was obtained carrymg the p W30-LspJ a-annlacZIGMR-3xP3-DsRed 

transgene on the second chromosome. This l ine was identified by expression of the 

mini-white marker gene. However, DsRed expression in the oscilli of the transgenic fly 

line generated carrying the p W30-LspJ  a-annlacZIGMR-3xP3-DsRed construct was not 

observed. Larval DsRed expression was not observed in this line, or in control lines 

expressing GMR-3XP3-DsRed transgenes. It is possible that the DsRed expression in 

this line was weaker than in the control l ines, and was masked by the mini-white 

marker. 

5.4 Homologous recombination was not successful with p W30-LspJ a­

armlacZIGMR-3xP3-DsRed transge nic fly lines 

Homologous recombination of the p W30-LspJ a-armlacZIGMR-3xP3-DsRed construct 

was attempted to insert the arm-IacZIGMR-3XP3-DsRed reporter genes into the ORF of 

LspJ  a. The crossing scheme is described in section 2 .5 .2 .3  and shown in Figure 26. In 

brief, induction of the FLP-recombinase should lead to the excision of the arm­

lacZIGMR-3XP3-DsRed cassette, which is cleaved at the flanking I-Sec! sites by the 

expression of the I-SeeI endonuclease. Successful homologous recombination would be 

indicated by segregation of the DsRed and mini-white colour markers. However, no 

progeny expressing DsRed were observed out of  the 4 1 9  examined. I t  is unclear whether 

this was due to the lack of homologous recombination or whether the DsRed reporter 

gene was unable to be expressed. 
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5.5 Homologous recombination was not successful with p W30-Lspl a­

armEGFP transgenic fly lines 

Due to the failure of the homologous recombination attempt using DsRed as a marker, 

an attempt was made using the EGFP marker to determine if it was possible to use this 

method for the purposes of this study. Two transgenic lines carrying the p W30-Lspl a­

annEGFP construct were identified by the presence of the mini-white marker, on the 

second and third chromosomes. Homologous recombination of the p W30-Lsp J a­

annEGFP construct was attempted to insert the ann-EGFP reporter gene into the ORF 

of LspJ  a (section 2.5 .2 .3) .  Successful homologous recombination would be indicated 

by segregation of the GFP and eye colour markers. However, all of the ca. 200 progeny 

examined expressing the arm-EGFP marker (ca. 50% of the total progcny) also had red 

eyes . This is inconsistent with the results describcd in (Gong and Golic, 2003), which 

state that the FLP site-specific recombinase excises the reporter gene flankcd by FRT 

sitcs in 99.6% of thc progeny. 

5.6 The p W30-Lspla-armEGFP construct is not excised by the FLP 

site-specific recombinase 

To determine if the p W30-Lspl a-armEGFP construct could be excised by the FLP site­

specific rccombinase, as predicted by (Gong and Golic, 2003), a transgenic fly line 

constitutively expressing FLP was crossed to two separate transgenic fly l ines carrying 

the p W30-LspJ  a-armEGFP construct (section 2 .5 .2 .4) .  If the FLP recombinase excised 

the intervening DNA between the F RT sites efficiently, then all of thc rcd-eycd progeny 

should no longer exprcss GFP. However, examination of the larval and adult progeny of 

these crosses showed that al l  red-eyed flies still expressed ann-EGFP. To prove that the 

FLP site-speci fic recombinase could excise DNA betwecn F RT sites efficiently, the 

constitutive FLP line was crossed to flies carrying the mini-white eye colour marker 

flanked by FRT sites (section 2 .5 .2 .4) .  As expected, all of the ca. 400 progeny of  this 

cross except one had white eyes. Thereforc FLP is able to excise the DNA from 

between F RT sites efficiently. Sequencing of the p W30-LspJ  a-armEGFP plasmid with 

primers designed within pW30 showed that the FRT and I-Sce! sites of this plasmid are 

intact and match the pW30 sequence obtained from Kent Golic (section 5 .2 .4) .  

Therefore, no  explanation is available for the failure of  the FLP recombinase to excise 

the reporter gene from this construct. However, it is obvious that this excision problem 
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is responsible for the failure of the homologous recombination scheme. It was decided 

not to continue further with this homologous recombination approach because of the 

l imited time available. However, with the benefit of hindsight, a more useful approach 

to this scheme would involve using a piggyBac vector containing the polyuhiquitin­

EGFP marker, with F RT and I-SceI sites flanking LspJ  a genomic DNA in which the 

GMR-3XP3-DsRed marker was inserted. Thus the main source of Drosophila DNA 

would be the LspJ a genomic fragment, whereas pW30 contains the Drosophila x­

linked mini-white and P-elements, which could result in spurious targeting, although 

this is unlikely to prove a problem. "Ends-in" rather than "Ends-out" targeting might 

also be a more successful approach to homologous recombination, as the "Ends-in" 

approach has been used successfully by other labs (Robert Saint, Australian National 

University, Canberra, Australia, personal communications, 2005). Furthermore, it would 

be more interesting to introduce the 1 80 1 0  CES 3 '  of Lsp 1 a to detennine if this could 

recruit MSL complex. Insertion of the lacZ reporter into L.spJ a in frame would also be 

of interest to determine the promoter activity ratio and level in its natural position and 

compare this with the promoter-reporter constructs inserted elsewhere in the genome. 
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6 CHROMAT I N  I MMUNOPRECIPITATION ANALYSIS 

There are two potential explanations for the increased expression of the Lsp 1 a gene in 

female larvae relative to male larvae. Either Lsp1 a is sex-specifically regulated, or i t  

escapes regulation by the MSL complex. Due to the increased Lsp 1 a promoter activity 

observed in many of the Lsp1 a-lacZ transgenes (section 4.5), it is possible that the 

Lsp 1 a promoter is sex -specifically regulated. In order to determine whether the Lsp 1 a 

gene is regulated by the MSL complex at i ts natural position on the X chromosome, 

Lsp 1 a was examined for the presence of the histone modification, H4K 1 6ac, that is  

associated with the MSL complex and is  required for dosage compensation (section 

1 .5 . 5). 

Chromatin immunoprecipitation analysis (ChIP) USIng the anti-H4K l 6ac antibody 

(Serotec) was conducted as described in (section 2 .6.6) on hand-dissected fat bodies 

from male third instar larvae of genotypes P-lacZ:9B4, P-lacZ: 1 9£7 and y w. Male 

larvae were selected to increase the efficiency of the chromatin immunoprecipitation, as 

only the male X chromosome is enriched for the H4K 1 6ac modification. Fat bodies 

from third instar larvae were also selected to increase the immunoprecipitation 

efficiency for Lsp1 a, as the MSL complex is targeted to actively expressed genes and 

Lsp 1 a is exclusively expressed in fat body tissue (Davies et al. , 1 986). 

Several modifications were made to the chromatin immunoprecipitation protocol before 

efficient immunoprecipitation was obtained. Key among these was the use of male fat 

body tissue rather than whole third instar larvae, the addition of the deacetylase­

inhibitor sodium butyrate to all buffers and shorter immunoprecipitation times to reduce 

the effect of proteinases. The improvement to the method of washing as described in 

(section 2 .6 .6) and addition of pre-binding/pre-clearing steps may also have improved 

the fold efficicncies obtained. Most of these modifications were made after advice 

received from Edwin Smith (Rockcfe ller University, 2005 ,  personal communications). 

Nuclei were present following the fat body nuclei extraction procedure as determined by 

cytometer counting and DAPI staining of aliquots (Figure 27) . 
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Efficient chromatin immunoprecipitation requires that the DNA fragments be sheared to 

ca. 500 bp. It was determined that 6 x 30 s of power level 2 . 1 on the VirSonic sonicator 

were required to shear DNA to this size (Figure 28) .  

Although Pgd is expressed in the fat body of third instar larvae, i t  is  also expressed in a 

subset of other cells within the larva (Williamson et aI. , 1 9 80). Hence a fat-body 

specific, X-linked gene was required as a positive control for the level of H4K1 6ac 

enrichment expected on such a gene. Lsd-2 is an X-l inked gene expressed only in the fat 

body of third instar larval and was used as a positive control alongside Pgd in chromatin 

immunoprecipitation analysis of LspJ a (Miura et al. , 2002; Teixeira et aI. , 2003) .  

H4K1 6ac enrichment is only observed for X-linked genes, so the autosomal gene 

glycerol-3-phosphate dehydrogenase ( Gpdh) was used as a negative control as 

described by Smith, Al lis et al. ( 200 1 ) . Al l  primer sets were designed to the 3' end of 

the gene to be analysed, as H4K l 6ac enrichment is greatest at the 3' cnd of the X-linked 

Pgd gene (Smith et al. , 200 1 ) . 

Real-time PCR was conducted on the undiluted immunoprecipitated DNA and l OO-fold 

diluted input DNA as described in (section 2 .6 .6) .  Primers were designed to amplify 1 50 

- 200 bp segments (i. e. the average length of DNA wrapped around a single 

nucleosome, which is ca. 1 47 bp). Most primers were designed to the 3' regions of each 

of the genes to be analysed using the LightCycler Probe Design Software 2 .0  (Roche) . 

Two primer sets were analysed for the X -linked, fat body-expressed gene Pgd: pgdfl 0 

and pgdr l 0 (pgd l O; section 1 0. 1 ) ; pgdfS and pgdrS (pgd5 ; section 1 0. 1 ) . The pgd5 set 

amplifies a fragment within the cds of Pgd, and the pgd 1 0 set amplifies a sequence near 

the 3' end of the gene. One primer set was analysed for the autosomal, constitutively 

expressed gene Gpdh: GpdhF and GpdhR (section 1 0 . 1 ). The Pgd and Gpdh primer 

sequences were identical to those used previously by Edwin Smith and colleagues 

(Smith et aI. , 200 1 ). One primer set was analysed for the X-linked, fat body-specific 

gene Lsd-2: Lsd2- 1 8 1 3F and Lsd2- 1 92 1  R (section 1 0. 1 ) . These primers amplify a 

product within the 3 '  UTR of Lsd-2. Two primer sets were analysed for Lsp l  a: 

Lsp l a 1 884F and Lsp l a2085R (Lsp l a- l ;  section 1 0. 1 ) ;  Lsp l a-2439F and Lsp l a-2559R 

(Lsp l a-2; section 1 0. 1 ). The Lsp l a- l  primer set amplifies a product towards the 3 '  end 

1 It is also expressed in the germ l ine of females . 
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of the Lsp J  a ORF, while the Lspl a-2 set amplifies a product  that spans the end of the 

Lsp 1 a ORF and the beginning of the 3' UTR. One primer set was analysed for lacZ in 

the P-lacZ:9B4 and P-lacZ: 19£7 genotypes only: l acZ-2823F and lacZ-2950R (section 

1 0. 1 ) .  This primer set amplifies a product within the 3' end of the lacZ ORF. Two 

primer sets were analysed for the gene 3' of Lsp 1 a, CG2556: CG2556-5'UTRF and 

CG2556-5'UTRR (CG2556-5'UTR; section 1 0. 1 ) ; CG25 56-3'UT RF and CG2556-

3 'UTRR (CG2556-3'UTR; section 1 0. 1 ) . The CG2556-5 'UTR primer set amplify a 

product within the 5' UTR of CG2556, while thc CG2556-3 'UTR primer set amplify a 

product within the 3' UTR of CG2556.  The correct identity of the product amplified by 

each primer sct was confirmed by sequencing. 

The crossing point was automatically determined by the LightCycler software for each 

PCR reaction in triplicate. The mean crossing point was used in all further calculations, 

as the standard deviation was <0.2 cycles. Fold enrichment was determined by: 

2A( crossing point input test gene � crossing point ChIP test gene)/ 

2A(crossing point input Gpdh - crossing point ChIP Gpdh) . The crossing points for each 

PCR reaction arc given in appendix 1 0.9 .2 and a sample trace for one primer set is 

shown in appendix 1 0.9 . 1 .  The PCR efficiencies were calculated using L inRegPCR 7.0 

software (Ramakers et aI. , 2003). These were generally greater than l . 80, indicating that 

the reaction efficiency for the different chromatin preparations was the same (Table 30). 

Importantly, there was little difference in reaction efficiencies between the ChIP 

template and its corresponding input template. Thus it is valid to calculate the fold 

enrichments for these experiments using the calculation that is described abovc . 

Chromatin immunoprecipitation using the anti-H4K 1 6ac antibody was successful as the 

positive X-linked control genes Pgd and Lsd-2 showed mean enrichments of between 3 

and I O-fold in the 3 different genotypes analysed (Figure 29, Table 29). The mean fold 

enrichment for each gene was highly consistent between the 3 different genotypes 

analysed. The pgd l O  primer set showed higher enrichments of ca. 1 0-fold compared to 

the other primer sets including pgd5 and Lsd-2. This is consistent with the results 

obtained in (Smith et al. , 200 1 ). The fold enrichments obtained using fat bodies were 

ca. 5 fold lower than that obtained using cell culture by (Smith et al. , 200 1 ). Howcver, 

tissue samples are not a homogeneous population of cells, which may decrease the level 

of H4K1 6ac within a particular gene. Furthermore fat body tissue is very rich in 
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enzymes such as proteases and deacetylases, and this may also decrease the efficiency 

of the immunoprecipitation. Despite this, the reproducible nature of the chromatin 

immunoprecipitation data using fat body tissue indicates that the fold enrichments 

obtained are valid for this tissue. 

In the P-lacZ:9B4 and P-lacZ: 1 9E 7  genotypes, lacZ has a mean fold enrichment similar 

to pgd5 and Lsd-2. Thus lacZ under the control of the Lsp J a  promoter in X-linked 

transgenic fly lines is enriched for H4K1 6ac to the same extent as other X-linked genes. 

However, in  all three genotypes, and using both sets of primers, L::,pJ  a has mean fold 

enrichments close to that of Gpdh, indicating that the H4K 1 6ac modification is not 

enriched on this gene. Thus although the 95% confidence intervals for each fold 

enrichment represent two experiments, in essence the control genes and LspJ a were 

analysed six times. Each were analysed twice in each of the three genotypes tested. 

The MSL complex is targeted to actively expressed genes (Sass et al. , 2003), and the 

only gene within the immediate vicinity of LspJ a that is expressed in the same tis sue 

and stage as LspJ  a, is CG2556. In order to determine whether the H4Kl 6ae 

modification, and therefore the MSL complex, was present on the end of this gene 

closest to LspJ  a, the mean fold enrichment of H4K l 6ac on the 5' and 3 '  UTR of 

CG2556 was determined using the CG2556-5 'UTR and CG2556-3'UTR primer sets. I t  

was necessary to  analyze each of these primer sets in immunoprceipitated chromatin 

from the two different P-lacZ l ines due to a lack of remaining immunopreeipitated 

DNA. However, due to the similar fold enrichments obtained for all the other primer 

sets analysed in these two l ines, the fold enrichments from the 5 '  and 3' UTR primer sets 

can be compared. The CG2556-3 'UTR primer set shows a fold enrichment of 1 .93  ± 

0.77, which is lower than that observed for the Pgd, Lsd-2 or lacZ primer sets. However, 

this does indicate that the 3 '  UTR of CG2556 i s  moderately enriched for H4K1 6ac. The 

CG2556-5'UTR primer set show a fold enrichment of 1 . 1 0  ± 0.09, which is more similar 

to that observed for the autosomal gene, Gpdh. This  indicates that the 5' UTR of  

CG2 556 is not enriched for H4K 1 6ac. Despite the low levels of acetylation present of 

the 3' UTR of CG2556, this gene is clearly expressed at equivalent levels in male and 

female larvae (section 3 .7) and is likely to be regulated by the MSL complex. I t  i s  

possible that high levels of H4Kl 6ac are not  required for regulation by the MSL 
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complex, and that this moderate enrichment may be sufficient. It is also possible that the 

enrichment of H4K16ac on the 3 ' end of CG2556 may be due to regulation of the 

neighbouring CGJ J 146 gene by the MSL complex. It has been demonstrated that the 

enrichment in acetylation on X-linked genes may extend beyond the transcription unit 

(Smith et al. , 200 1 ), and the 3' end of the CGJ J 146  and CG2556 genes are adjacent. 

This result differs from the previously published finding that while the H4K1 6ac 

modification is enriched at the 3' end of the X-linked Pgd gene, it is also enriched at the 

5' and promoter regions of X-linked genes such as Pgd and Zw (Smith et al. , 200 1 ) . This 

supports the hypothesis that the MSL complex is absent from the chromosomal region 

immediately surrounding Lsp J a because there is no noticeable enrichment for the 

H4K1 6ac modification until about 1 1  kb downstream of LspJ  a, at the 3 '  end of the only 

gene expressed in the same tissue and at the same developmental stage as 

Lsp J a, CG2556. 
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Figure 27. DAPI stain of fat body nuclei preparation prior to sonication and 

immunoprecipitation. 

The size difference of the nuclei shown (blue) reflect differences in the sizes of larval 

(large) and imaginal cell (small) nuclei and cells. 
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5 00 bp 

1 2 3 4 5 6 7 

Figure 28. Sonication trial of DNA from nuclei prior to chromatin 

immunoprecipitation 

Nuclei were sonicated at power lcvel 2 . 1 on VirSonic for 3 x 1 5  s (lane 2), 6 x 1 5  s ( lane 

3) ,  9 x 1 5  s (lane 4), 1 2  x 1 5  s (lane 5) or 6 x 30 s ( lane 6). One fJ,g of DNA purified 

from these nuclei was electrophoresed on a 5% (w/v) non-denaturing polyacrylamide 

gel at 40V next to 1 00 bp molecular size markers (lane 1 ;  section 2 .6.2 . 1 )  and Lambda 

HindIII/SacII molecular size markers (lane 7 ;  section 2 .6 .2 . 1 ) . Sonication at 6 x 30 s 

resulted in DNA fragments of the optimal size average of 500 bp. 
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Fly Line 

P-IacZ:9B4 

P-/acZ: 1 9£7 

y w  
y w  

Fly Line 

P-lacZ:9B4 

P-lacZ: 19£7 

y w  
y w  

Fly Line 

P-lacZ:9B4 

P-lacZ: 19£7 

Pgd-5 

F.E .  Mean 

5 .62 

4.25 4.93± 1 . 34 

3 .68 

3 .09 3 . 3 8±0.58  

3 . 1 1  

4.02 3 .56±0.89 

Lsp 1 a-2 

F.E .  Mean 

l .  7 1  

1 . 1 8  1 .45±0.52 

l . 1 3  

1 . 1 9 1 . 1 6±0.06 
1 .24 
l . S4 1 . 39±0.29 

CG2556-5 '  VTR 

F.E. Mean 

1 .04 

l . I S 1 . l O±0.09 

Pgd-1 0  Lsp1 a-I 

F.E. Mean F.E. Mean 

1 0. 83 1 . 14 

1 0. 0 1  1 0.42±0. 80 0.99 1 . 06±0. 1 4  

7 .36 0.76 

6 .8 1 7 .08±0.55 0.56 0. 66±0.20 

7 .67 0.32 

8 .46 8.07±0.77 0.65 0.49±0.32 

Lsd-2 lacZ 

F.E.  Mean F.E.  Mean 

4.2 1 3 .66 

2 .96 3 . S9± 1 .22 3 . 1 5  3 .4 l ±0 .50 

3 .00 4. 1 5  

3.40 3 .20±0. 39 3 .7 1 3 .93±0.43 
2.96 
3 . 56  3 .26±0. S9  

CG2556-3 ' VTR 

F.E. Mean 

2 .32 

1 . 54 1 .93±0.77 

Table 29.  Fold enrichment from chromatin immunoprecipitation with anti­

H4K16ac on P-lacZ:9B4, P-lacZ:1 9E7 and y w male third instar larval fat bodies 

9S% confidence intervals are indicated for 2 experiments. Fold enrichment (F .E . )  is 

normalized to Gpdh, which is set to I .  
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Figure 29. M ean fold enrich ment from chromatin immu noprecipitation with a n ti­

H4K1 6ac o n  P-lacZ:9B4, P-lacZ: 19E 7  and y w m ale third instar larval fat body 

nuclei 

Chromatin from male third instar larval fat body nuclei of the appropriate genotype was 

immunoprecipitated with antibody specific for H4K 1 6ac. The fold enrichment of 

immunoprecipitated DNA relative to input DNA is shown with 95% confidence 

intervals indicated for 2 experiments. Fold enrichment is normalized to Gpdh, which is 

set to 1 .  A 3 - 10 fold enrichment is observed for the control genes Pgd and Lsd-2 and 

both X-linked P-lacZ transgenes. A 2-fold enrichment is observed for the 3' UTR of 

CG2556. However, no enrichment is observed for Lsp J a or the 5' UTR of CG2556. 
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Primer set 
Genotype Sample egdlO egd5 Lsd-2 lael Lspla- l  Lsp Ja-2 GPDH 

1 .844 1 .964 1 .929 1 .878 1 .943 1 . 8 1 0  1 .9 1 9  
ChIP 1 .843 2.03 1 1 .930 1 .890 1 .956 1 .832 1 .88 1 

# 1  1 .859 1 .942 1 .930 1 .886 1 .938 1 . 826 1 .888 
1 .860 1 .932 1 .950 1 .892 1 .952 1 .834 1 .886 

Input 1 .843 1 .966 1 .936 1 .900 1 .953 1 .848 1 .902 
# 1  1 .834 1 .9 1 4  1 .922 1 . 887 1 .958 1 .836 1 .86 1 

1 .840 1 .935 1 .939 1 .873 1 .926 1 .8 1 1 1 .876 
ChiP 1 .832 1 .969 1 .928 1 . 896 1 .934 1 .824 1 .876 

#2 1 .829 1 .948 1 .9 1 3  1 .900 1 .938 1 .832 1 .875 
1 .875 1 .925 1 .936 1 .905 1 .963 1 .824 1 .876 

Input 1 .83 1 1 .942 1 .930 1 . 888 1 .944 1 .839 1 .880 
P-Iael: 9B4 #2 1 .8 1 0  1 .933 1 .930 1 . 89 1 1 .964 1 .834 1 .860 

1 .862 1 .953 1 .903 1 .909 1 .934 1 .83 1 1 .888  
ChIP 1 .833 1 .959 1 .927 1 .889 1 .947 1 .844 1 .900 

# 1  1 .844 1 .945 1 .9 1 5  1 .890 1 .966 1 .838 1 .907 
1 .826 1 .933 1 .9 1 5  1 .890 1 .962 1 .8 1 8  1 .886 

Input 1 .836 1 .943 1 .904 1 . 895 1 .954 1 .835 1 .873 
# 1  1 .826 1 .979 1 .902 1 .888 1 .995 1 .822 1 .885  

1 .826 1 .94 1 1 .9 1 8  1 .876 1 .930 1 .807 1 .885  
ChiP 1 .8 1 1 1 .934 1 .892 1 . 877 1 .947 1 .809 1 .872 

#2 1 .825 1 .958 1 .930 1 .90 1 1 .963 1 .827 1 .888 
1 .832 1 .953 1 .878 1 .900 1 .924 1 .808 1 .790 

Input 1 .830 1 .957 1 .899 1 .885 1 .964 1 .8 1 9  1 .903 
P-lacZ: 1 9£7 #2 1 .836 1 .968 1 .934 1 .892 1 .983 1 . 835 1 .908 

negative 1 .822 1 .856 1 .929 1 .892 1 .975 1 .794 1 .920 
1 .830 1 .866 1 .878 1 . 8 1 0  1 . 84 1 1 .880 

ChIP 1 .8 1 4  1 .876 1 .882 1 .806 1 .8 1 7  1 .885  
# 1  1 .849 1 .875 1 .906 1 .783 1 .820 1 .868 

1 .80 1 1 .848 1 .86 1 1 .86 1 1 . 832 1 .888 
Input 1 .822 1 .868 1 .869 1 .83 1 1 .837 1 .895 

# 1  1 .825 1 .87 1 1 .878 1 . 8 1 7  1 . 828 1 .830 
1 .867 1 .855 1 .9 1 6  1 . 800 1 .828 1 .93 1 

Ch IP 1 .850 1 .859 1 .906 1 .7 8 1  1 .842 1 .924 
#2 1 .649 1 .899 1 .895 1 .764 1 .830 1 .938 

1 .802 1 .869 1 .830 1 . 839 1 .780 1 .880 
Input 1 .705 1 .852 1 .909 1 . 856 1 .769 1 .882 

y w  #2 1 .8 1 7  1 .869 1 .920 1 .855  1 . 834 1 .884 
negative 1 .687 1 .883 1 .938 1 .8 1 3  1 .892 

Table 30. peR efficiencies of real-time peR data 

Real-time PCR efficiencies were calculated using the LinRegPCR 7.0 

program (Ramakers et al. , 2003) .  Triplicate reactions are shown for each sample . 
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7 PHYLOGENY 

Some LSP 1 protein sequences were available at the commencement of this study (Table 

3 1 ) . Recently completed and partial genome sequences are available for D. erecta, D. 

simuians, D. yakuba, D. ananassae, D. mojavensis and D. virilis . This provided an 

opportunity to determine when LSP l a  arose during the evolution of Drosophila 

species. Putative LSP l a, LSP I B  and LSP l y  proteins were identified by BLAST 

searching the recently published genome sequences of D. erecta, D. simulans, D. 

yakuba, D. pseudoobscura, D. ananassae, D. mojavensis and D. virilis with each of the 

LSP 1 protein sequences from D. melanogaster. The nucleotide sequences encoding the 

putative LSP I proteins were aligned using ClustalW. This alignment indicated the 

presence of a single conserved intron near the 5' end of each LspJ gene. The putative 

Lsp J genes were translated and the LSP I proteins aligned using ClustalW (section 

1 0 .7) .  LSP I B  and LSP ly ,  but not LSP l a, had previously been identified independently 

in D. pseudoobscura and D. buzzatii (Gonzalez et al. , 2004), as had LSP l y  in D. 

simulans. In this study, LSP 1 a homologues were identified in D. erecta, D. simulans 

and D. yakuba, but not in any of the other Drosophila species examined. In these three 

species, as in D. melanogaster, the Lsp l a  gene is flanked by CG2560 and CGJ 5 730 

(Table 32) .  In  the other species these genes are immediately adjacent. Due to the 

unfinished nature of the sequences released for some of the Drosophila species, the 

LSP I a sequences of D. erecta and D. simulans are incomplete. The first 30  residues of 

D. erecta LSP l a  are missing, as is some of the central sequence of D. simulans LSP l a. 

For this reason, a Neighbour-Joining phylogenetic tree was constructed from the 

ungapped regions of the sequence alignment in which all proteins are represented 

(Figure 3 1 ) .  The D. miranda LSP ly  sequence was not included in the alignment or the 

phylogenetic tree because no LSP 1 B sequence was available for this species as the 

genome sequence has not yet been published. 

These results show that Lsp J  a arose within the melanogaster subgroup of species after 

the split of the ancestor of D. erecta from the rest of the Drosophila species, which is  

estimated to have occurred around 8 million years ago ! (Figure 30) .  Although previous 

1 Divergence times are based on Russo et al. ( 1 995). 
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studies have shown that LspJ  a is absent from the obscura group of Drosophila 

(Gonzalez et af. , 2004), this split occurred between 25 - 30 mill ion years ago, indicating 

a much more ancient origin for Lsp J  a. This study shows that LspJ  a arose significantly 

more recently, as it is present in D. erecta but not in D. ananassae. These species 

diverged between 8 - 1 2  mill ion years ago, thus indicating an evolutionary age for 

Lsp J  a of 8 - 1 2  million years (Russo et al. , 1 995). 

The other Drosophila genes that appear to escape regulation by the MSL complex do 

not appear to have a recent autosomal origin, although these have not been well 

characterized. It is unclear whether there are any other recent evolutionary additions to 

the X chromosome, although the ful l  release of genome sequence information for 

additional Drosophila species should faci litate this study in the future. In  mammalian X 

chromosome inactivation, recent evolutionary additions to the X chromosome appear to 

escape the chromatin remodeling and silencing mediated by the Xist and Tsix noncoding 

RNAs (Brown and Greally, 2003) .  It is significant to note that some genes that escape 

silencing in humans, are inactivated in mice (Brown and Greally, 2003) .  It is possible 

that the lack of regulation of LspJ a by the MSL complex exhibits some parallels with 

this escape from X inactivation in mammalian cells .  If this is so, then it might be useful 

to determine whether the LspJ  a homologues in the most closely related Drosophila 

species also escape regulation by the MSL complex. 
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Figure 30. Phylogeny and karyotype of sequenced Drosophila species 

Taken from http ://species. flybase.net/. Divergence times are based on a linearized Adh 
clock (Russo et at. , 1 995). 
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Protein specIes Accession Number 

LSP l a  D. melanogaster NP 5 1 1 1 38 

LSP 1 B  D. melanogaster NP 476624 

LSP l y  D .  melanogaster NP 523868 

LSP I B  D. buzzatii AATOO494 

LSP l y  D. buzzatii AATOO496 

LSP l y  D. simulans AAB7 l 667 

LSP l y  D. miranda AAS873 1 4  

Table 3 1 .  Accession Numbers for LSPl protein sequences 

Species Gene location 

CG2560 

D. melanogaster I l A  7-9 

D. erecta c69521 

D. simulans c 1 35 . I 4  

c 1 3 5 . 1 5  

D. yakuba c56. 1 3  

D. ananassae c2236 

D. mojavensis c6725 

D. virilis c3 1 92 

D.pseudoobscura X 

Lsp l a  

I I A l 2  

e695 1 

c 1 35 . l 5  

c 1 35 . 1 6  

c56. 1 3  

CGl5730 Lsp l f3 

l I A I 2  2 1 E2 

c695 1 c397 1 

c 1 35 . 1 7  c8 .95 

c56. 1 3  c 1 4 . 1 6  

c2235 c2620 

c262 l 

c6725 c l l 35 

c3 1 92 c3 7 1 6  

x 2 

Lsp l y  

6 1 A6 

c49 1 5  

c57. 1 4  

c30.9 

c l 1 57 

c 1 948 

c l 05 1  

3 

Table 32. LspJa is flanked by CG2560 and CGJ5730 in four Drosophila species, but 

these genes lie immediately adjacent to one another in the other species that lack 

LspJa 

1 c: contig 
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Method: Neighbor Joining; Bootstrap (1000 reps); tie breaking = Systematic 

Distance: Poisson-correction 

Gap sites ignored 

1001 I 861 

100 1001 

79 

100 

1001 

100 

96 
62 

100 

821 I 

991 I 

691 I 

lool 
I 

911 I 

1001 
I 

731 
l 

661 I 

Oyak_Lsp 1 alpha 

DereJsplalpha 

DmelJsp 1 alpha 

Osim_Lsp 1 alpha 

DvUsplbeta 

OmoLLsp 1 beta 

Obuz_ Lsp 1 beta 

Oana_Lsp 1 beta 

Opse_Lspl beta 

Omel_Lsp 1 beta 

DsimJspl beta 

DyaUspl beta 

Dere_Lspl beta 

Dvir_Lsplgamma 

DmoLLsplgamma 

Dbuz_Lspl gamma 

Dpse_Lsplgamma 

Dana_Lspl gamma 

Dmel_Lsp 1 gamma 

Dsim_Lsp 1 gamma 

DyaUspl gamma 

Figure 3 1 .  LSP1a is present in four closely related Drosophila species but is absent 

in more distantly related species, although LSP113 and LSP1y are present in all 

species 

Neighbour-Joining tree based on the ungapped regions of a ClustalW alignment of the 

LSP I a, LSP 1 � and LSP 1 y protein sequences from D. melanogaster (Dmel), D. yakuba 

(Dyak), D. erecta (Dere), D. simulans (Dsim), D. mojavensis (Dmoj),  D. buzzatii 

(Dbuz), D. ananassae (Dana), D. pseudoobscura (Dpse) and D. virilis (Dvir). Due to 

the unfinished nature of the sequence information available, the LSP l a  proteins of D. 

erecta and D. simulans are incomplete. 
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8 DISCUSS ION 

LspJ a has long been considered to be a well characterized example of a non-dosage 

compensated gene. However, the evidence for its lack of dosage compensation restcd on 

the two-fold difference in expression levels between male and female larvae (Ghosh et 

al. , 1 992; Roberts and Evans-Roberts, 1 979a). The higher expression of LspJ  a observed 

in females could also potentially be due to sex-specific regulation of the promoter, or 

could in fact be caused by a lack of regulation by the MSL complex. In this study it i s  

concluded that in spite of the promoter exhibiting some sex-specific regulation, 

Lsp J a is not regulated by the MSL complex, most l ikely because of its relatively rccent 

evolutionary origin. 

Surprisingly, initial findings in this study indicated that the LspJ  a promoter is more 

active in females than males of the same transgcnic fly linc. This was in contrast to the 

results of Ghosh et af. ( 1 989), in which most lines showed equal transgcne expression in 

male and fcmale larvac. A clear linear correlation was found b etween the male activity 

level of autosomal transgenes and the female to male ratio of transgene activity. When 

the male activity level is low, the female to male activity level of the transgene is high. 

Conversely, when the male activity level is high, the femalc to male activity level of the 

transgene is low. This suggests that at repressive chromatin locations, in which the 

promoter is less active, the LspJ  a promoter is more active in females than in malcs. 

Constitutive expreSSIOn of MSL2 lowers LspJ  a promoter activity significantly in 

females, whether the transgene is autosomal or X-linked. This  suggests that the LspJ  a 

promoter is regulated by the MSL complex itself, or alternatively by an individual 

component of the complex that acts independently of the whole complex. It appears 

unlikely that the Lsp J a promoter is regulated by the whole MSL complex, as Lsp J a is 

not enriched for the H4K 1 6ac modification that is associated with regulation by the 

MSL complex. The simplest explanation is therefore that MSL2 represses the LspJ  a 

promoter. An alternative hypothesis is that an individual M SL component partially 

protects the Lsp J a promoter from position effects. In males, or in females expressing 

MSL2, this individual MSL protein is sequestered by the complex and is unavailable to 

protect the Lsp J  a promoter. Hence transgenes subject to strong position effects, i. e. 

1 58 



exhibiting low levels of activity, have higher levels of Lsp J a promoter activity in 

females compared to males because of the partial relief of repressive chromatin effects 

by this individual MSL component in females, but not in males. High activity 

transgenes not subject to these strong position effects have equivalent Lsp J  a promoter 

activity levels in both sexes, because there arc no repressive effects to be overcome in 

females. Some support for this  hypothesis comes from the finding that overexpression 

of MSL 1 causes a slight increase in male Lsp 1 a promoter activity in one autosomal 

line . This increase was significant, but not large, and an increase in male promoter 

activity was not observed in another autosomal line when MSL 1 was overexpressed. 

Thus it is difficult to make firm conclusions that MSL 1 is responsible for this partial 

relief of position effects on the Lsp 1 a promoter. Furthermore, is possible that more than 

one component of the MSL complex, but not the entire complex itself, may be involved 

in this effect. The MSL complex's propensity to relieve negative position effects has 

been well documented (Kelley and Kuroda, 2003).  There is evidence that individual 

MSL proteins can regulate gene expression independently of other members of the 

complex. For example MSL2 regulates roX gene expression (Rattner and Meller, 2004) 

and MLE regulates roX2 expression (Lee et aI. , 2004). I t  is also possible that the effect 

on the LspJ a promoter may be indirectly mediated by a transcription factor that itself is  

regulated by MSL I or MSL2. 

There are two potential reasons for the discrepancies between the results observed in 

this study of the LspJ a promoter, and those observed in the previous study of Ghosh et 

al. ( 1 989) . Firstly, the variability in the level of promoter upregulation in females might 

be sufficient to account for the finding that Lsp J  a is expressed equally in male and 

female larvae when moved elsewhere on autosomes or on the X chromosome (Ghosh et 

aI. , 1 989). Several of the P-lacZ lines in this study exhibit female to male ratios close to 

one, and it is possible that by chance, four of the five autosomal lines in the Ghosh et al. 

( 1 989) study also inserted in active regions of chromatin and thus had relatively equal 

expression levels in both sexes. One of the two X-linked transgenes, and one of the five 

autosomal transgenes in the Ghosh et al. ( 1 989) study showed some increased activity 

in females relative to males, which is more consistent with the results observed in this 

study. Secondly, it is possible that the larger genomic fragment used in the Ghosh et al. 
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( 1 989) study may have provided protection of the Lsp J a promoter from position effects, 

such that the transgenes all exhibited high levels of activity. 

Despite the higher promoter activity of X-linked P-lacZ1 transgenes in female compared 

to male larvae, these transgenes are clearly regulated by the MSL complex as evidenced 

by the enrichment of H4K l 6ae. Lsp J a, itself however, is not enriched for this histone 

modification. Thus it appears that the sex-specific regulation of the LspJ  a promoter is 

not sufficient to account for the two-fold difference in LspJ a transcript levels between 

male and female larvae. If this sex-specific regulation was the cause of the non-dosage 

compensated appearance of Lsp J a, it would be expected that this gene would have 

shown H4K l 6ac enrichment levc!s equivalent to those of the X-linked transgenes. 

Instead this lack of enrichment of H4K l 6ac strongly indicates that Lsp J a  is not 

hypertranscribed by the MSL complex. It is plausible that Lsp J a resides within a region 

in which its promoter is not subject to negative position effects, and instead exhibits 

high levels of activity with the corresponding equal level of female and male activity. 

Consistent with this suggestion, Lsp J a mRNA is clearly very abundant in third ins tar 

larvae (section 3 .2) (Davies et al. , 1 986). These chromatin immunoprecipitation results 

indicate that Lsp J  a is not regulated by the MSL complex, and that this is the cause of 

the two-fold difference in transcript levels between males and females. This lack of 

regulation by the entire MSL complex does not preclude the possibility discussed 

previously that the Lsp J a promoter is subject to regulation by an individual component 

of the MSL complex that acts independently of the entire complex. Any individual 

component of the M SL complex, with the exception of MOF, would not acetyl ate 

H4K1 6, the histone modification essential for regulation by the MSL complex. 

Another surprising finding in this study was that the autosomal ann-lacZ and pgd-IacZ 

transgenes were ca. 2 5% more active in male compared to female larvae. These reporter 

constructs are equally expressed in adult male and female flies (Henry et al. , 200 1 ;  Scott 

and Lucchesi, 1 99 1 ) . The basis for this difference is not clear. Both armadillo and Pgd 

are X-linked genes. Hence it is possible that in some tissues and stages these promoters 

can recruit the MSL complex. It has recently been shown that regions of the X 

chromosome that lack a CES can attract the MSL complex (Oh et al. , 2004). Consistent 

1 In these transgenes, the Lsp J a promoter controls  lacZ expression. 
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with this explanation, one X-linked arm-lacZ transgene was equally expressed in male 

and femalc larvae as was one pgd-lacZ transgenc. However, additional X-linked lines 

would bc required to confirm these observations. 

The genes flanking LspJ a are dosage compensated in the developmental stage at which 

they are cxpressed as determined by northern hybridization analysis and RNase 

protection analysis. The two major models proposed for the recognition and targeting of 

the MSL complex to the X chromosome in males arc consistent with two distinct 

possibilities for how LspJ a cscapes regulation by the MSL complex. If the MSL 

complex binds to the chromatin entry sites and spreads from these into X chromosome 

genes, then clemcnts must exist bctween LspJ  a and the flanking dosage compensated 

genes that block the spread of the MSL complex. Previous work indicated that typical 

insulator elcments, such as thc gYPJy element bound by the Su(Hw) protein are unable 

to prevent dosage compensation of an X-linkcd transgenc (Roseman et aI. , 1 993) .  In this 

study no such boundary elements were found in the intergenie regions betwcen 

LspJ  a and its neighbours that could block dosage compensation of an X-linked reporter 

gene. However, it is possible that uncharacterized elements may exist outside of the 

regions tested, for example in the large first intron of CG2556, or that these elements 

are specific to third instar larvae. There is also the potential that the X-linked armadillo 

promoter, used in the reporter construct, is ablc to attract the MSL complex directly, 

although the MSL complex does not bind to the reporter construct at autosomal 

locations. 

The second model proposes that X -linked genes have associated sequence motifs that 

target thc MSL complex. Bioinformatic analysis in this study of recently releascd 

Drosophila species genomes enabled the discovery of Lsp J a in four species closely 

related to D. melanogaster. Lsp J a is absent however, in the other five species 

examined. Gonzalez et al. independcntly confirmed that Lsp J a is absent from D. 

pseudoobscura, and also showed that it is lacking in D. buzzatii (Gonzalez et aI. , 2004). 

Phylogenetie analysis in this study of the LSP l proteins from these species shows that 

LSP l B  and LSP l y  form separate clades, indicating that these proteins were both present 

in an ancestor of all the Drosophila species. LSP l a  however, is part of a c1ade sharing a 

common ancestor with LSP I B, indicating that LSP l a  arose during evolution from a 
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fairly recent duplication and translocation of LSP 1 13 in an ancestor common to D. 

yakuba, D. erecta, D. melanogaster and D. simulans. LSP 1 a  is not present in D. 

ananassae indicating that it arose between the split  of the melanogaster subgroup from 

the melanogaster group between 8 - 1 2  million years ago (Russo et al. , 1 995) .  This is 

ca. 1 3  million years later than the origin proposed by Gonzalez et a!. (2004), and 

indicates a very recent evolutionary origin for LspJ  a. Since LspJ a appears to have 

arisen by this fairly recent gene duplication and transposition event, it is possible that it 

has not yct evolved MSL binding sites. 

The CG2560 gene is dosage compensated and lies less than 1 kb upstream of the 5' end 

of LspJ a. Although CG2560 is expressed in the same developmental stage as LspJ  a as 

detcrmined by northern hybridization analysis, it is not expressed in the same tissue (fat 

body) as determined by RT-PCR. The MSL complex binds to actively expressed genes 

(Sass et al. , 2003). Since CG2560 is not transcribed in third instar larvae fat body 

nuclei, the MSL binding sites normally used to regulate CG2560 transcription may not 

be accessible to the M SL complex (Figure 32) .  In contrast, thc downstream gene, 

CG2556, is transcribed in third instar larval fat cells. The 5' end of CG2556 is ca. 4.6 kb 

from the 3' end of Lspl a, but appears to not be modified by the MSL complex, as no 

enrichment of H4K1 6ac was detected in the 5 '  UTR region. A modest enrichment for 

H4K 1 6ac was found at the 3' end of CG2556, which is  ca. 1 1  kb from the 3' end of 

Lsp 1 a. The lack of enrichment of H4K 1 6ac at the 5' end of a gene has not previously 

been observed, as the X-linked genes Pgd and Zw both had significant l evels of 

H4K1 6ae enrichment on their promoter and 5 '  regions in cell culture (Smith et al. , 

200 I ) .  The overall fold enrichments observed in the chromatin immunoprecipitation 

experiments in this study were significantly lower than those observed in previous 

studies, even using identical primers for Pgd and GPDH (Smith et al. , 200 1 ). It is likely 

that these lower enrichments were due to the usc of fat body tissue rather than cell 

culture, as fat body tissue is not a homogeneous popUlation as is cell culture and is also 

rich in enzymes that may adversely affect the level of enrichment of H4K1 6ac. These 

fold enrichments were also lower than those obtained from embryos (Smith et al. , 200 1 )  

and it may be possible that the H4K1 6ac modification is enriched at higher levels in  

dividing cells, such as  those in embryos or cell culture, compared to terminally 

differentiated cells, such as those in fat body tissue of third instar larvae. 
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In the model shown in Figure 32, it is proposed that the MSL complex i s  targeted to 

CG2556 by sequence motifs near its 3' cnd, but cannot spread over the ca. 1 1  kb region 

from CG2556 into Lsp1 a (Figure 3 2B) . It is also possible that the intron-Iess gene, 

CG15730, that lies between CG2556 and Lsp1a and appears not to be transcribed in 

third instar larvae, is in an inactive chromatin state that blocks the spread of the MSL 

complex (Figure 32C) . This possibility is discussed further below (section 8 . 1 ) . It is 

suggested that the X-linked P-lacZ transgenes showing enrichment for H4K 1 6ac have 

inserted in actively transcribed regions (e.g. Figure 32A), in which there is abundant 

MSL complex. This is supported by the P-lacZ: 1 9£7  transgene, which has inserted near 

the Ntf-2 gene that exhibits a mutant phenotype in the fat body tissue of third instar 

larvae (Bhattacharya and Steward, 2002). Since it is likely that Ntf-2 i s  expressed in the 

same tissue and stage as the Lsp1 a promoter, it follows that the MSL complex should 

be able to spread from this flanking gene into the P-lacZ transgene. In a similar manner, 

autosomal genes such as A dh arc fully dosage compensated at sites on the X 

chromosome (Sass and Mesclson, 1 99 1 ). This does not preclude the possibility that 

Lsp 1 a exists within a unique chromatin structure that is prohibitive to regulation by the 

MSL complex. In this model it is proposed that the targeting sites that attract the MSL 

complex are not necessarily associated directly with each X-linked gene, but may be  

scattered in nearby inter genic regions .  This accounts for the finding that many X-linked 

genes do not retain full dosage compensation when inserted on an autosome, including 

the armadillo promoter used in this study (section 4 .4) (Arkhipova et aI. , 1 997;  Qian 

and Pirrotta, 1 995; Sass and Meselson, 1 99 1 ) .  

If this model i s  correct, then a CES  or X-linked fat body-expressed gene inserted 

immediately 3' of Lsp 1 a should induce dosage compensation of Lsp 1 a. In order to test 

this, it was attempted to insert various reporter constructs within the open reading frame 

of Lsp 1 a  using homologous recombination (Gong and Golic, 2003). However, attempts 

were unsuccessful (section 5). In brief, the fai lure of this method was due to the 

inability of the FLP-recombinase to excise the reporter construct flanked by the FRT 

sites despite the construct matching the expected pW30 vector sequence.  It is  unclear 

whether the FRT sites within the pW30 plasmid are suitable for excision by the FLP­

recombinasc and an alternative approach would be necessary in future experiments to 
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insert constructs within the LspJ  a gene domain. This alternative approach is discussed 

below (section 8 . 1 ) . 

In conclusion, the results of this study support a model for dosage compensation similar 

to that proposed originally by Lucchesi & Manning ( 1 98 7) and supported by Fagegaltier 

and Baker (2004), in which affinity sequences for the M SL complex are associated with 

most X-linked genes. The MSL complex requires clusters of these sequences for this 

association, and can spread very short distances from these sequences into adjacent 

actively expressed gcnes. In this model, inactive genes are inaccessible to the complex, 

possibly due to the presence of a repressive histone modification. 
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Figure 32. Model : LspJa is not regulated by the MSL complex because spreading 

of the complex is limited 

(A) The MSL complex is targeted to actively expressed genes (e.g. 1 ,  2 & 3) by c lusters 

of binding sites. Inactive genes (e.g. 4) are inaccessible to the complex regardless of the 

presence of binding sites . The MSL complex can spread over very short distances from 

these binding sites into nearby chromatin, regulating close-by genes. (8) In fat body 

nuclei of third instar larvae, the MSL complex is targeted to the actively transcribed 

CG2556 by a cluster of binding sites near the 3' end of this gene. The chromatin region 

downstream of CG2556, containing CGl l J46, has not been studied, and may also be 

active in this tissue. CG2560 is in an inactive chromatin formation in fat body tissue. 

Lsp J a  is active in fat body nuclei, but lacks MSL binding sites. The MSL complex 

cannot spread from the 3' end of CG2556 into Lspla. (C) CGJ 5 730 may also be in an 

inactive chromatin formation in fat body nuclei. This inactive form may block the MSL 

complex from spreading from CG2556 into Lsp l a. However, this region ( 12)  (defined 

in Figure 2 1 )  does not block dosage compensation of an X-linked arm-lacZ transgene 

but is possible that any spreading of the M SL complex may occur through the other, 5 '  

(1) region into the reporter gene. 
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8.1  Future Directions 

This study was complicated somewhat by the unexpected result that the Lsp J  a promoter 

exhibits variable sex-specific regulation induced by an individual MSL protein(s), yet 

stil l  escapes regulation by the MSL complex. Sex-specific regulation of the promoter 

had not previously been described, and this made initial analysis o f  the dosage 

compensation status of LspJ a difficult. Further studies would involve examining the 

regulation of the promoter in further detail ,  and confirming how Lspl a escapes dosage 

compensation. 

This study has provided two candidates for the sex-specific regulation of the 

Lsp J a promoter: MSL I and MSL2. MSL2 downregulates promoter activity two-fo ld 

when ectopically expressed in females, and MSL 1 induces upregulation of the promoter 

in one or both sexes when over-expressed ectopic ally. It is hypothesized that MSL 1 ,  

potentially in conjunction with other MSL proteins such as MLE, partially protects the 

LspJ  a promoter from negative position effects in females. MSL 1 is sequestered by the 

MSL complex in males due to the presence of MSL2, and is unavailable to protect the 

promoter. The ONaseI hypersensitive sites (OHS) in the Lsp J a promoter provide good 

candidates for potential binding sites for MSL 1 ,  and other factors (Jowett, 1 985) .  

Examination of the LspJ a promoter for sex-specific OHS may uncover potential 

binding sites for MSL 1 and any additional factors . The model proposed in this study 

would suggest that there might exist female-specific OHS.  Once any sex-specific 

potential b inding sites were discovered, gel-mobility assays with extract from male and 

female third instar larvae, and with in vitro translated MSL 1 could be conducted to 

determine if factors specifically bound these sites. 

In the model proposed to explain how LspJ a escapes regulation by the MSL complex, it 

is suggested that LspJ a lacks the sequences required to attract the MSL complex 

because of its recent autosomal evolutionary origins and because the targeting sites 

surrounding it are inaccessible or too far away from it. I t  follows therefore that Lsp J a, 

similar to the P-IacZ transgenes, is capable of being regulated by the MSL complex. A 

perfect test of this would be to insert a known MSL targeting site, such as the 1 80 1 0  

multimer, or an X-linked gene expressed in the same tissue such as Lsd-2, into 

Lsp J  a, and examine if these are sufficient to equalize male and female expression and 
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induce H4K I 6ac of Lspl  a. However, homologous recombination in Drosophila is 

technically difficult and attempts in this study were not successful. Generally this 

approach did not work because of problems with excision by the F RT site-specific 

rccombinase. If this approach was to be used in the future, it would be desirable to 

generate targeting plasmids that do not contain X-linked DNA such as mini-white or the 

P-elements (e.g. piggyBac), and that use fluorescent markers as described in (section 

5 .6) . The generation of a successful homologous recombination method to insert 

transgenes into the ORF of Lsp l  a would provide a powerful system in which to 

examine sequences required to recruit the MSL complex to X-linked genes. 

An alternative and complementary approach would involve increasing the concentration 

of MSL complexes on the X chromosome. Overexpression of MSL I and MSL2 leads to 

a puffed X chromosome (Oh et al. , 2003) . This suggests that as the concentration of 

complexes increases, the MSL complex may bind to usually non-dosage compensated 

regions as its affinity for weak binding sites is increased (Fagegaltier and Baker, 2004). 

It is possible therefore that Lspl a may become dosage compensated in an h�p83-MSL1 ,  

hsp83-MSL2 fly linc. 

Further chromatin immunoprecipitation experiments could be used to help determine 

how Lspl a escapes regulation by the MSL complex. For example, finer mapping of 

H4K I 6ac enrichment throughout the Lsp l a domain, including 3' of Lsp l a within 

CG15 730, and 5' of Lsp l  a in CG2560, might provide further support for the argument 

that the MSL complex is not active in the region immediately surrounding Lsp 1 a in the 

tissue and stage at which it is expressed. However, these experiments are particularly 

time consuming as they require the manual dissection of 200 larval fat bodies which are 

individually snap frozen in l iquid nitrogen, prior to nuclei extraction and 

immunoprecipitation. Chromatin immunoprecipitation to determine whethcr NURF is 

enriched on Lspl  a may indicate whether its presence precludes that of the MSL 

complex. Intriguingly, a recent presentation at the Keystone Chromatin Modification 

Symposia (2005) indicates a role for NURF in regulating ecdysone-stimulated genes, of 

which Lsp 1 a is one (Carl Wu, National Cancer Institute, Bethesda, USA, 2005). It is 

thus possible that NURF may be involved in the regulation of the Lspl a promoter. 

NURF functions antagonistically to the MSL complex (Corona et al. , 2002; N ishioka et 
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al. , 2002a; Nishioka et af. , 2002b), and it is possible that NURF may prevent the MSL 

complex from regulating and dosage compensating Lspl a. 

It may also be possible using chromatin immunoprecipitation to determine whether 

there is an enrichment on the Lspl a promoter of any of the individual MSL proteins 

that might be involved in the sex-specific regulation of Lspl a, e.g. MSL 1 or MSL2. 

This could be facilitated by performing chromatin immunoprecipitation on fat body 

nuclei extracted from third instar larvae expressing MSL2 containing a HA or B iotin 

tag. 

Another histone modification of interest that could be examined by chromatin 

immunoprecipitation is H4K20 methylation. The presence of this methylation inversely 

correlates with thc prescnce of H4K 1 6ac, and H4K20 methylation is under-represented 

on the male X chromosome (N ishioka et al. , 2002a; N ishioka et af. , 2002b) . It is 

possible that H4K20 methylation is enriched on Lspl  a and that this prevents the 

acetylation of H4K1 6, but this is unlikely as Lspl a is highly expressed in the fat body 

tissue of third instar larvae, and H4K20 methylation is more typically associated with 

silencing (Karachentsev et al. , 2005) .  However, although this study has shown that there 

are no insulator elements between L.)pl a and the flanking dosage compensated genes 

able to block the MSL complex from dosage compensating an X-linked reporter gene, it 

is possible that the silent state of the flanking genes, CG1 5 730 and CG2560, prevents 

the MSL complex from spreading from CG2556 into Lspl  a. When inserted elsewhere 

on the X chromosome, the (1) region between CG2560 and Lspl a is not silenced and 

therefore the MSL complex could spread from an active gene at the 5' end of the 

construct into the reporter gene, dosage compensating it. As the H4K20 methylation is 

associated with silencing, and acts antagonistically to H4 K 1 6ac, is it possible that this 

modification is enriched on the silenced genes flanking Lsp 1 a in the fat body tissue of 

third instar l arvae. Determining whether H4K20 methylation is enriched on CG1 5 73 0  

and CG2560 in this tissue could provide some explanation as to how the MSL complex 

is prevented from spreading into Lsp J a. However, H4K20 can be subjected to mono-, 

di- and tri- methylation, and the published data do not indicate which of these 

modifications is present at reduced levels on the male X chromosome. Thus the specific 

antibody to be used in this type of chromatin immunoprecipitation experiment is 
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unclear. An alternative approach to examining this possibility would be to assay male 

and female j3-galactosidase activities of an X-linked 12-arm-lacZ-I2 transgene, in which 

the arm-IacZ reporter construct is flanked by the (12) regions containing the CG15 730 

gene. If the repressive chromatin state of the CG1 5730 gene is able to block the MSL 

complex from spreading into and dosage compensating arm-IacZ, then females would 

exhibit twice the level of j3-galactosidase activity compared to males . However, this 

proposal is complicated by the fact that while the armadillo promoter is constitutively 

active, the tissue or stage in which CG1 5 730 is expressed has not been determined. 

In conclusion, this study has shown that the two-fold difference in Lspl  a transcript 

levels between male and female larvae is due to a lack of regulation by the MSL 

complex as evidenced by the absence of H4K 1 6ac. Surprisingly, the Lspl a promoter 

was found to be more active in females than in males at repressive chromatin locations . 

Some evidence indicates that this may be due to sex-specific regulation by an individual 

MSL component that acts independently of the entire MSL complex. Two of the gencs 

flanking Lsp 1 a are dosage compensated, and the regions between Lsp 1 a and these 

flanking genes do not block the MSL complex from regulating an X-linked transgene. 

Only the gene 3' of Lspl  a is expressed in the same tissue and stage as Lsp l  a, and this  

gene is enriched for H4K1 6ac at  its 3 ' ,  but not at  its 5 '  end which lies closest to Lsp l  a. 

Phylogenctic analysis indicates that Lsp 1 a has arisen fairly recently in evolutionary 

terms, and may not have yet acquired the targeting sites required to attract the MSL 

complex. A model is  proposed in which the MSL complex does not spread into and 

regulate Lsp 1 a due to its lack of targeting sites, despite its presence on the 3' end of the 

neighbouring gene, 1 1  kb downstream. This study has provided some insight into the 

mechanism by which Lsp 1 a escapes regulation by the MSL complex, but further work 

is required to elucidate the exact reason for the failure of the MSL complex to regulate 

Lsp l a. 
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1 0  APPENDICES 

1 0 . 1  Primer sequences 

These primers were used for all PCR -based analyses of these genes or genomic regions. 

Gene/ Primer Primer sequence S ize 

Region product 

ampl ifi, 

d (bp) 

Lspl a Forw-Lsp l a  5 ' ATCGCATTCCTGGCTTGTGT 2344 

Rev-Lspl a  5' ACTTGGTGTAGTAGTCGTTG 

Lsp l a  Lsp l pForw 5' GCAACAAACGTATGAAATTC 593 

promoter Lsp l pRev 5 ' GATCCAATGCCTAAAGACTG 

Lsp l a  Lsp 1 afor3 'reg 5' GCCACAGCACGAGCAGTTCT 575 

3 ' UTR Lsp 1 arev3 ' reg 5' TTCGCA TTTTTTGTAAGGGG 

CG2560- InsulForw 5 ' CGATCAAAGTTTTAATGTGTTTTAAT 883 

Lsp l a  Lsp l pRev 5' GATCCAATGCCTAAAGACTG 

genomIc 

regIOn 

Lsp l a- Lsp l aCG2556F 5 '  CTGA T AACA TTCCGA TTTTGACC 4596 

CG2556 Lsp l aCG2556R#2 5 ' AAAAATGAAACGATAGTAAATGT 

genomIc 

regIOn 

CG2560- CG25600RFF 5 ' TCCTTCTGGGTTTCGCTGCTCTGG 94 1 3  

CG2556 CG25565'UTRR 5' CTTTTCTCTGTTTATCGGCGGTTGCG 

genomlc 

regIOn 

CG1 5 730 AT2077 I F  5' AAGCGGAACTGGAGCAA TA 1 478 

AT2077 1 R  5' CCACAAAGGCGGCCA TTAC 

CG2556 CG2556E2F 5 '  TATGTCCCCGTTGAGCAGAAGATT 636 

exon 2 � CG2556E4R 5' AAGAGGGAGAAGAAGGAGAAGGAC cDNA 

exon 4 820 ger 

1 89 



LspJ a Lsp I pdsxmutRev 5' AAGTGTGTTTCCCGTGGCGTATGAGC 

promoter - Lsp I pdsxmutF orw 5 ' GCCACGGGAAACACACTTTTCTCAA 

mutagenesis 

of putative 

Dsx binding 

site 

ChIP GpdhF 5' GTGCCCGACCTGGTTGAG 200 

negative GpdhR 5' CTTGCCTTCAGGTGACGC 

control III 

ORF of 

Gpdh. From 

(Smith et 

ai. , 200 1 )  

ChIP test Lsp l a l 884F 5 '  CTCGCTGACGGACAAC 1 95 

pnmers III Lsp l a2085R 5' GGGCTCAGTAAGGTCCA 

ORF and Lsp l a-2439F 5' CTTCAAGTTGT AGATCTGA TAACATT 202 

3' UTR of CCGA 

LspJa Lsp l a-2559R 5' GCTTAACAGAGAAATCTGAATACGT 

TGG 

ChIP pgdf5 5' GGATAAGCAGGTGGAAGTAGGAAG 1 2 1  

positive pgdr5 5 '  ACACTTGTGGTTACGGTTTTCG 

control III pgdfl O 5' GAAGGGCACGGGCAAGTG 200 

ORF and pgdr l O  5' CAATGCCGCCGTAATTAAGTCTC 

3' UTR of 

Pgd. From 

(Smith et 

al. , 200 1 )  

ChIP Lsd2- 1 490F 5 ' AGTGTACTAGCCGATACG 1 85 

positive Lsd2- 1 674R 5' TCTGACTCCCGGA TCT 

control III Lsd2- 1 8 1 3F 5 '  GAAACACACG CACACGG 1 09 

ORF and Lsd2- 1 92 I R  5 '  TCCCAGCGAGCGTACAA 

3' UTR of 

Lsd-2. 
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ChIP test lacZ-2823F 5' GCGCGAATTGAA TTATGGCCC 1 28 

primers III lacZ-2950R 5 ' GCCATGTGCCTTCTTCCG 

ORF of 

lacZ 

ChIP test CG25565'UTRF 5' GA TTGCTCTGCGTGCTGGTCGTTC 1 1 7 

primers III CG25565'UTRR 5' CTTTTCTCTGTTTATCGGCGGTTGCG 

5' UTR and CG25563'UTRF 5' AGTGTCCACACTAACACACTTG 1 50 

3 '  UTR of CG25563 'UTRR 5' CAATTCCCA TTGA TTGGCA TT AAGA T 

CG2556 

Real-time rp49-596F 5 '  CGGTTACGGATCGAACA 1 25 

RT-PCR m rp49-nOR 5' CGA TCTCGCCGCAGT AAA 

ex on 2 of 

rp49 

Real-time CG2560-696F 5' A TGGCAA TGCTT ACGGT 1 80 

RT-PCR m CG2560-875R 5' GAGGTGGCTGA TAA TCGT AG 

ex on 4 of 

CG2560 

Real-time CG2556- 1 1 29F 5' TGGT AA TGGCGGCCT AAA 1 0 1  

RT-PCR m CG2556- 1 229R 5' TGCGAGTGTTCAGCTTG 

exon 2 of 

CG2556 
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10.2 Inverse peR primers 

These primers were used for inverse PCR conducted on transgenic fly lines to determine 

the site of transgcne integration (Rehm, 2004) . 

GcnelRegion 

PEP P-element 5' end 

PEP P-elcmcnt 3 '  end 

Primer 

Placl  

Pwht l 

Pry4 

Pry l 

Sequencing of Sp 1 

products from the PEP 

P-elemcnt 5' cnd 

Primer sequence 

5 ' CACCCAAGGCTCTGCTCCCACAAT 

5 ' GTAACGCTAATCACTCCGAACAGGTCACA 

5 ' CAATCATATCGCTGTCTCACTCA 

5 ' CCTTAGCATGTCCGTGGGGTTTGAAT 

5' ACACAACCTTTCCTCTCAACAA 

Sequencing of Spep l 5' GACACTCAGAATACTATTC 

products from the PEP 

P-element 3' cnd 
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1 0.3 Sequencing p rimers 

Purpose Primer name Sequence 

sequencing of inserts in arm-IacZseq 5 '  CAGAGAAGGAGGCAAACAGC 

SluIl EcoRI sites 5' of lacZ-

SV40 in pCaSpeR-arm-�gal 

based plasmids 

sequencing of inserts in armlacZN otIseq 5 '  AA T AAAGCAA TAGCA TCACA 

NotI site 3' of lacZ-SV 40 in 

pCaSpeR-arm-�gal based 

plasmids 

sequencing of region where armlacZ S tuIRevseq 5' CGTAGAAGTGGGTTCATCGGT 

arm-lacZ construct has 

integrated. Reverse from 

beginning arm sequence. 

sequencing of GMR-3xP3- G MR -DsRedF seq 5 '  CGCA TGGAAGGAACGGTCAA T 

DsRed-hsp 70polyA 

construct. Reverse from 

middle 3xP 3 sequence.  

sequencing of region where GMR-DsRedFseq2 5 '  ACTGAT AAGAA TGTTTCGA TCG 

GMR-3xP3-DsRed-

hsp 70polyA construct has 

integrated. Reverse from 

hsp 70polyA sequence. 

Sequencing of homo logous Lsp l a l O20F 5' CAAGACTTTTGGCCTGC 

recombination constructs Lsp l a 1 468R 5' AGTGGGTA TCGGCGAA 

Sequencing of FR T and 1- pW30-545F 5' TTTTGTGGAAGCGGT ATTCG 

SceI sites within p W30 pW30- 1 276R 5' GCGACAGAGTGAGAGAGCAA 

constructs 
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1 0.4 Oligonucleotide pairs annealed as linkers in cloning 

Italics indicate cohesive end only. Underlined Italics indicates where the restriction site 

was not regenerated following ligation into the vector. 

Restriction sites oligo name oligonucleotide sequence (5' - 3 ')  

Asp7 1 8  - BamHI Asp7 1 8-PstIup 

- BglII - NheI -

NotI - PstI Asp7 l 8-Pstllow 

PstI - NolI - PstI PstI-NotIlinkup 

PstI -N otIlinklow 

EcoRI - SluI - EcoRI-StuIlinkup 

EcoRI EcoRI -StuIlinklow 

EcoRI - BamHI - EcoAsplinkup 

NheI - SluI - EcoAsplinklow 

Asp7 1 8  

GTACCGGATCCAGATCTGCGGCCGCGCTA 

GCCTGCA 

GGCTAGCGCGGCCGCAGATCTGGATCCG 

AGCGGCCGCAGCTTACACTGCA 

GTGTAAGCTGCGGCCGCTTGCA 

AATTGAGAGAAGGCCTAGCGTG 

AATTCACGCTAGGCCTTCTCTC 

AATTCGGATCCGCTAGCAGGCCTG 

GTACCAGGCCTGCTAGCGGATCCG 
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10.5 Plasmid maps 

10.5.1 pCaSpeR-arm-pgal (13881 bp) 

This vector is based on pCaSpeR-AUG-pgaI (Thummel et aI. , 1 988) .  It consists of a 

pCaSpeR (pUC, mini-white, P-elcment 5 '  and 3' ends) backbone containing the l .7 kb 

annadillo promoter inserted into the EcoRI and KpnI sites of the MCS to drive 

expression of the 4.4 kb lacZ reporter gene with the SV40 3' UTR (Fitzsimons et al. , 

1 999; Vincent et al. , 1 994). 

Hlndll l  ( 1 0879) EcoO l 09 1  ( 1 1 835) 

Pstl ( 1 0875)"'-
Sail ( 1 0865)�if'� 0-

Sad ( 1 0857) - £S; 0.. 
-- �.'_,i..,, __ .. 'J 

.!;1 
E 
ill 

Xbal (9995) 

o v 
G; 

Hindlll (39) I Spl �aCl 

pCaSpeR-arm-Bg a l  
1 3 8 8 1 bp 

EcoRV (6358) 

EcoO l 091 (6406) 

EcoOl091 (6407) 

Kpnl (6522) 
I 
Sail (6530) 

Sail (2789) 
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10.5.2 pCaSpeR-arm-pgal StuIlNotl (1391 9  bp) 

This vector is based on pCaSpeR-arm-�gal (section 1 0 . 5 . 1 ) .  A tinker containing an extra 

StuI site has been inserted in the EcoRI site (section 1 0.4). A linker containing an extra 

NotI site has been inserted in the PstI site (section l OA). The NotI and Stur restriction 

endonuclease sites provide insertion points for putative insulator e lements cloned using 

PCR directly into pGEM®-T Easy (Promega). 

Hind"l ( 1 09 1 7) Eco01091 ( 1 1 873) 

Noli ( 1 0907)� 
PsII ( 1 0S96) ........ l '" 
Sail ( 1 0886) ..... 

"" .... '" !if --- ';:� � '" Sac! ( 1 0878)- fl , "'i'::O�- � .. - 0. �r-';_oI � 
EO i; 

Xbal ( 1 0016) 

Hind111 (39) I 
�aCl 

pCaSpeR-arm-Bgal Notl/Stul 
1 3 9 1 9bp 

EcoRV (6379) 

Eco01 091 (6427) 

Eco01 091 (6428) 

Kpnl (6543) 

Sail (655 1 )  

Sail (2789) 
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10.5.3 pCaSpeR-EA-pgal (12120 bp) 

This vector is based on pCaSpeR-arm-J3gal . The armadillo promoter has been replaced 

with an EcoRI - KpnI linker (section 1 0 .4). This provides suitable restriction sites for 

the insertion of the ful l  and extended Lsp 1 a promoter fragments 

Hind l l l  (91 18)  

I 
Hindll l  (39) 

Sp1 

pCaSpeR-EA - B g a l  
1 2 1 2 0bp 

EcoRV (6019) 

Kpnl (476 1 )  

Sail (4769) 

Sail (2789) 

� Sac I (2862) 
cs 
:;; 
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10.5.4 pCaSpeR-Lsp1n-pgal ( 12753 bp) 

This vector is based on pCaSpeR-(3gal (section 1 0. 5 .3) .  The 593 bp LspJ a promoter 

(Lsp 1 alP) is inserted in the SluI site of pCaSpeR -(3gal and controls expression of the 

lacZ reporter gene. 

Eco01091 (1 0707) 

Hindlll (9751 ) 

PsII (9747)� 
Sail (9737) ..... JI. 0-� - � Q.. 

Sac I (9729) -::.t 15�o-, - cf, z 
� E � 

Hindlll (39) I 1 

p C a S peR-Lsp 1 a-89al  
1 2 7 5 3 bp 

Sail (2789) 

i. Sacl (2862) 

� 
'" 

EcoRI (4883) 

Sacll (530 1 )  

EcoRI (5373) 

Sacll (5382) 

Kpnl (5394) 

Sail (5402) 
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1 0.5.5 pCaSpeR-Lsplamut-�gal  (1 2753 bp) 

This vector is based on pCaSpeR-�gal (section 1 0.5 .3) .  The 593 bp mutant Lsp J a 

promoter (Lsp 1 amutlP*) is  inserted III the SllII site of pCaSpcR -�gal and controls 

expression of the lacZ reporter gene. 

Hind/II (975 1 )  

PStl (9747)� 
Sail (9737)�. ",� 

if 
� - �  Cl.. 

Sacl (9729) -::::t �s; M -cr' z  '" g E 
� 

Hindl l l  (39) 
I 51'1 

EcoOl091 (500) 
/ 

pCaSpeR-Lsp 1 amut-Bgal 
1 2753bp 

EcoRV (6652) Clal (6363) 

Sail (2789) 

" Sacl (2862) 
;:r ;;; 

EcoRI (4883) 

Sacll (5301)  

EcoRI (5373) 

Sacll (5382) 

Kpnl (5394) 

Sail (5402) 

1 99 



1 0.5.6 pCaSpeR-I-pgal ( 13043 bp) 

This vector is based on pCaSpeR-Bgal (section 1 0.5 .3) .  The 883 bp genomic region 

between CG2560 and Lsp J  a, including the LspJ  a promoter (I) is inserted in the SluI 

site of pCaSpeR-�gal and controls expression of the lacZ reporter gene. 

Hindll l  (1004 1 )  , -
Pstl ( 1 0037) l' ". 
Sail (10027)-V).i,th !if 

---- � � - "-Sacl ( 1 001 9)- - 13' '' -- Cl. 2: 
� E :. 

Xbal (91 57) 

Hindlll (39) , Spl 

pCaSpeR-I-8 g a l  
1 3 0 4 3 b p  

Clal (6653) 

EcoRI (5169) 

Sacll (5587) 

EcoRI (5665) 

Kpnl (5684) 

Sail (5692) 

Sail (2789) 

Sac I (2862) 

� 
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1 0.5.7 pCaSpeR-I-pgal-I2 (17695 bp) 

This  vector is based on pCaSpeR-pgal (section 1 0. 5. 3).  The 883 bp genomic region 

between CG 2560 and Lsp 1 a, including the Lsp 1 a promoter (I) is inserted in the StuI 

site of pCaSpcR-pgal and controls expression of the lacZ reporter gene. The 4596 bp 

genomic region between Lspla and CG2556 (12) i s  inserted in the NotI site 3' of arm­

lacZ. 

Hlndlll (14693)EcoO l091 ( 1 5649) 

Pstl ( 14689)� 
Notl (14670)� 

EcoRI (14663)� � 
Hindlll (1 4301��)' 

\, � 
Clal (1 4288) " .<>. 

'l: '" 

EeaRI (10049) 

Sacll ( 10046) 

Noli ( 10040) 

Sail (0027) 

Sacl (1DOI9) 

HindUI (39) 
t Spl ..... 

Ptacl 

pCaS peR-I-BgaI-l2 
1 7 695bp 

EcoRI 15665) 

Kpnl (5684) 

Sail (5692) 

Sacl (7769) EcoRV (6942) 
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10.5.8 pCaSpeR-I-arm-pgal-I2 (19433 bp) 

This vector is based on pCaSpeR-arm-pgal StuIlNotI (section 1 0.5 .2). The 8 83 bp 

genomic region between CG2560 and LspJ  a ( I) is i nserted in the Slul site 5' of arm­

lacZ. The 4596 bp genomic region between Lsp J a and CG2556 (I2) i s  inserted in the 

NotI site 3' of arm-lacZ. 

Eco01091 (1 7387) 

BamHI (1 4797) 

Ps!1 ( 1 1 780) 
Sail ( 1 1 770) 

Sacl ( 1 1 762) 

Xii,,1 (10900) 

pCaSpe R-J-arm-B gaJ- J2  
1 9 43 3bp 

EcoRI (5140) 

EcoRI (5638) 
rEC001091 (6254) 

,f'\. '\ Xhol (6325) 

Xbal (6674) 

Sail ( 7435) 
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10.5.9 pGEM®-T Easy (3015 bp) 

This vector was used for cloning of peR products (Promcga). 

pGEM .� -T Easy 
Veclor 

: .:30 1 :)b,-� � 

'lt� 7' .. .. 
T T 

1"'---
\ 
\ 

, , 
\ 
\ 
, 
, , 

\ 
\ 
, 

I .'  1 
Ap�� �,l v 1  
Aat 1 1  • ·1 
SPit I .JO 
B$Il. I ?f, 
",'cc; V 
B;.;fl. I 37 

l N�, .' I 1:1 
I s..K· 1 1  1:1 
i tc.�TA·� 'H ) 

��f'8 1 � "  0'" 
EC(.IR 70 
N:: ' I "? ... , ( 
E.':,?? I "? ... , ( 
Ps ' l �i) 
3.'.ll I 90 

• N:1p. 1 9 7  
: 3ac l I 'Ye) 
. B.-:" :(: I 1 ' 3  -c 

',:.' ! /' r . ' ''' ... .-. 
" • <;, 

!:.. ' � 1 4 ' '> , f " " r '::""" 1:) � 
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1 0.5. 1 0  pOT2 (1665 bp) 

10011 1  
S48 

Bsp 06 
942 

pOT2 
1 665 bp 

ansfE!fase PMOO1 1 
(seq. pnmer 

Sp6 S3 
Xhol 73 
Pvull 19 
65txl 9() 
Xbal 02 
Barn I 08 
EcoRI 1 1 4  
Bstxl 12() 
EcoRV 36 
BglU 142 
T7 176 
PM002 95 

(seq. pnme-r) 
� 214 
5mal 222 

5(16 promoter 
CTTATGTATCATACACATACGATTTAGGT 
GAATACATAGTATGTGTATGCTAAATCCA 

Xbal Ba"". 
TAGAGGATCC 

GATCTCCTAGG 
AI ���G�A�TCTGCCGGTCTCCCTATAGTGAGTCGTATTAATTTC 

.====��CTAGACGGCCAGAGGG TATCAC CAGCATAATTAAAG 
transcr1ptlon ftert toite T7 promotef 

GATAAGCC GG�TAAe�tcATTAATGAATCGGCT���ACCCG 
CTATTCGGTCCAATTGGACGTAATTACT AGCCGtCGTCA�GGGCCCT 

The Q(-ginal plasmi . DNA was provided by M_ Palanolo. The plasmid was sequenced by Martha Evans·l-lolm 

and Damon Harvey of the Gerald M. Rubi Laboratory at e Howard Hughes edical lnscitute, University of 

Uilifornia, Ser eley. 

he pO 2 vee or was used in over 90% of e D. mela ogas er cDNA libraries constructed for the BDGP 

E S  seque dng proJect. The cO As were dlrectionaJly cloned Inw he S '  EcoRI SI e and the 3 '  Xhol site. 

The S' ESTs 'Ill re se�enced using e T7 seque d ng primer. 

cutter<s: Ba 1, 89111, Bsp 06, BstXI. EcoRI. Eco-RV. i ndlll, Pstl .  P\l\JII . Sm al. Xbal, Xhol 
non-cu ters: Apal. Drall. Kpnl, otl. Sad, Spel . Xmalll 
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10.5. 1 1  pB[PUbnisEGFP] (9423 bp) 

This plasmid was provided by Al Handler and consists of the 4 1 2 1  bp Pub-nls-EGFP­

S V40 reporter construct flanked by piggyBack transposon sequences in a pue vector 

(Handler and Harrell, 200 1 ) . 

Pstl (7557) 

Clal (7359) 

""-s 
4>1-c I 1>6, 

Eco01091 (8) 

pB [PUbnlsEGFP]  
9 4 2 3 bp 

?"II:,;, I 
BamHI (5358) 0 / traf)slat 

/ I 

I 
Ion start si te 

BamHI (5349) 
Xbal (5343) 

Sail (5337) 
BamHI (51 60) 

EcoRI (2232) 

bal (2259) 
Sail (2265) 
Pstl (2275) 
Hind l l l  (2283) 

Hind'" (3635) 
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10.5. 1 2  pB[SCS-GMR-3xP3-DsRed-SCS'1 (8827 bp) 

This p lasmid was provided by Asela Attapatu (Masscy University, 2004) and consists of 

the GMR-3xP3-DsRed reporter gene flanked by SCS/SCS' insulators in a PUC-based 

piggyBac vector. 

p8[SC5-GMR-3xP3-DsRed-SCS' ]  
882 7bp 

\ 
Not\ 
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1 0.5. 13 pFLC-1 (3005 bp) 

This vector contains the oligo-dT primed cDNA c lones integrated in the sense direction 

from the T7 polymerase binding site (Rubin et al. , 2000). The pFLC-I vector is a 

derivative of the ampicillin-resistant plasmid pBlueScriptlI-SK(+). cDNA sequences 

were inserted into vector with the XhoI site at the 5' end of the cDNA and the BamHI 

site at the 3' end. 

pFLC-1 Polylinker for RE clones 
M1 3 -21 primer T7 promoter 

t � � � a 3 aa c � 3 c � g c = 3 g �gaattgt aa � a = g a � �c a = � a t a�ggcgaattggagctccccgcggtggcggccgc 

aacattttgctgccggtcacttaacattatgctgagtgatatcccgcttaacctcgaggggcgccaccgccggcg 

S a 1 I /XhoI 

a taact tcgta tagca taca t ta tacgaagtta tgga tcaggccaaa tcggccgagctcgaa t tcg ':,:Xj agagcgg 

tattgaagcatatcgtatgtaatatgcttcaatacctag tccggtttagccggctcgagcttaagcagctctcgcc 

'-----_ .... 
BamHI 

ctctccagta t t :;::"> ': c,cggcca taagggcctga tcc ttcgagggggggcccggtaccagct t t t 

gagaggtcataacctaggccggtattcccggactaggaagctcccccCCgggccatggtcgaaaa 

gttccct ttagtgagg g t taatttcgagcttggcgtaatcatggtca tagctgtttcctgtgtgaaattgttatcc 

ca l ; J � � ' � � = � � � � � S 3 � � � � �agctcgaaccgcatta ? � 3 � � � ] � 3 � � 1 � � � � � ��acacactttaacaatagg T3 promoter M1 3 Reverse primer 

pFLC-1 Polyl inker for RH clones 
M1 3 -21 primer T7 promoter 

t .... _ 1 �·=t ;:J. "J.  -:l -::'1 .-:1 -:C;,; r: � ""J. '1 -.:gaattgt T :l  -':::1. � q -l -:: '":.,=� :::: h-.;;J. ': "l. T:;'Jcgaattggagctccccgcggtggcggccgc 

aaca t t t tgctgccgg tcacttaacattatgc tgagtgata tcccgc t taacctcgaggggcgccaccgccggcg 

Sa1 I /XhoI 

a taacttcgta tagca taca t ta tacgaagt ta tgga tcaggecaaa tcggccgagetegaa t tec,; = =ga Je tc ta 

tattgaagcatatcgtatgtaatatgcttcaatacctagtccggtttagccggctcgagcttaagcagctcgagat 

L..-_--"_--' 

BamHI 

etc tccagtatt ; g a � = cggcca taagggcctgatccttcga 

gagaggtcataac c taggccggtattcccggactaggaagct 

gggggggcccggtaccagcttttgttccctt tagtgagggttaatttcgagcttggcgtaatcatggtcatagctg tttcc 

cccccccgggccatggtcgaaaaca � � } � � � � � c a c � �C � 3 a '":. � � � a gctcgaaccgcatta J '":. � � s R g � 3 '":.�g� c � � � ]� 

T3 promoter M1 3 Reverse primer 
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10.5. 1 4  pOTB7 (1815 bp) 

This vector contains the oligo-dT primed cDNA clones integrated in the antisense 

direction from the T7 polymerase binding site (Rubin et al. , 2000). The pOTB7 plasmid 

is based on the pOT2A backbone with a 204 bp inserted fragment designed to faci l itate 

the use of the Gateway expression system from Life Technologies. pOTB7 contains an 

attB 1 site between the BamHI and M 1 3  forward sites. An attB2 site is  situated between 

BglII and M l 3  reverse sites. The 204 bp insert was l igated into XhoI and EcoRI sites 

within the pOT2A vector, destroying the XhoI site and altering the EcoRI site to a BglII 

site. The HindIII site in pOT2A was replaced by a NotI site. It is important to note that 

the EcoRI and XhoI sites are reversed with regard to the Sp6 and T7 sequencing primers 

compared to the pOT2A vector. 

Not! . 

1 090 

3sp106 
1 078 

chloramphenicol acetyltransferase 

r 
� Tet promoter 

pOTB? 
1 8 1 5  bp 

ORI 

� ' :!. tr,r. 

PMOO1 
(�q, pnmer) 

Sp6 53 
8amHI 79 
M 1 3  fwd 93 
I-Ceul 1 37 
8g11 1 54 
EcoRI 1 65 
Spel 1 75 
Xhol 1 85 
PI-Scal 1 93 
M 1 3  Rey 232 
8gll1 278 
T7 293 
PMOO2 331 

(seq, primer) 
Psll 350 
Smal 358 

ACTCGAAGGATCCACAAGTTTGTACAAAAAAGCAGGCTT�AAAACGACG 

AGTGCTTCCTAGGTGTTCAAACATGTTTTTTCGTCCGAACATTTTGCTGC I-C"", • �!ln!1. ____ . _  . ... _ __ � .Mqf.L .. ... _ 

GCCAGTAACTATAACGGTCCTAAGGTAGCGAGGCCTGGGTGGCGAATTCC 
CGGTCATTGATATTGCCAGGATTCCATCGCTCCGGACCCACCGCTTAAGG 

, �  , c ·.hill , ,.....-, -----7'-:>--------------

CTTACTAGTTTCCCTCGAGGCATCli'ATGTCGGGTGCGGAGAAAGAGGTAA 
GAATGATCAAAGGGAGCTCCGTAGATACAGCCCACGCCTCTTTCTCCATT 

TGAAATGGCACATGGT CATAGCTGTTTCCTGACCCAGCTTTCTTGTACAA 

ACTTTACCGTGTACCAGIATCGACAAAGGACTGGGTCGAAAGAACATGTT 
Bgal 

AGTGGTAGATCTGC 
TCACCATCTAGACG 

M D  
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1 0.5. 1 5  pW30 (8865 bp) 

The pW30 plasmid map was obtained from Wei Gong (Gong and Golic, 2003) .  pW30 

contains the FRT sites flanking I-SceI sites within an ampicil lin-resistant P-element 

vector containing the mini-white marker gene. 

Eco01091 (68 1 9 )  

Eco01091 (500) 

Xbal (669) 

pW30 
8 8 65bp 

Clal (4072) 

Sail (4 1 29)  

EcoRV (4317)  

EcoRI (834) 

Saell (887) 

Noli (887) 

BamHI (91 3) 

Xbal (91 9) 

Sail  (925) 

Xhol (960) 

Slul (966) 

Xhol (968) 

Sail (974) 

Nhel ( 1 0 1 2) I-Sce I site 

Hindlll (2154) 
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1 0.6 Alignment of genomic sequences fro m  y w strain with y2; cn bw 

sp strain used for BDGP genomic sequence 

10.6.1 Alignment of LspJa 3 '  UTR genomic sequences from y w strain andy2; en 

bw sp BDGP strain 

Consensus key 

* - single, fully conserved residue 

- no consensus 

CLUSTAL W ( 1 . 8 1 )  mUltiple sequence alignment 

yw L S 9 1  3 ' JT" 

gOGP LS91 3 ' JT O\  

Y'N L S 9 1  3 ' JTO\ 

gOGP L S 9 1  3 ' JTO\ 

yw L391  3 '  JTO\ 

gOGP LS9 1 3 ' JTO\ 

yw Ls"l 3 ' JTO\ 

g O G P  L S 9 1  3 ' JTO\ 

gOGP L S 9 1  3 ' JT" 

GCCACAGCACGAGCAGTTCTCCACCTT TGACTACACCTACT C GTGCGGCATCGGATCCGG 

GCCACAGCACGAGCAGTTCTCCACTTTTGACTACACCTACT C GTGCGGCATCGGATCCGG 

* * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

AGCTCGACACGTGGACAGCCTGCCTTTTGGATATCCCTTCGATCGTGAAATCAACGAGTA 

AGCTCGACACGTGGACAGCCTGCCTTTTGGATATCCCTTCGATCGTGAAATCAACGAGTA 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *� * * * * * * * * * * * * * * * * * * * * * * * * * * *  

EcoO\V C J � S  a �  90 s i : io �  9 0  ( b o l d )  

CGAGTTCCACGT GCCCAACATGTACTTCAAGGATGTGACCATCTATCATGCGGATACAAT 

CGAGTTCCACGTGCCCAACATGTACTT CAAGGATGTGACCATCTATCATGCGGATACAAT 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

GGAGAAGTACTATAACTACAAGGAATACACCAACTACGGTCACTTCGATTATT CCTTCTT 

GGAGAAGTACTATAACTACAAGGAATACAC CAACTACGGT C ACTT CGATT ACTCCTTCTT 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * *  

CAACGACTACTACACCAAGTACTTCAAGTTGTAGATCTGATAACATTCCGATTTTGACCA 

CAACGACTACTACACCAAGTACTTCAAGTTGTAGATCTGATAACATT CCGATTTTGACCA 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *�* * * * * * * * * * * * * * * * * * * * * * * * * *  

O"F e�d ( bo l d )  

2 1 0  



yw L s p 1  3 ' ;) T 2  

BDGP L s p 1  3 ' ;)T:;:( 

yw Ls p 1  3 '  ;)T2 

B D G P  L s p 1 3 ' ;)T 2  

y w  L s p 1  3 ' :1 T2 

SDGP L s p 1  3 ' ;)T 2  

yw L s p 1  3 ' :1T 2  

S D G P  L s p 1  3 ' ;)T 2  

y w  L s p 1  3 ' :1T ?  

S D G P  L s p 1  3 ' :IT ?, 

yw L S D 1  3 ' ;) T ?  

B D G P  L S 9 1  3 ' :1T ?  

yw L s p 1  3 ' :1T ?  

SDGP L s p 1  3 ' :1T ?  

TGGAT CGATTGTAGTTAGTAAGCATAGCAAAAAGT GAAATAAAC T T T C GAAAATCCAACG 

TGGATCGA T TGTAGTTAGTAA GCATAGCAAAAAGT GAAATAAAC T T T C GAAAA T C C AACG 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * � * * * * * * * * * * * * * * * * * * *  
wa i �  p o l y a de � y l a � i o �  s i g� a l  

TATTC AGAT T T C T C T GTTAAGC T T T T C - - - - - - - - - - - - - - - - - - CTAATTTG - - - - - - ­

TATTCAGATT T C T C T GT T C A G C T T G TCAAAGGGATCGTTAGATAGCTGGTT CAACT TAGC 

* * * * * * * * * * * * * * * * * *  * * * * *  * *  * *  * *  

- - - - - - - - - - - - - - - - - - - - - - - - - - - GGTCAT - - - - - - - - - - - - - - - - - - - - - - - - - - -

CAAGCTATGATAAT AACC GACAAT GGAGGT C T T T GCAAAACAGT T T T T GC T C T ACATTGT 

* * * *  * 

- - - - - - - - CAAATAATCAGT T T T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T T T GCCA 

AT T T C T AGCAAAAAGT C G AT T T T ATATAT T TC T T G T C C AAAAAGAAT C A A T T T TT T G GC A  

* * * *  * * *  

TAAC T T T AAAAATAAT T G TC TGAATA TGGAATG TCATACCTC G T TGAGCTCGAAATT -AA 

TAACTT TAGAAATAATAA T T T CAATCTAGAATGAAATACCTT G T T GAT CT C G G T A T T GAA 

* * * * * * * * * * � * *  * * * * *  * * * * * *  
s e c o � d a r y  p o l y a d e� y l a � i o �  s i g � a l  

� * * * * *  * * * * *  * * * *  

ATTTC CAATCAAAC T G T G T T C AAAAATGGAAA T T C T A T T T T T T TGAAAT T T T T T G C AAAT 

AT T C C C AATCGAACTACT AGGAAAAATGC GAAAT G T AG T T T T T T GC C A T T T T T T GCAAAT 

k * *  * * * * * *  * * -1<: *  

TTGGATGAT GT T AC C C C T TACAAAAAATGCGAA 

T T T GATGATG - - A C C C C T T A C AAAAAATGC GAA 

* *  * * * * * * *  * * * * * * * * * * * * * * * * * * * * *  
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1 0.6.2 Alignment of genomic region from CG2560 - LspJ a, including LspJ a 

promoter, from y w flies and the y2; cn bw sp BDGP strain 

Consensus key 

* - single, fully conserved residue 

- no consensus 

yw _ Lsp 1 alpha �romoter = (P) 

yw _ CG2560-Lsp l alphajnsulator = ( 1) 

BDGP _CG2560-Lsp l a_insulator = y2; en bw sp BOGP sequence from -863 bp to 

Translation S tart Site. 

Annotations and ONasel Hypersensitive sites (OHS) mapped from (Jowett, 1 985) and 

Gcnomatix Transcription Factor Binding Site Predictor. 

CLUSTAL W ( 1 . 8 1 )  multiple sequence alignment 

yw L S D l a l Dh a  p r owo � e r  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

yw_C G 2 5 6 0 - L s D l a l p h a_i � s J l a � o r  CGATCAAAGTTTTAATGTGTTT T��ATGAGGAAAAATATGGATGGGGATA 

'3 D G P_C G 2 5 6 0 - L s p l a _ i :1 s J l a c: o r  CGATCAAAGTTTTAAT G T G T T T T AA T T GAGGAAT AATATGGATGGGGATA 

.. 
- 8 6 3  DD 

yw L s p l a l p h a  p r owo c: e r  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

yw_CG 2 5 6 0 - L s D l a l pha_i � s J l a c: o r  T T TAAAACTATTTTCTATTAAT T T T T GG C T T T GT AATAAAAT GTTATTGC 

5DGP_C G 2 5 6 0 - Lsp l a_ i :1 s J l a c: o r  T T TATATATATATT - - - - - - - - - - T T GG C T T T G T AATAAAATGTTATTGC 

yw L s p l a l p h a  p r o wo c: e r  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

yw_CG 2 5 6 0 - L s p l a l p ha_i � s J l a � o r  AAGCAAT T G T T GAAA T T TTATTCAGCATCGT TACAAAAAAAAA T T C G T T G  

5 D G P_C G 2 5 6 0 - L s :o l a _ i :1 s J l a � o r  AAGCAAT T G T T GAAAT TTTATTCAGCATCGTT ACAAAAAAAAAT T C GTTG 

yw L s p l a l p h a  p r owo c: e r  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ­

yw_CG 2 5 6 0 - L s p l a l p h a_i � s J l a � o r  T T T C AGAATAAAGT TAAGT TTTATTAACT GAAAATGAATAGTTTGTT TAC 

5 D G P_ C G 2 5 6 0 - L s p l a _ i :1 s J l a � o r  T T TCAGAATAAAGTTAAGT T TT A T T AACT GAAAATGAATAGTTTGTTTAC 

yw_Ls p l a l pha p r owo � e r  

yw_CG 2 5 6 0 - L s p l a l pha_i � s J l a � o r  

5DG P_C G 2 5 6 0 - Ls p l a_ i n s J l a � o r  

y w  L s p l a l p h a  p r owo � e r  

yw_CG 2 5 6 0 - L s p l a l p h a_ i � s J l a � o r  

'3 D G P _ C G 2 5 6 0 - Lsp l a_ i n s J l a � o r  

T G T T T TATAAGCATGGCATATACAAT T T T CCAAC TAAGATACAGAATCTA 

T GT T T TATAAGCAT GGCATATACAA T T T T CCAAC T TAGATACAGAA T C T A  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GCAACAAACG 

T TATTACAGATTATGA T T T T G T T T GAATGCC TAAAAGCATGCAACAAACG 

TTATTACAGAT TATGATT T T G T T CGAATG C C TAAAAGCATGCAACAAACG 

.. 
- 5 7 3  op 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  
2 1 2  



yw L s p l a l ph a_p r o� o � e r  TATGAAAT T C AT C T GC A T C T ACATATAAATATATAAATAAGAGCGATAT T  

yw C G 2 5 6 0 - L s p l a l p h a  i Cl s J l a � o r  TATGAAAT TCATCT GCAT C T ACATATAAATATATAAATAAGAGCGATAT T  

5 D G P  C G 2 5 6 0 - L s p l a  i Cl s J l a :: o r  TATGAAATTCA T C T G C A T C T ACATATAAATATATAAATTAAAGCGATATT 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

- 5 2 9  

t* * * * * * * * * *  

- 5 l 7  

C O Cl S e Cl S J S  90x ( S h e r�oeCl aCld 5 e c keCldo r f ,  1 9 8 2 )  

yw L s p l a l p h a_p r o�o � e r  TAATGAATTC T AGT TAAGA C TCT TAGCAGCAGACAAGT T T GCTTGATGAA 

yw C G 2 5 6 0 - L s p l a lp h a  l ClS J l a :: o r  TAATGAATTCTAGT TAAGAC T C T TAGCAGCAGACAAGT T T GC T T GATGAA 

9 D G P  C G 2  5 6 0  - Ls p l a  i Cl s 'cl l a  � o r  TAATGAC T T C T AG T T AAGG C T C T T AGCAGCAGACAAGT T T G C T T GATAAA 

* * * * * *� * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * *� * *  

Eco�I s i �e i Cl Y W s � r a iCl ( oo l d )  

y w  L s :o  1 a l oh a  o r orr.o::e r TTCGT TAT GTACAT GGAAT T T T AAAC T T C T T T  AAAAT CAGAATAGATGGA 

yw C G 2 5 6 0 - L s p l a l pha l Cl S J l a :: o r  TTCG TTATGTACATGGAAT T T TAAA C T T C T T T AAAATCAGAATAGAT GGA 

9DGP C G2 5 6 C - Ls p l a  i Cl s J l a :: o r  T T C GTTATGT ATATGGAAT T TAAAA C T T T T T T AAAAACGGAAT AGAG T G G  � * * * * * * * * *  * * * * * * * * *  

Eco�I s i  � e  i Cl  Y W s ::. raiCl (oold)  
* * * * * *  * * * * * * *  * * * * * * * *  

yw Ls o l a l ph a  o r orro :: e r  T AGCCAAGT G G T C AAAGTTATGAC A C T G C T C ATACGCCACGTTGTACACA 

yw CG2 5 6 C - L s 9 1 a l p h a  l Cls cl l a ::. o r  TAGC CAAGTGGTCAAAG T T ATGACACTGC T CATACGCCACGTTGTACACA 

9 D G P  C G 2 5 6 C - L s p l a  i C! s J l a ::. o r  TAGCCAAAT G G T C AAAGTT ATGACAT T G C T CATACGCCACGTTGTACACA 

* * * * * * *  * * * * * * * * * * * * * * * * *  

yw Ls p l a  I p h a  0 r orr.o::e r C T T T T CTCAAAATAAT G C C T GC CAATGCTTAACT TTAGT T C GTAATATGT 

yw C G 2 5 6 C - L s o l a l o h a  l Cl s cl l a ::. o r  C T T T T CTCAAAATAAT G C C T GC C AAT G C T T A A C T T TAGTT CGTAATATGT 

9DGP C G2 5 6 0 - L s p l a  i Cl s J l a :: o r  C T T T T C T C AAAATAAT G C C T GC C AAT GCTTAACTTTAGTT CGTAATATGT 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

yw L s :o l a l p h a  p r orro ::. e r  ATATGATTGGTAA T AT C T C T ATATTATATACATATAAATAATTAAAA T T C  

yw C G 2 5 6 C - L s p l a l p h a  l Cl s cl l a ::. o r  ATATGAT T GG T AA T A T C T C T ATATTATAT ACATATAAATAATTAAAA T T C  

9 D G P  C G 2 5 6 0 - Ls :o l a  i Cl s cl l a :: o r  ATATGATTGGTAATAT C T C T ATATTATAT ACATATAAATAATTAAAAT T C  

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

yw L s :o l a l p h a  p r orro ::. e r  AGAGCGAT T GGAA G T T G T G C AGAAAT TGCAGACAAAGAACCGAATCTAAC 

yw C G 2 5 6 C - L s o l a l p h a  i Cl s J l a ::. o r  AAAGCGATTGGAA G T T G T G C AGAAAT TGC AGACAAAGAAC CGAATC T AAC 

9DGP C G2 5 6 0 - L s p l a  i Cl s J l a :: o r  AAAGCGATTGAAA C TT G T G C AGAAAT TGCAGACAAAGAAC CGAATCTAAC 

* * * * * * * * *  * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
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yw L s p l a l ph a  p r oIT o � e r  GCTATTTTTG GAATGC AAAT C T G G A C T C GATATGT TGGGACCAACGTAGG 

yw C G 2 5 6 0 - L s p l a l p h a  l � s J l a � o r  GCTATTTTTGGAATGCAAA T C T GGACTCGATATGT TGGGAC CAACGTAGG 

SDGP CG 2 5 6 0 - L s p l a  i � s J l a � o r  G C T AT T T T T G GAATGCAAAT CTGGAC TCGATATGTAGGGA C C AA C G T AGG 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * *  

yw L s p l a l ph a  p r oIT o � e r  C T G T CCAGAGATAAGC T GT T GCGGT GCAATAGCAACAGA T G T T C G T G G C G  

yw_CG2 5 6 0 - L s p l a l p h a_i � s J l a � o r  C T G T CCAGAGATAAG C T G T T G C G G T GCAATAGCAACAGAT G T T C G T G G C G  

S D G P  CG2 5 6 0 - L s p l a  i � s J l a � o r  C T G T C CAGAGATAAGC T G T T GC G G T GCAGTAGCAACAGAT GT T CGTGGCG 

* * * * * * * * * * * * * * * * * * * * * * * * �* *  * * * * * * * * * * * * * * * * * * * * *  

D 'l S 2  ( - 1 2 7 o p ) 

yw L s p l a l ph a_p r oIT o � e r  AGCACCT GAGATACAC C CGATGA T C CCTGAT C C C GTCGTCACAGAT ATGT 

yw C G 2 5 6 0 - L s p l a l p h a  l � s J l a � o r  AGCACCT GAGATACACCC GATGAT C C CTGAT C CCGTCGTCACAGATATGT 

SDGP C G2 5 6 0 - L s p l a  i � s J l a � o r  AGCACCT GAGATACACC CGATGAT C C CTGAT C CC G T C G T C A CAGATATGT 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

yw Ls p l a  I p h a  _p r oIT. o � e r  TATTTCCGATTACCGCGGGAAT C T G T GGCTATATAAGCAG A C C C GT GGGC 

yw C G 2 5 6 0 - L sp l a l o h a_ i � s J l a � o r  TATTTCCGATTACCGC G GGAAT C T G T GGCTATATAAGCAG A C C C G T G GG C  

S D G P  C G 2 5  6 0  - L s p l a  i :1 s ·J l a  � o r  TATTTCCGATTACCG C GGGAAT C T G T GGCTATATAAGCAGAC C C GT G GGC 

* * * * * *1f * * * * * * * * * * * * * * * * * * * * * * * � * * * * * * * * * * * * * * * *  

P J � a = i v e  e c d y s o�e - s = iITJ l a = e d  S 7 � A  o i � d i � g  s i = e T A T A  Sox 

yw L s o l a l ph a  p roITo = e r  

y w  CG2 5 6 0 - L s p l a l p h a _ l � s J l a = o r  

S D G P  C G2 5 6 0 - L s p l a  i � s J l a = o r  

S D G P  CG2 5 6 0 - Ls o l a  i � 3 J l a = o r  

. + 1 
GT CGGTAAGGCAA£AGT C T T TAGGCATT GGA T C  

G T C GGTAAGGC AACAGTC T T TAGGCATTGGATC 

G T C GGTAAGGCAA£iGTCTT TAGGCATTGGAT1iCATCAAGT GC A T C C GA T  

* * * * * * * * * * * * * *lr* * * * * * * * * * * * * * * * *  

CAP S i = e t 2 C  D'l S 3  ( 1 3 3 0p ) 

CCGGAGCAGTTAAAGTTGAGTGTT TCGAG C AAAAGAAGA AG T T T C CAGGATG 

S = a r =  O?F 

Note: A fourth D HS is present in the ORF of LspJ  a at ca. + 1 6 1  bp (Jowett, 1 985) .  
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1 0.7 Alignment of protein sequences from Drosophila species 

10.7.1 Alignment of putative CG15730 proteins from Drosophila species 

ClustalW (v I A) multiple sequence alignment (following page) . 

[8 Sequences Aligned; A lignment Score = 69664; Gaps Inserted = 1 2 1 ;  Conserved 

Identities = 1 32 ;  Pairwise Alignment Mode: Fast; Pairwise Alignment Parameters:ktup 

= 1 ,  Gap Penalty = 3, Top Diagonals = 5 ,  Window Size = 5 ;  Multiple Alignment 

Parameters: Open Gap Penalty = 1 0 .0, Extend Gap Penalty = OA, Delay Divergent = 

40% , Gap Distance = 8, S imilarity Matrix : b losum] 

Key: D. melanogaster (Dmci), D. yakuba (Dyak), D. erecta (Dere), D. simulans (Dsim), 

D. mojavensis (Dmoj), D. ananassae (Dana), D. pseudoobscura (Dpse) and D. virilis 

(Dvir) . 

Grey shading indicates conserved residues. The D. simulans CG 1 5730 sequence is not 

complcte due to the partial nature of the genome data availablc. 
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P K A I E A Q A Q 

Omov_CG1 573G:l. o.,, __ CG 1 5730 I 
DyILCG 1 57S0 . 
Ollm_CGl 5730 . 
Op.,_CG1 5730 . 
Ovlr_CG 1 5 730 . 
O,r,_CG157S0 · 
Om,LCGf 5130 -

, Lrn s  Q D �\ Q 
R P , ' 
R P  ' - ' . 

� �m� , 
P �� . p , 

Omov_CG 1 5130< S 5 P 
01" __ CG1 5730 L <; T M 
OyILCG1 5730 T l 
Ollm_CG1 5730A V 
OpI,-CG1 5730T M T 'IV 
Ovlr_CG 1 5 730 K T P P 
O.r._CG 1 5730A l v R 
Om.LCG1 5730A A 

Omov_CG 1 51 3Q.. Q 
01I"I_CG15130 K A 
OylLCG157srn K 
0IIm_CG1 573 H K 
Op .. _CG 1 573 H A 
Ovlr_CGl 5730 H. 0 
O.r,_CG 1 513 H K 
Om.I_CG1 573 H K 

H 

p 
M W ,  

0I",-CG1 57300 F Y Q 11 Q 11 5 
Dmo,_C0 1 S? ,  .. IT]Y

. 

Q m Q�
. 

c 

Oylk...CG 1 5 730 E F Y' H I: R 11 A 
Dllm_CG1 5730 E F Y H 11 R 11 A 
Op .. _CG157300 Y F Q G Q i S 
DvILCG 1 5730 <; [Q]Q A K 11 s 
O,r,-CG 1 5730 E F Y H R 11 A 
Dm.LCG1 5130E F Y R rn R il E  

F Y R R 

Dm,,_COl S?� P 
0.",-CG1 513 E S 
ayILCG1573 E G 
0IIm_CG1 51 3  E G 
DpI __ CG157S � T 
Dvlr_CG 1 5730 E P 
D,r._CG 1 513 E G 
Dm.LCG1 513 E G , 

'90 

$ , 
E ' S  

130 
Dmov_CG1 5730. . . 0 0 0 rDl 0 �G Q F S H E 
OInl_CG1 5730 E S S G m ·  l.!J E 0 A R rTl T m V :���:;:;:� V l!.I G  E E D V  K l!J T l!J1I. 

O p  . .  _CG1 5130 · . N S [!]. . . . .  . .  E E 
Ovlf_CG15730 _ . . D D D � S P . A P G H S 
D.rl_CG 1 5 1lmp .� G mll. D E ..llVl K rTl s m N 
Dm.LCG1 573 D D S D ill N D D �R l!.J S l!J '"  D O G  5 D D V  S S  

R. T T S R S R S 

171:) 180 
P [IJ S  L F S N S Q I1_. F I T [!]Q 
A A V P Q Q E A S H  A srn '  . A 
Q m ,., S W � l  ' -D' ''' . - . 
Q (jj t-. S G lf:!b l >·t� t-. , " . : m.A. g � T E S Q A P Q P 

Q ' , ,,, S W ("'["1Jii1 H � T rJJ ' 
Q i' ,., S W l..!Jt1 l (£jj Il. tj] .  

S S I  S D S 

230 

300 
R rn 

�m  c l!! 
�r!l  c liJ 

S 

<80 

�m� , L I L 
L L 
: �  

L 

110 720 
l I R E H S 
Q �O � H l..b....:!LJ:.3 N I!:L!.J 

M L l K M oc::b:I] P 
L G L L A P  E 0 S 
T m N F H �H m� 'S 
T LtJD ,*"H;.-;r-;;-' H �II. � � � 

K rn S m 
K A I liJ 
T rn -

780 

T A P S S A Y  Y q A E FI 
P 5 S A Y  Y Q A E F 
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1 0.7.2 Alignment of putative LSP1 proteins from Drosophila species 

ClustalW (v I A) multiple sequence alignment 

[22 Sequences Aligned; A lignment Score = 902940; Gaps Inserted = 89; Conserved 

Identities = 275 ;  Pairwise Alignment Mode: Fast; Pairwise Alignment Parameters:ktup 

= 1 ,  Gap Penalty = 3 ,  Top Diagonals = 5 ,  Window Size = 5 ;  Multiple Alignment 

Parameters: Open Gap Penalty = 1 0 .0, Extend Gap Penalty = OA, Delay Divergent = 

40% , Gap Distancc = 8, Similarity Matrix : blosum] 

Key: D. melanogaster (Dmel), D. yakuba (Dyak), D. erecta (Dere), D. simulans (Dsim), 

D. mojavensis (Dmoj) ,  D. buzzatii (Dbuz), D. ananassae (Dana) , D. pseudoobscura 

(Dpsc) and D. virilis (Dvir) . * single fully conserved residuc. 

DIT e l� L s ,:o l a 1 ,:o h a  
D y a k�L s ,:o l a 1 oha 
D e r e  L s ,:o l a l oh a  
D s i IT�L s,:o l a l ,:oha 
DIT.e 1 � Ls,:o Loe ;:c a  
D y a k�L s ,:o l o e c: a  
D e r e� L s o 1 o e ;:c a  
D s i IT. L s ,:o l o e ;:c a  
DIT o j � L s ? l o e c: a  
DO·J Z � L s ? l o e c: a  
Da:1a�L s ,:o l o e ;:c a  
D,:o s e� L s ? l oe c: a  
Dvi r�L s ? l o e c: a  
DITe 1 � L s ,:o l  gaIT.IT.a 
D y a k� L s ,:o l gaITIT.a 
De r e  � L s ,:o  1 gaIT.IT.a 
Ds i IT.� L S D  1 gaIT.IT.a 
DIT.o j �  L S 9 1 gaIT.IT.a 
Di:YJ Z� L S 9 1 gaIT.IT.a 
D a :1 a  � L S 9 1  gaIT.IT.a 
D,:os e � L S 9 1  gaIT.IT.a 
Dv i r L s ?  1 gaIT.IT.a 

DIT.e 1 L S 9 1 a l Dh a  � 
D y a k  L S 9 1 a 1 9 h a  � 
D e r e  L S 9 1 a 1 9ha � 
Os iIT. L s ,:o l a 1 9ha � 
DIT.e l L s ? l o e c: a  � 
D y a k  L S 9 1 oe c: a  � 
De r e  L S 9 1 oe c: a  
O s  i IT. L S 9 1 o e c: a  011'.0 j L S 9 1 oe c: a  � 
DO J Z  L s ,:o l o e c: a  � 
Da:1a L S 9 1 oe ;:c a  � 
D,:o s e  L s ,:o l oe c: a  � 
Dv i r  L s ,:o l oe � a  � 
DIT. e l  L S 9 1 gaIT.IT.a � 
D y a k  L s ,:o l gamIT.a � 
D e r e  L s,:o l gaIT.IT.a � 
D s i m  L S 9 1 gaIT.IT.a � 011'.0 j L S 9 1 gaIT.IT.a � 
DO J Z  L S 9 1 gaIT.IT.a � 
Da:1a L s ? l gamrra � 
D,:o s e  L s ,:o l gamIT.a � 
Dv i r  L s ,:o l gaIT.IT.a � 

V.�FAIAF LACVAVVTATAY � �T � D I �VAD�AFLV.�Q � F L F S I VY?VS D P LV.FSSY IAV.G� 6 0  
1 V.� F A I A f LACVAVVAATGY � Q T � D I �VAD� D f LV.�Q � f L f S I VY?VS D P LV. f SS Y I AV.G� 6 0  
1 fLV.?Q � f L f S I VY?VS D P L�fSS � IATG� 2 9  

��fA I A f LACVAVVTATG Y � �T � D I �VAD�AYLV.�Q � f L f S I VY?VS D P L� F S S Y IA�G� 6 0  
V.� I A I ALLAC L GLAAAAS f � Q T �S V � I AD�AfL��Q � f L f S I VY?VS D P LV.fS D � I �QGS 6 0  
�� I A I A L LACLG LVAAA S f � Q T �S V � I A D�AfLL�Q� f L f S I VY?VS DPL�fSS Y I �QGS 6 C  
V.� I A I AL LAC L G LVAAAG F � Q T �S V � I AD�A F L L�Q�F L f S I VY?VSDPL�f S S Y I �QGQ 6 0  
V.� I A I AL LA C L G LAAAAS f � Q T �SV� I A D�AfL��Q� f L f S I VY?VS D P L V.f S D � I �QGS 6 0  
��IA I A L LAC L G L VAAAS f � QT � S V � I A D� S f LS�Q� f L f S I VY?VS D P L� f S S Y I��GS 6 0  
�� I A I A L LA C L G L VAAAS f �Q T �S V � I AD��f L��Q� I L f SVVY?�DS P L�fSS L I �V.GS 6 0  1 V.�VA I A L LACLG LVAAAS f � � Q � S V� I AD� S fLG�Q� f L f S I VY?VS D P L�fS S Y I � L G �  6 C  

1 V.� I A I A L LALVGLVAAAS f � Q T �S V � I A D�G f L V �Q � f L f SVVY? I S D P L� fS D I I � L G D  6 0  
1 � � I V I A L L A C L GLAAAA S F � � T � S V � I AD�A FLS �Q� f L f S I VY?VSDPLEFSS Y I � � G D  6 0  

V.� L T LV I LALVACVTAfSVPT - Q�V�I AD�� f L S �Q � F L f S I V �? I DS P L�fSSW I ��GQ 5 9  
V.�LT LV I LALVGCVTAfSVPT - QQV� I AD�T f L S � Q � f L F SVVY ? I DS P L�fSS W I ��GQ 5 9  

1 V.�LT LVI LALVGCVTAfSVPT - Q�V � I A D�T fLS�Q� f L f S I V Y ? I DS P L�fSSW I ��GQ 5 9  

1 ��L TLVI LALVACVTAfS V P T - Q� V � I A D�� FLS�Q�fL F S I V�?VDS PLEFS S W I �EGQ 5 9  
��LTLVL LALVGCVAAf S V P T S T�V�I ADA S f L��QQ f f f S I LY ?VS D P L�fSSW I ��GQ 6 0  

6 1  
6 1  
3 0  
6 1  
6 1  
6 1  
6 1  
6 1  
6 1  
6 1  
6 1  
6 1  
6 1  
6 0  
6 0  
6 0  
6 0  
6 1  
6 1  
6 0  
6 0  
6 1  

V.�LTLVL LALVGCVAA f S V P T PT�V�VADA S f L��Q � f I L S A L Y ?VSSP F�fSSW I � I GQ 6 C  
V.�LT LVLLALVGCVAAFSVPT - P�V� I AD�� fL S � Q � f L L S I T Y ? I S D P L�fSS W I � f GT 5 9  
V.�L CLVL LALVGCVCA f S V P T - Q�V� I A D� D F L S �Q � f L fS�VY?VS D P LEFS S W I �EGQ 5 9 

v.�LTLV L LALVGCVAAf S V P T S T�V � I AD Q S F L Q �Q � f F F S I VY?VS D P L L F S S W I � LGQ 6 0  

Q F Y F D�S � YT � - F D LYV.S � F F S A � �A�ALL P�GS F FGAL V�� � A�QA? G L F � F F YYA�DW 1 1 9  
� F Y F S Q S � Y T � - F DLY�S � F Y SAY�A�ALL P�GS F F GALV� � � A�QA?GL F � F f Y YA � DW 1 1 9  
Q F � F S � Q �Y T � - F DLY�S � F � SA��A�ALL P�GS F f GALV�� �A�QA?G L F � Y F Y YA?DW 8 8  
Q F F F S � S � Y T � - F DLYV.S � f f SA��A�ALL P� G S F F GALV�� � A�QA?G L F � F F Y Y A� DW 1 1 9  
� F Y F SS S YY T � - Y DV.YV.� � FFSAY�A�ALL P�GS F F GALVV.S �A�QA?G L F � F F Y Y A� DW 1 1 9  
�FYFSS S YY T � - Y DLYV.� � FFSAY�A�ALL P �G S F F GALVV.S�A�QA?GLf� f F Y YA�DW 1 1 9  
� f Y F SS S Y Y T � - Y D LYMQ� f fSAY�A� A L L P �GS F fGALV�S �A�QA?G L f � f F Y YA�DW 1 1 9  
� F f f S E S Y Y T � - Y D�Y���FfVAD�A� A L L P � G S f fGALVMS � A�QA?G L f � f f YYA�DW 1 1 9  
� f Y f S Q S Y Y T � - Y D�YPY� f Y EGY �A� S LL P�GS f f G S LV � T � AMQA? G L f � f f Y Y A � D f  1 1 9  
� f Y F D Q S Y Y T � - Y D I YV.�� f Y SAY�T � S LL P � G S f f G Q LV�A�A�QA?G L F � f f Y YA�DV 1 1 9  
Af DF�S P � Y T � - F D�Y��A f f S AY�V� A L L P � G S f FGAAV� S � A�QA?G L f � f FY YA�DW 1 1 9  
� f Y f D E S Y Y T � - Y DLYM��ffSAY��� S L L P�GS f f GQLV�S �A�QA?G L f � f f Y YA�DW 1 1 9  
� f Y f D S S Y Y T � - Y D I yv.�� f Y SAY�A� S LL P�GS f f GQ L V � Y � A�QA?G Lf�ffYYA�Df 1 1 9  
� L I T D�AQYST - f Df Y�S � LW S S Y �LGALL P � G S f f GALVKT � ��QAYG L f � f f Y YA�DW 1 1 8  
� L I T D�AQYST - f D f yv.S�fWS S Y � LGVLL P �GS fFGALV�T � ��QAYG L f � F f Y YA�DW 1 1 8  
� L I T DKAQYST - F DFYMS � F WS S Y� LGALL P�GS F FGALV�T� ��QAY G L f � f f Y YAKDW 1 1 8  
K L I T DKAQYS T - F DfYME � f W S S Y K L GA L L P K G E F f GALV�T� �KQAY G L f � F f Y YA � DW 1 1 8  
�LVVDKAQY�S - Y DfYMS � f Y E S Y � LGALLP�G S F f GALVKT � Y�QAY G L f � f f YYA�DW 1 1 9  
�LVAD�GQYKT - Y D f YV.S � FYSAY�LGALL P�GS F F GALV�T ��LQAY G L f � f fY Y A � DW 1 1 9  
� f I Y D� S fY E - - Y DYY�E � f Y S S Y� L GA L LP � G S f f GALV�TH��QAY G L f � F F Y YA�DW 1 1 7  
� L I VD�AQY�QE F DFYME � F W E S Y K LGA L L P KG S F F G S LV�T���QAY G L f � f f Y YA�DW 1 1 9  
KLVVDK S L Y T T - F D F YMSKFWS S Y KLGALLPKGSffGALV�T� �KQAWG L f � f f Y YA�DW 1 1 9  
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Dme l  L s p 1 a l pha -

D y a k  L s p 1 a l o h a  -
De r e  L s p 1 a 1 p h a  
Ds i rr. L s p 1 a 1 pha 
Drr. e l  L s p 1 0e � a  -
D y a k  L s p 1 0 e � a  -

De r e  L sp 1 0e � a  
Ds i m  L s p 1 0e � a  
Drr.o j L s p 1 0e � a  -
DO',-12 L s p 1 0e � a  
Da:<a L sp 1 0e � a  
Dp s e  L s p l o e � a  
Dv i r  L s p 1 0e � a  
Dme 1 L s p 1 garrll'.a -
D y a k  L s p 1 garrll'.a 
D e r e  L s p  1 garr.rr.a 
Ds i rr. L s p 1 garr.rr.a -
Dm o j  L s p 1 garr.rr.a -
Do ;] z  L s p 1 garrll'.a -
D a :o a  L s p 1 g arr.rr.a 
Dp s e  L s p  1 garr.rr.a -
Dv i r  L s p  1 garrlT'.a 

Drr.e l L sp 1 a 1 pha -
D y a k  L s p 1 a l pha 
D e r e  L s p 1 a 1 p h a  -

D s i rr. L s p 1 a l p h a  
Drr.e 1 L s p 1 0e � a  -
D y a k  L s p 1 0e :: a  
D e r e  L s o 1 0 e :: a  
D s  i rr. L s p 1 0 e � a  
Drr o j  L s p 1 0e :: a  
DO'JZ L s p 1 0e :: a  
Da:<a L s p 1 0 e :: a  
Dp s e  L s o 1 0e :c a  
Dv i r  L s p 1 0e � a  -

Drr.e l L s p 1 garr.rr.a -
D y a k  L s p 1 garrrra 
D e r e  L s p 1 garrrra 
Ds i rr.  L s p 1 garr.rr a -

Drr. o j  L s p 1 g arr.rr.a -
Do ;] z  L s p 1 garr.rr.a -

Da:oa L s p 1 garr.rr.a 
Dp s e  L s p 1 gamrr.a -
Dv i r  L s p 1 gamrra 

Drr. e l  L s p 1 a l oha 
D y a k  L s p 1 a l pha -
D e r e  L s p 1 a l p h a  
D s i rr.  L s p 1 alpha 
Drr.e 1 L s p 1 0e � a  -
D y a k  L s p 1 oe � a  
D e r e  L sp 1 0e � a  
D s i rr. L s p 1 oe � a  
Drr.o j L s p 1 0 e � a  
DO ;] z  L s p 1 0 e :: a  -
Da:oa L s p 1 0e :C a  
Dp s e  L s p 1 be t a  -
Dv i r  L s p 1 0e t a  
Dme l  L s p 1 gamrr.a -

D y a k  L s p 1 garrll'.a -
D e r e  L s p 1 ga!1111'.a -

D s i rr.  L s p 1 garrJr.a 
Drr.o j L s p 1 garrJra 
DO'J Z  L s p  1 garrll'.a -
D a :oa L s p  1 garrll'.a 
Dps e  L s p 1  garrll'.a -
Dv i r  L s p 1 garrll'.a 

1 2 0  
1 2 0  

8 9  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 2 0  
1 1 9  
1 1 9  
1 1 9  
1 1 9  
1 2 0  
1 2 0  
1 1 8  
1 2 0  
1 2 0  

1 8 0  
1 8 0  
1 1, 9  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 8 0  
1 7 9  
1 7 9  
1 7 9  
1 7 9  
1 8 0  
1 8 0  
1 7 8  
1 8 0  
1 8 0  

2 t; 0 
2 3 9  
1 9 8 
2 0 5  
2 1 3  
2 1 5  
2 1 5  
2 1 3  
2 1 1  
2 1 1  
2 1 5  
2 1 1  
2 1 1  
2 0 7  
2 0 7  
2 0 7  
2 0 7  
2 0 8  
2 0 8  
2 0 6  
2 0 8  
2 0 8  

ST F�T�VAFA�3F�SG�FVYALTLAV I �? D D F � GLVLPA I 3 S I F PQ F F F � S �FV�SAS� 1 7 9  
S T F �T�VAFA� � F�S G�FVYALTLAV I �? D D F � GL�LPA I 3 S I F P Q F F F� S �FV�SAS� 1 7 9  
S T F �A�VAFA�3 F�SG�FVYALTLAV I �?ADFQGLALPA I 3 S I F P Q F F F � S �FV�SA S �  1 4 8  
S T F AA�VAFA� � F� S G�FVYALT LAV I �? D D F � GLVLPA I 3 S I F P Q F F F � S �FV�SAS� 1 7 9  
S T F AA�VAWA��V�SG�FVYALT�AV I �?� D F � GL�LPS I Y S I F PQ F F F � S �FVFSAS� 1 7 9  
S T FAA�VAWA��V�SGV:FVYALTLAV I �?� D F � GL�LPS I Y S I F PQ F F F� S �FVFSAS� 1 7 9  
S T FAA�VAWA�3V�SG�FVYALT�AV I �? � D F � GL�L P S I Y S I F PQ F F F� S �FVYSAS� 1 7 9  
S T FAA�VAWA��V�SG�FVYALT�AV I �?� D F � GL�L P S I Y S I F P Q F F F � S �FVFSAS� 1 7 9  
ST F���VCWA�3V�SG�FVYALTLAV I �? P D F � GL I LP S I Y S I F PQ Y F F� S �FVYSAS� 1 7 9  
S T F L � �VCWA��V�SGV.FVYALTLAV I �?Q D L � GLV:L P S I YS I F PQ F F F � S �FVY�AS� 1 7 9  
S T F���VAWA���S GV.FVYALTLAV I �?S D F � GL�LPS I Y S I F PQ F F F � S �FVYSAS� 1 7 9  
S T F V.��VAWA��V�SGV.FVYALT LAV I �?S D F � GLV.L P S I Y S I F P Q F F F � S �FVYSAS� 1 7 9  
S T F F ��VCWA�3V�SGV.FVYALT LAV I � ? � D F � GL�LP S I Y S I F P Q F F F � S � FVYSAS� 1 7 9  
S T FV?�VAWA? I �� S G�FVYALTLAV I �� P S F S GL I LPQ I Y S I F PQ Y F F � S �FVYAAS� 1 7 8  
S T FV?�VAWA?I �V�SGV.FVYALTLAVL� � P S FS G L I L PQ I Y S I F PQ Y F F � S �FVYAAS� 1 7 8  
S T F V?�VAWA?I 3V�SG�FVYALTLAV L � � P S F S G L I L PQ I YS I F P QY F F � S �FVYAAS� 1 7 8  
S T F V ?�VAWA? I �V� S GV.FVYALT LAV I �� P S F S GL I LPQ I Y S I F P Q Y F F � S �FVYAAS� 1 7 8  
A T FV��VAWA? I �V�SG�FVYALTLAV I �� P SL S G F I L PQ I Y S I F PQ Y F F � S �FVYDAS� 1 7 9  
A T FAQ�VAWA? I �V�S GV.FVYALT�AV I �� P S F S G F I L PQ I Y S I F P Q Y F F� S �FVYAAS� 1 7 9  
S T F V S �VAWA? I �V�S GV.F I Y ALTLAV I � � P S F Q GL I LPQ I Y S I F P Q Y F F � S �FVYSAS� 1 7 7  
� T F V��VAWA? I �V�SG�FVYALTLAV I �� P S F S G L I L PQ I Y S I F PQY F F � S �FVYSAS� 1 7 9  
S T F S Q�VAWA? I 3V�SG� F I YALT LAV I 3� P S F S GF I L PQ I YS I F P Q Y F F � S �FVYSAS� 1 7 9  

* * . * * * * * * .
* * * * . * *  * * *  * * * * * * . * * * * * * *  * * *  

F D Y S �W��T S L Y S �SY�DVY � � I P T F S S Y S � GY �QG�AYGYG � T � G � G Q T Y S � S F G S�YQ 2 3 9  
F D Y S ���T S L Y S �S Y � DVY���PT F S Y G � G Y - AQS�G�GY G�TQG�G Q T Y S �G F S S L � Q  2 3 8  
F D Y S �W�� T S L YS � S Y LDVY3 � I PT F S DGQG - - - - - �G� G � G � TQ G � - - - - - -G F G S L YQ 1 9 7 
F D Y S ���T T L Y S �S Y L DVY� - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - �V.YQ 2 0 t; 
F DY S �W���T�Y S �S Y�DVYY� - - - - - - - - - - - - - - - T� - - G Y - - - - - - - - - - D Y S T�Y? 2 1 2  
F D Y S�V.�V.S v'Y S �S Y�DVYY� - - - - - - - - - - - - - - - G � S Y G Y - - - - - - - - - - D Y P S v.YQ 2 1 , 
F D Y S V.W��VT�YS�SYV.DVYY� - - - - - - - - - - - - - - - S � S � G Y - - - - - - - - - - DYAT�YQ 2 1 c 
F D Y S �W��V.T� Y S �S Y�DVYY� - - - - - - - - - - - - - - - T� - - G� - - - - - - - - - - DYTT�Y? 2 1 2  
F DY S�WT�V.�V.Y S �S Y�DVYY� - - - - - - - - - - - - - - - DY��T - - - - - - - - - - - - - - �v.Y Q  2 1 0  
F DY S � T �V.�V.YS �S Y V.DV Y Y � - - - - - - - - - - - - - - - DY�YT - - - - - - - - - - - - - - �v.YQ 2 1 0 
F D Y S �W��V.T�Y S �S Y�DVYY� - - - - - - - - - - - - - - - ��A3G Y - - - - - - - - - - GYG��YQ 2 1 t; 
F D Y S �W��V.T�Y S �S Y LDVYF� - - - - - - - - - - - - - - - G�S � G - - - - - - - - - - - - - -��YQ 2 1 0  
F D F S �T�V.�V.YS �S Y �DVY F � - - - - - - - - - - - - - - - G��QG - - - - - - - - - - - - - - ��YQ 2 1 0 
FDYSVF S �LT�Y S �S Y � D I L Y � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D Y S S FT 2 0 6  
F D Y S VF S �L I � Y S �S Y � D I LY� - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D Y S S FT 2 0 6  
F D Y S V F S �LT�Y S � S Y � D I LY� - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D Y S S F S  2 0 6  
F D Y S V F S � LT�YS�S Y � D I L Y � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D Y S S FT 2 0 6  
F DY DVW S �L I � Y S �S Y � D I L Y � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DVS S F S  2 0 7  
F D Y D VF S � L I �Y S � S Y � D I L Y � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DVS S F S  2 0 7  
F D Y S V F S � L T�YS�SY�D I L Y� - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D Y S � FT 2 0 5  
F D Y S VF S �L I �Y S � S Y� D I LY � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DVS S F S  2 0 7  
F D Y DV F S �Y I �YS�SY � D I LY � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D I S S F S  2 0 7  
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T S DY V.YV.�DF�TWQWW�LV.GLGS�WY S S S� Y I L?S� I YSY�QS S�WLT���DV��FY�PV 2 9 9  
S S DY �YV.� DF�TWQWW�L�GL GS�WY S S S � Y I L?S� I YS F � Q D S�WLTV.��DV��FY�PV 2 9 8  
S S DYV.YV.�DF�T WQWW�L�GLGS�WY S D S � Y I L ?S � I �S F�VAS S S ATV.L�DV��FYV.PV 2 5 7  
S S DYV.YV.�DF�T WQWW�LV.GL GS�WY S S S � Y I L ?S� I �SY�QSS�WLT�V.� DV��FY�PV 2 6 c 
S S DY TYV.�DF�T WQWW�LV.GLGS�WY T S D� F I L?S� I YSF�QST�WL S�V.�DV��FY�PV 2 7 2  
S S DY TY��DF�TWQWW�LV.GLGS�W Y S S D� Y I L ? S � I YSF�QS S �W L S �V.�DV�� FYV.PV 2 7 c  
S S D Y T Y��DF�TWQWW�L�GLGS�WY S S D� F I L?S� I YSF�QST�WLS���DV��FYV.PV 2 7 c  
S S DY TYV.�DF�TWQWW�L�GLGS�WY T S D� F I L?S� I YSF�QST�WLS�V.�DV��FYV.PV 2 7 2  
��DYV.Y��DW�V.WQWW�L�GLGS? F Y S S�� F I L?S� I YS F � Q DT�WQQ���DL�VWY�PV 2 7 0  
� S DYV.YV.�DW��WQWW�LV.GLGS?F Y S S D� F I L?S� I YS F � Q D S �WQQ���DL�VWW�PV 2 7 0  
S G DYV.Y��DF��WQWW�LV.GLGS �WY S S D� Y I L?S� I Y S F � Q D S � W L S V.V.�DV�VWW�PV 2 7 1,  
Y G D Y �Y��DF�V:WQWW�L�GLGS�WY S S D� F I L?S� I YS F � Q DT�W LAV:V.�DV�VWWV:PV 2 7 0  
S S D Y L Y��DW�V:WQWW�L�G L G S � W Y S S �� F I L ? S � I � S F �Q DT�WQQ��� DV�VLY�PV 2 7 0  
G � F Y F Y T �DW�T WQWY��V.G L DQSWYV S D � Y FL?S�L SQFV� D P�YVDVV�GL��FY�PV 2 6 6 
G � F Y F Y T �DW�TWQWY ��V.G L DQSWYVS D�Y FL?S�FAQF�DP�YVDVV�GL��FY�PV 2 6 6  
G � F Y F Y T K DW�TWQWY���GL DQSWYVS D � Y F L ?S�FAQFV� D P � YVDVVKGL��YY�PV 2 6 6  
G � F Y F Y T �DW�TWQWYKV.V.GL DQSWYVS D � Y F L ?S�FAQFV� D P�YVDVV�GL��FY�PV 2 6 6  
D� F Y F Y T �DW�TWQWW���GLGS�WYVS D� F F L ?S�VAQY�KD P�YTQ I �� G L Y � F Y V. PV 2 6 7  
D � F Y F Y T � DW�TWQWW�V:MGLGSTWYVS D� F F L ?S�VAQY�K D P � Y T S I L�GLN�FYV:PV 2 6 7  
G � F Y F Y T �DW�T FQWY�V:�G L DQSWYVS D � Y F L ?S�YAS FV� D P�YADVM�G L � S F Y Y PV 2 6 5  
D N F Y F Y T �DW�TWQWY ��V.G L DQSWYVS D � Y F L ? S � L S T F � � D PKYVD I V:�GLK�FYMPV 2 6 7 
DNF Y F Y T K DW�T WQWW���G L G S �W � F S DK Y FL?S� I AQY��S P�YAD I I � DVQ� F Y�PV 2 6 7  
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Dyak_ L s p 1 alpha 

Dere L s :so 1 a lpha 

Ds irr. L s :so 1 a 1 pha 
Drr.e 1 L s :so 1De � a  -
Dyak L s :so Loe � a  -
Dere L s p 1 oe : a  
Ds irr. L s :so 1De�a 
Drr.o j L s p 1 oe � a  -
DOJ Z  L s :so 1 oe:a 

Da:oa L s p 1 oe:a 

Dp s e  L s :so 1 oe � a  
Dv i r  L s p 1 oe � a  

Drr.e 1 L s :so  1 garr.rr.a -
Dyak Lsp 1 garr.rr.a -
Dere Ls:so 1 garr.rr.a 

Ds i rr. L s :so  1 garr.rr.a -
Drr.o j L s :so  1 garrrr.a -
DOJ Z  L s:so 1 garr.rr.a -
Da:oa L s :so 1  garr.rr.a 

Dps e  L s p 1 garr.rr.a -
Dv i r  L s p 1 garr.rr.a 

Drr.e l  L s:so 1 alpha 

Dyak L s p 1 a1:soha 

Dere L s :so 1 alpha 

D s i rr. L s :so 1 aloha -
Drr.el  L s :so 1oe c:: a 
Dyak L s :so 1oe c:: a -

Dere L s :so 1oe c:: a 

D s i rr. L s :so 1oe c:: a -
Drr.o j L s :so 1oe c:: a -
DOJ Z  L s :so 1oe c:: a 
Da:oa L s :so 1oec:: a -

D:so s e  L s :so 1oe c:: a -
Dv i r  L s :so 1 oec::a -
Drr.e 1 L s :so 1  garr.rra -
Dyak L s p 1 garr.rr.a -
Dere Ls:so1 garr.rr.a 

D s irr. L s :so  1 garr.rr.a -
Drr.o j L s p  1 garr.rr.a -
DOcl Z  L s :so 1 garrrr.a 

Da:oa Lsp 1 garr.rr.a 

Dps e  L s :so 1 garr.rr.a 

Dv i r  L s :so 1  garrrr.a 

Drr.e 1 L s p 1 a1pha 

Dyak L s :so 1 alpha -
Dere L s :so 1 alpha 

Ds i rr. L s :so 1 alpha 

Drre 1  L s :so 1 oe c::a -
Dyak L s :so 1 oe c::a -
Dere L s :so 1oe c:: a 

D s i rr. L s p 1 oe c:: a 

Drr.oj  L s p 1 oe c:: a 

DO·cl Z  L s :so 1 oe ::a -
Da:oa L s :so 1 oe:a 

Dp s e  L s :so 1 oe � a  

Dv i r  L s p 1 oe c:: a 

Drr.el L s :so 1  garr.rr.a -
Dyak Lsp 1 garr.rr.a -
Dere L s p 1 garr.rr.a 

Ds i rr. L s :so  1 garr.rr.a -
Drr.o j L sp 1 garr.rr.a -
DOJZ L s :so  1 garr.rr.a -
Da:oa Ls:so 1 garr.rr.a 

Dp s e  L s :so 1 garr.rra 

Dvi r  L s p  1 garr.rr.a 

3 0 0  

2 9 9  
2 5 8  

2 6 5 
2 7 3  

2 7 5  

2 7 5  

2 7 3  
2 7 1  
2 7 1  

2 7 5  

2 7 1  

2 7 1  

2 6 7  

2 6 7  

2 6 7  

2 6 7  
2 6 8  

2 6 8  

2 6 6  

2 6 8  
2 6 8  

3 6 0  

3 5 9  
3 1 8  

3 2 5  

3 3 3  
3 3 5  
3 3 5  

3 3 3  

3 3 1  

3 3 1  
3 3 5  

3 3 1  

3 3 1  
3 2 7  
3 2 7  

3 2 7  

3 2 7  

3 2 8  
3 2 8  

3 2 6  

3 2 8  

3 2 8  

(, 2 0  

q 9  
3 7 8  

3 8 5  

3 9 3  

3 9 5  
3 9 5  
3 9 3  

3 9 1  

3 9 1  

3 9 5  
3 9 1  

3 9 1  

3 8 7  

3 8 7  
3 8 7  
3 8 7  

3 8 8  

3 8 8  
3 8 6  

3 8 8  

3 8 8  

DYS?DLYLY�EE S K L S YFTEDLGW�SYWYYL��D Y S F F LDG�TFGLQ�D??GSWWLY�V� 3 5 9  

DYS?DL�LY�E E S � L S Y FTEDLGW�TYWYYL��DYS F F L DGKTFGLQ�D??GSWWLY�V� 3 5 8  
DYS?DL�LY�E E S � L S YFTEDLGW�SYWYYL��DY S F FL DGKT FGLQ� D??GSWWLY�V� 3 1 7  

DYSRDLYLY�E E T � L S Y FTEDLGW�TYWYYL��DYSFFLDGKTFGLQ� DR?GSWWLY�V� 3 2 4  
DYTRDL�LY�KE S � L S Y F TE DLGW�AYWYYL��DYS F F L DG�T F D L �� D??GSWWLY�V� 3 3 2  

DYS?DL� I Y� E E S �L S Y FT EDLGW�AYWYYL��DY S FF L DG�TFDL�S D??GSWWLY�V� 3 3 4  

DYS?DL� I Y� S E S � L S Y F T E DLGW�AYWYYL ��DYSFFLDG�T FDLKS D??GSWWLY�V� 3 3 4  

DYT?DL�LY�KE S K L S Y F T E DLGW�AYWYYL��DY S F FL DGNTF D L �� D??GSWWLY�V� 3 3 2  
DYS?DL��Y� E E S � L S Y F T EDLGW�AYWYYL � L D Y S F F L DG�TFGL��D?RG ELWLYTV� 3 3 0  

DYS?DL�V.Y�EE S � L S Y F T EDLGW�AYWYYL � L D Y S F F LDG�T FGL��D??GELWL YTV� 3 3 0  

DYT?DL�V.Y�SE S � L S YF TEDLGW�SYWYYL�V.DYS F FLDGTTFDL��D?RGEWWLY�V� 3 3 4  

DYT?DLDLY�E E S � L S Y FTEDLGW�AYWYYL�V.DYS F F L DGTTFDL��D??GEWWLY�V� 3 3 0  

DYS?DLD FY�SE S � L S Y FT EDLGW�AYWYYF�LDYS F F L DG�T FGL�� D??G ELWLYTV� 3 3 0  
DYT?DI DF F�DET�V.T Y F T E DLGW�AYWYYL��DYAF FL�GKQF G L DKD??G E Y W I Y�VQ 3 2 6  

DYT?D I D F F�DET�V.S Y F T EDLGW�AYWYYL��DYAF FL�G�QFGLDKD?RGSYWI Y�VQ 3 2 6  

DYT?D I Y FF�DET��TYFTEDLGW�AYWYYL ��DYAFF L�GKQFGLDKD??GEYWI Y�VQ 3 2 6  

DYT?DI DFF�DET��TYFTEDLGW�AYWYYL��DYAF FL�G�QF G L DK D??GEYWI Y S V� 3 2 6  
DYT? D I D F F�AE S� L S Y F T EDLGW�AYWYYL��DYAF F L DGKQFGLDKD??GSWWIY�VQ 3 2 7  

DYT?D I E F F�AE S � L S Y F T E DLGW�AYWYYL�LDYAFFLDGKQ FGLDK D??GEWWI Y�VQ 3 2 7  

DYT?D I E F F�DQS�L S YF T EDLGW�AYWYYL��DYAFF LDGKKFGLD�D??GSWWI Y�VQ 3 2 5  

DYT?DI D FF�AE S�LSYFTEDLGW�AYWYYL�V.DYAFF L�G�EFGL D�D??GSWW I Y�VQ 3 2 7  
DYT?D I DFF�AE S K L S Y FTEDLGW�SYWYY L�LDYAFFL DG�QFGL DKD??G E Y W I Y�VQ 3 2 7  
* * . * * * * * * * * * * * . * * * *  * . * * . * * *  * * * * * *  * . *  * 

Q L L S ?Y ��E?LS �GLGE I PQFSW F � Q I E �G Y D P Q L I Y Y� G I G Y S Y ?K�YYELST YG�FE� 4 1 9  
QLLS?Y�V.E?LS � G L G E I PQFSWY� Q I E�GY D P Q� I Y Y�G I GY S Y ?K�YYE L E TYG�FE� 1, 1 8  
QLLS?Y��E?LS�GL G S I PQFSWF�QI E�GYD P QL I Y Y� G I G Y S Y ?��YYE L E T YG�FE� 3 7 7  

QLLS?Y��E?L S � G L G E I PQFSWF�QI E�GYDPQ� I Y Y� G I G Y S Y ?��YY E L E TYG�FE� 3 8 ,  

Q L L S ?Y Y�E?LS�GFGE I PEFSWYQQ I E �G Y DPQL I YY� G I G Y S F?��YYE�ETYA�YD� 3 9 2  
QLLS?YY�E?LSQGFGS I PE F S W Y � Q I E �G Y DPQ� I Y Y S G I G Y S Y ?��YYE�DTYA�YD� 3 9 ,  

QLLS ?YYV.E?LS�GFGE I PEFSWY� Q I E�GY DPQ� I Y Y� G I G Y S Y ?��Y YE�DTYA�YD� 3 9 (,  

QLLS?Y Y�E?LS �GFGE I PEFSWY� Q I E �G Y DPQ�I Y Y�G I G Y S F ?K�Y YE�STYA�YD� 3 9 2  

QLLS?Y YV.E?LS�GY G E I PEFSWY S Q I S�GY DPQL I YY� G I G Y S Y ?�DYYELSTYG�FE� 3 9 0  

QLLS ?Y YV.E?LS�GY G E I AEFSWYTQI E�GY D P Q L I YY�G I G Y S Y ?��YYELSTYG�FE� 3 9 0  
QLLS?YY�E?LS�GFGA I PEFSW Y � Q I E�GY DPQ�I Y Y�G I G Y S Y ?K�YYE�ETYG�FE� 3 9 4  

QLLS ?YY�E?LS�GFG D I PEFSW Y �Q I E�GY DPQ� I Y Y� G I G F S Y ?��YYE�STYG�FE� 3 9 0  

QLLS ?Y Y�E?LS �GYGDI PEFSWY�QI E�GY DPQL I Y Y�G I G Y S Y ?��YYE�ET Y G�FE� 3 9 0  

Q I LA?YYQE?LA�GFG E I PEFFWY�Q I E YGY DPQL I Y Y�G I GY SY ?��Y Y D F Y TYG�FE� 3 8 6  
Q I LA?YYQE?LA�GF G E I PEFFWY �Q I E YGYDPQL I Y Y�G I G Y S Y ?��YYDFYT YG�FE� 3 8 6  

Q I LA?YYQE?LA�G F G E I PE FFWY�QI E YGY DPQL I Y Y�G I G Y S Y ?K�YYEFYTYGQFE� 3 8 6  

?SLA?YYQE?LA�G F G E I P DFFWYKQI EYGYDPQLI Y Y�G I G Y S Y ?��Y Y D F Y TYG�FE� 3 8 6  

Q I LA?YYQE ?LA�GFGEI PEYFW Y�QVEYGYDPQL I YY� G I G Y S Y ?��YFE YQTYGKFD� 3 8 7  

Q I LA?YYQE?LA�GFGE I PE Y FWYKQVEYG Y D PQL I Y Y�GIGY S Y?��YFEYQTYG�FD� 3 8 7  

Q I LA?YYQE?LA�GFGE I PE FFWY�Q I E YG Y D P Q L I YY�GVG Y S Y ?K�YYDFYT YG�FE� 3 8 5  

Q I LA?YYQE?LA�GY G D I PEFFWY�Q I E YG Y D P Q L I Y Y�GVG Y S Y ?K�YYDYQTYG�FE� 3 8 7  

Q I LA?YY QE?LA�GFGE I PEFFWY�Q I E YG Y D P Q L I Y Y�GVG Y S Y? K�YFEYQTYGKFDI 3 8 7  
* . * * * * * * * * * * * *  * * *  * * * * *  * . . 

LD� I TGFQQ?IQ�IVELG Y YQTTDG�� I DL?KPES I E I I G��LQG�VDAI D� I F FQFWY� ;: 7 9  

L D K I T DFQ?? I �� I I E LGYYQTT DG�� I DL?KPE S I E I I G��LQG� I DA I D�V.FFQFWY� 4 7 8  
L D � I TGFQQ? I � S I I DSGY YQTTDG�� I DL?QPE S I E I I G��LQG�VDA�D�V.F FQFWY� 4 3 7  

L DT I TG- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 9 0  

LDK I TGFL�? I � � I VE�GYYKTADG�T I DL?KPEA I E F I G��LQG�VDA�DK�F YQFWY� 4 5 2  

LDKI TGFQ�?I �� I VE LG Y YKTADG�T I DL?KPEA I E F I G��LQG�VDA�DK�FYQFWY� (, 5 1,  
LDK ITGFL�? I �� IVE LGYY�SADG � I I DL?KPEAI E F I G��LQG�VDA�D�V.F YQFWY� 4 5 4 

L D � I T G F LK? I �� I VE LGYY�TADG�T I DL?�PEA I E F I G��LQG�VDA�D�V.F Y Q FWY� 4 5 2 

LD�I TGF�T?VQ� I I D�GYY�TADG��I DL?�PESVE Y I G��V.QG�I DS�DK�FYQFWY� 4 5 0  

LD�I TGFV.�? I �� I I D�G YYKTADG�V. I DLRK P E S I E Y I G�V.�QG� I DA�DK� FYQFWY� 4 5 0  

LDK I T S FM�? I Q T I VD�G YYKTV.DG�� I DL?KPE S I E Y I G�V.�QG�VDA�DK�F FQFWY� 4 5 4  
LDK I TGFV.�?I Q D I I E LG Y Y�TT DG�T I DLRKP E S I E F I G�L�QG� I DA�DKV.FYQFWYM 4 5 0  

LD� I TGFLK? I � � I VE T G Y Y�TADG��VDL?KPES I E Y I G� I LQG�VDS�D�V.FYQFWYM 4 5 0  

Y S Q I Q�FFS?VYKVLSTGFY�TADGQVF DL�KPSA I K IVG� Y LQGNADT FDK Y F F�YYYL 4 4 6  

Y�Q I Q� F F S ? I Y�VLETGFYKTADGQVFDL� � P E A I K I VG�YL QG�ADT FDK Y F F�YYY� 1, 1, 6  
Y�Q IQ�FFS?IYKALETGFYKTVDGQVF DL�� P E A I Q IVG�YLQG�ADT FDK Y FF�YYY� 4 4 6  

Y�Q IQ�FFS?VYKVLE T GFYKTADGQVFDL�K P E A I K I VGNYL QG�ADT FDK YF F�YY Y L  4 4 6  

LYQ I Q� F F D ? I ��VI ETGYYKTADGVV I DF?KPEAI Q F I G�YLQG�VDTY DK Y F F�YYYV 4 4 7  

LYQ I Q S F F D R I Y DV I STGYYKTADGVV I DLRKPE S I K F I G�YLQG�VDTYDK Y F F�YYYV 4 4 7  
FSK I Q� F FGKVYKFLETGYYKTADGQV I DF�KPESVKFI G�YLQG�ADTYDK Y F F�FYY� 4 4 5  

F�Q I Q� F F S ?VYKVLETGFYKTADGVV I DL?KPEAI K F I G�YLQG�VDT YDK Y F FNYFYM 1, 4 7  

LYQ I Q�FFD?I Y DVLDTGYFKTADGVV I DL � K P E S I K F I G�YLQG�VDTYDK YF F�YWYV 4 4 7  

2 1 9  
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4 8 0  

0 9  

1 3 8  

3 9 1  
4 5 3  

c 5 5  
1, 5 5  
� 5 3  
� 5 1  

� 5 1  

4 5 5  

'; 5 1  

4 5 1  
4 0  
c O  

I, q  
,; q  
4 4 8  

(, c 8  

1, !' 6  

1, 1, 8  I, I, 8 

5 { 0  

5 3 9  

{ 9 8  

{ 4 0  

5 1 3  
5 1 5  

5 1 5  
5 1 3  

5 1 1  

5 1 1  
5 1 5  

5 1 1  
5 1 1  

5 0 7  

5 0 7  

5 0 7  

5 0 7  

5 0 8  

5 0 8  

5 0 6  

5 0 8  

5 0 8  

6 0 0  

5 9 9  
5 5 8  

5 0 0  

5 7 3  

5 7 5  
5 7 5  

5 7 3  

5 7 1  

5 7 1  

5 7 5  
5 7 1  

5 7 1  

5 6 7  
5 6 7 
5 6 7  

5 6 7  

5 6 8  

5 6 8  
5 6 6  

5 6 8  

5 6 8  

LA��YFAOT�YYQ�E VYP��L�FET���D P�FY�FY�S I AQVY F Q F�n�LP�YT�EQL L  5 3 9  

LA��YFADT�YYQ�EVYP�V�L�FET���DT�FY�FY � S I AQVY F Q F���LP�YT�EQLL 5 3 8  
LA��YFADT�YYQ�E V YP�V�L�FET���DP�FY�F Y �S I AQVYF Q F�� �LP�YT�EQLL c 9 7  
- - - - - - - - - - - FQ�EVYP�V�L�FET���DP�FY�FY � S I AQVY FQ F���LP�YT�EQLL c 3 9  
LA��YF A OADYYQ�OVYP�V�L�FET���DP�YY�FY�S I AQVY FQ F��YLP�YT�EQLL 5 1 2  

LA��YFAOAOY�Q�OVYP�V�L�FET���DP�YY�FY � S I AQVY F Q F��YLP�YT�EQLL 5 1 !'  

LA��YF A OADYAQ�DVYP�V�L�FET���D P�YY�FY�S I AQVY F Q F��YLP�YT�EQLL 5 1 ';  
LA��YF A OADY�Q�OVYP��L�FET���DP�Y Y �F Y � S I AQVYF Q F��YLP�YT�EQLL 5 1 2  
FA��YFAOADYYQ�EVYP�V�L�FET���DP�Y Y �F Y �S I AQ I Y F�F�� Y L P �YT�EQL� 5 1 0  

FA��YF AOADYYQ�E VY P��L�FET���DP�YY�F Y �S I AQ I Y F �F�� Y LP � YT�EQL� 5 1 0  

LA��YF A OVDF�Q�EVYP�V�L�FET���DP�Y Y �F Y �S I VQVY F Q F��Y L P � Y T�EQLL 5 1 1  

LA��YF G OVDY�Q�EVYP�V�L�FET���DP�YY�F Y �S I AS I YF � F��Y L P� Y T�EQLL 5 1 0  

FA��YFAOTDYYQ�EVYP�V�L�FET���D P�YY�FY�S I AQ I Y F � F��YLP�YT�EQLL 5 1 0  
LA��YF A OVDY�D�E VFP�VFL�FET�L�D P F F Y T F Y ��FTDVFYTF�YYL�PYTQ�DLF 5 0 6  

LA��YFAOVDYTD�EVFP� I FL�FET�L�D P FF Y T FY��FTDVFY T F�YYL�PYTQ�DLF 5 0 6  

LA��YF A OVOYTD�E VFP� I F L�FET�L�D P F F Y T F Y��FTDVFYTF�YYL�PYTQ�DLF 5 0 6  

LA��YF A OVOYTD�EVFP�I FL�FET�L�D P FF Y T F Y �� FTDVFYT F�YYL�PYTQ�DLF 5 0 6  
L S ��YFAOVDYFDFEVFP�VFL�FET�L�DP F F Y S F Y �� FTDVFY�F�FYLAPYT��DLT 5 0 7  

L S ��YFAOVDYFDYEVFP�VFL�FET���D P F F Y S F Y �� FADVFY�F�FYLAPYT��DLT 5 0 7  

YS��YFAOVDY�D�OVFP�VFL�YET�L�D PF F Y T FY��FTDVFYQF�YFLGPYTQ�DLF 5 0 5  

LS ��YFAOVDFYDFEVFP�VF L�FET���DP FF Y T F Y �� FTDVFYQF�YYL�PYTQ� D LV 5 0 7  
L S ��YF A DVDYYDFEVFP�VF L�FET�L�DP F F Y S F Y �� FTDVFY�F�FFLG PYT��DLY 5 0 7  

�PGVTL��VEVSSLV TY F D LVOFOVT��L�G��VF�EGQFLWD� S LFA�Q��L���PF S Y  5 9 9  
�PGVTL��VEVS SLVTYFD�V D FDVT��L�G�� I F� E GQ F LWD�S L FA�Q��L���PF S Y  5 9 8  

�PGVTL��VEVS S LVTYFDLVDFDVT��L�G�� I F�EGQFLWD�S L FA�Q��L����FTY 5 5 7  

�PGVTL � �VEVSSLVTYFDLVDFDVT��L�G��VF�EGQFVWD�S L FA�Q��L��� P F S Y  � 9 9  

�PGVT���VEVSDLT T Y F D LV D F DVT��L�O�� I FQ DG�FVWD�S LFA�Q��L���P F T Y  5 7 2  
�PGVTV��VEVS DLTTYFDLVDFOVTS�L�O�� I FQDG� FVWD� S LFA�Q��L���PFTY 5 7 �  

�PGVT���VEVS DLTTYF DLVDFDVTS�L�D�� I FQDG� FVWD�S L FA�Q��L���PFTY 5 7 !'  

�PGVT���VEVSDLT T Y F D LVDFOVT��L�O�� I FQ DG�FVWD�S L FA�Q��L���PFTY 5 7 2  

�PGV�L��VEVSSLVT Y F D LVDF DVT�L��D��VF� OG�FVWD�S LYA�Q��L���PFTY 5 7 0  

�PGVTL��VEVSE LVTYF DLVDFDVT�X��E��VF � OG�FVWD�S LYA�Q��L��� P F S Y  5 7 0  
�PGVS���VEVSE L T T Y F D LV D F DVT��L�O��VF�OG�FVWD�S LYA�Q��L���PFTY 5 7 (, 

�PGVT���VEVS DLTTYFDLVDFDVT��L�O��I F� DG�FVWD�S LYA�Q��L���PFTY 5 7 0  

�PGVTL��VEVSSLVTYFDLVOFOVT�L��O��V F � E G�FVWD�S LYA�Q��L���PFTY 5 7 0  

Y E G I T I � OVSVS�LVTY Y D IVDFDVT�LL�O�� T FVDGQ Y IWD�ALLA�QA�L���PF�F 5 6 6  
Y SG I T I � OVSVS�LVTY Y D IVDFDVT�LL�O��T FVOGQYVWD�ALLA�QA�L���P F�F 5 6 6  

Y E G I T I � DVSVS�LVT YYDIV D F DVT�L L�O��TFVOGQYVWD�ALLA�QA�L���PF�F 5 6 6  

Y E G I T I � OVSVS�LVT YYDIVDFDVT�LL�O��T FVOGQ Y I WD�ALLA�QA�L���PF�F 5 6 6  

YEGF�FTOVAVS�LETYF DFVDFDVT�LL� D��T FVOG�FVWD�T LLA�QA�L���PF�F 5 6 7  
Y E G I QF�OVTVS�LETYFDFVDFDVT�LL�O��T FVOG�FVWD�TLLA�QA�L���PF�F 5 6 7  

Y E GVT I � OVTVS�LVTY Y D IVDF DVT�LL�O��TFVOGQFVWD�AL LA�QA�L���P F E F  5 6 5  

Y S G I � I � OVSVS�LVTYYD IVDFDVTTLL�O��TFVOGE FVWD�ALLA�QA�L���P F D F  5 6 7  

Y E G I T I � OVSVS�LTTYFDFV D F DVT�LL�O��T FVOG�FVWD�T L LA�QA�L���PF�F 5 6 7  

T Y T I DSA�DE�VV I �AFLGP�FDEYG�� I S LTO���F�E IDSFTYTL�TGS�LI T��ST 6 5 9  

T Y T I DSA�DE�VV I �AFLGP�FOE FG�� I S L T D��F�F�E IDSFTYS L�TGS� L I T��S� 6 5 8  
T Y T I DSA�DEQVV I �AFLGP�F OE F G�� I S LAD��L�F�E I DSFT Y T L�TG S � L I T��ST 6 1 7  

T Y T I DSA�DE�VV I �AFLGP�FDE YG�� I S LAD���F�E I DSFT Y T L�TG S � L I T��ST 5 5 9  

T Y T I E S E �VE�VV I �AFLGP�FDEFG�VI S LAE���F�E I DE F Y Y E L�AGT��I T��SS 6 3 2  

T Y T I E S E �VE�VV I �AFLG P�FDE FG�V I S LAE��� F�E I D E F YYEL�AGT��VT��S S  6 3 1,  

T Y T I E S E �VE�VV I �AFLGP�FDE FG�V I S LAE���F�E I DSFYYEL�AGT��VT��S S  6 3 1,  

TYT I E S E �VE�VVI�AFLGP�FDE FG�V I S L AE���F�E I DE F Y Y EL�AGT�� I T��SS 6 3 2  

TYT I E S D�PE�VVL�AF I G P�FDE FG�� I S L TE���F�E I DE F Y Y EL�AGT��IT?�S� 6 3 0  

TYTVESD�PE�VVV�AFLGP�YDE FG?� I S L TE���F�E I DSFYYEL�AGT��I T?�S� 6 3 0  

T Y T I E S O�VE�VVV�AFLGP�FDE FG�� I S L TE���F�E I DE F FY EL�AGT��I ���S� 6 3 1  
T YT I ES O�VE�VVV�AFLGP� F DE FG��I S LTE���F�EVDE F Y YDL�AGS�VI T��S� 6 3 0  

TYTVE S O�PE�VVV�AFLGP�FDE FG?V I S LAE���F�EVDEF YY EL�AGS��I T��S� 6 3 0  

E FT I DS O�VQ�GVV�VFL G P� F DE YG�V I P L DY�?��FVQ I DS FVY P F I AGT� T I �� S S �  6 2 6  

E F T I E S O�VQ�GVV�VFLGP�FDE YG?V I P L DY����FVQ I DS FV Y P F I AGT� T I��SS� 6 2 6  
S F T I E S E �VQKGVV�VFLGP�FDE YG?V L P L DY�R��FVQ I D S FV Y P F I AGT� T I ��SS� 6 2 6  

E F T I ES O�VQ�GVV�VFLGP� F DEYG?V I P LDY�?��FVQ I D S FV Y P F I AGT�T I ��TS� 6 2 6  

EF�IVS D�VQ�GVV�VFLGP�F DEYG�VI PL �Y�SQ�FVQ I DS FV Y P FVAGQ� T I ��S S �  6 2 7  

E FV I ES D�VQ�GVV� I FLGP�FDEYG?V I P L �Y�SQ�FVQ I DS FVY P FVAGQ�T I �� S S K  6 2 7  
E F T I E S T QAQ�GVV�VFLGPK F DE YGQV I PL�Y�R��FVQ I DS FVY P FVAGV� T F ��S S �  6 2 5  

E FT I DS D�VQ�GVV�VFLGPKFDE Y G?V I PLVY�S��FVQ I DS FV Y P FVAGS�T I �� S S K  6 2 7  

E F T I DS AKEQ�GVV�VFL G P� F DE FG?V I PL�Y�GQ�FVQ I DS FVY P FVAGQ�T I �� S S �  6 2 7  
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DIT.el  L S 9 1 a19ha � 
Dya k L S 9 1 a19ha 

Dere L S 9 1 a 1 9ha 

Ds iIT. L S 9 1 a 1 9ha 

DIT.e l L S 9 1 o e :: a  
D y a k  L S 9 1 o e :: a  � 

Dere L S 9 1 o e :: a  � 
D s i IT. L S 9 1 oe :: a  

DIT.o j L S 9 1 b e :: a  

DOCl Z  L S 9 1 o e :c a  
Da:1a L S 9 1 oe :c a  

D�s e  L s p l :Oe :. a  � 
Dv i r  L S 9 1 oe :: a  

DIT.el  L S 9 1 gaIT.rr.a � 
Dya k L S 9 1 gaIT.IT.a 

Dere L S 9 1 gaIT.IT.a 

D s i IT. L S 9 1 gaIT.IT.a � 
DIT.o j L S 9 1 garr.ITa � 
DOCl Z  LS9 1 gaIT.IT.a � 
Da:1a L S 9 1 gaIT.IT.a 

Ops e  L S 9 1 gaIT.IT.a � 
Dv i r  LS9 1 garr.IT.a 

DIT.e l L S 9 1 a 1 9ha 

Dyak LS9 1 a 1 9ha � 
Dere L S 9 1 a 1 9ha 

D s i rr. LS9 1 a 1 9ha 

DIT.e 1 L S 9 1oe:ca � 
Dya k L S 9 1 o e :: a  

Dere L S 9 1 o e :: a  
Ds i IT. L S 9 1 b e :: a  

DIT.o j L S 9 1 o e :: a  
DO·J Z  L S 9 1 oe :: a  � 
Da:1a L S 9 1 o e :: a  

D9S e  L S 9 1 o e :: a  
Dv i r  L S 9 1 oe :c a  

Drr.e l L S 9 1  gaIT.rr.a � 
Dya k L S 9 1  gan'lr.a � 
Dere LS9 1 gaw.rr.a 

D s i rr.. L S 9 1 garr..rr.a � 
DIT. o j  L S 9 1 garr.rr.a 

DO·J Z L S 9 1 garr..rr.a � 
Da:1a L S 9 1 garr..rr.a 

Dps e  L S9 1 gaw.rr.a � 
Dv i r  L S 9 1 garr..rr.a 

6 6 0  

6 5 9  
6 1 8  

5 6 0  
6 3 3  

6 3 5  

6 3 5  

6 3 3  
6 3 1  
6 3 1  

6 3 5  

6 3 1  

6 3 1  

6 2 7  

6 2 7  

6 2 7  

6 2 7  
6 2 8  

6 2 8  
6 2 6  

6 2 8  
6 2 8  

7 2 0  

7 1 9  
6 7 8  

6 2 0  

6 9 3  
6 9 5  

6 9 5  
6 9 3  

6 9 l  

6 9 1  
6 9 5  

6 9 1  

6 9 1  

6 8 7  
6 8 7  

6 8 7  

6 8 7  

6 8 8  

6 8 8  
6 8 6  

6 8 8  

6 8 8  

7 7 9  

7 7 8  

7 3 7  

6 7 9  

7 5 2  

7 5 (  
7 5 �  
7 5 2  

7 5 0  

7 5 1  
7 5 4  

7 5 0  
7 5 1  

H 5  

7 1 5  
7 4 5  

7 1 3  
7 4 6  

7 4 6  

7 4 4  

7 4 6  

7 4 6  

DFAWTV�D�TTYTSLYYYTv.MAFDG�Y D Y P L DLTSP�CGFPD�LVLP�GW�KG�P�QMFF 7 1 9  

DFAWTV�D �TTYTSLYYYTV�AFDG�YDYP�DLTSP�CGFPD�LVL P�GW��G�P�Q�FF 7 1 8  
DFAWTV�D �TTYTSLYY�TV�AI DG�YDYP�DLTSP�CGFP D�LVL P�GW��G�P�Q�FF 6 7 7  

DFAWTV�D�TTYTSLYYYTVY.A FDG�YD Y P L DLTSP�CGY PD�LVLP�GW��G�P�Q�FF 6 1 9  
S F YWTV�D �T T Y T S L Y Y YTVY.AF DG�YD F P L D I S SP�CGF PD�LVLP�GWQ�G�P�Q�FF 6 9 2  

S F YWTV�D�TTYSSLYYY�VY.A FDG�YD F P L D I SSP�CGFPD�LVL P�GWQ�G�P�QMFF 6 9 4  

S FYWTV�D�TTY T S L YYY�VY.A FDG�YD F P L D I SSP�CGFPD�LVL P�GWQ�GMP�Q�FF 6 9 1  

S FYWTV�D�TTYTSLYYY TVY.AFDG�Y D F P L D I SSP�CGF P D�LVL PMGWQ�GMPMQ�FF 6 9 2  
DFYWTV�D�T T Y S S L Y YYVVY.A FDG�YD F P L D I SSA�CGFPD�L I L PMGW��G�P�Q�FF 6 9 0  

DFYWTV�D�T T Y S S L Y YYVVY.A FDG�Y D F P L D I S SA�CGFPD�LI L PMGW��G�PMQ�FF 6 9 0  

S FYWTV�D�TTYTSLYYYL�Y.AFDG�Y D F P L D I SSP�CGFPD�LVL P�GW��G�PMQ�FF 6 9 4  

DFYWTV�D �TTYTSLYYYVVY.AFDG�Y D F P L D I SSP�CGFPD�LVL P�GW��G�P�Q�FF 6 9 0  

DFFWTV�D�T S Y S S L Y Y YT�Y.AFDG�Y � F P L D I SSP�CGF PD�L I L P�GW��G�P�Q�FF 6 9 0  
S FSWTAS D � I T Y T S L Y �YVMLASSG�Y D F P L D I S S P � �AFPD�LV L P �GWSQG�P�Q F Y F  6 8 6  
S FSWTAS D ? I T Y T S L Y �YV�LASSG�Y D F P L D I S S P � �AFPD�LV L P �GWSQG�P�Q F Y F  6 8 6  

S FSWTAS D?ITYTSLY � YV�LAS S G�Y D F P L D I S SP��A F PD�LVL P�GWSQG�P�QF Y F  6 8 6  

S FSWTAS D � I T Y T S LY � YV�L A S S G� YD F P L D I SSP��A F P D �LVL P�GWSQ G�P�Q F Y F  6 8 6  
S FTWTAS D?ITYTSLYKYV�LASSGTYD F P L DLSSP��AFPD� LV L P�GSSSGMP�Q F Y F  6 8 7  

S FTWTAS D ? I T Y T S L Y �YV�LA SS G T Y D F P L DVSSP��AFPD�LV L P ?GWSS G�P�Q F Y F  6 8 7  

S FSWTS S D� I T Y T S LY�YVMLASSG�Y D F P LD I S SP��AFPD�LV L P �GWSQG�P�QF Y Y  6 8 5  

S FSWTAS D?TTYTSLY �YVMLATSG�Y D F P L D I SSP� SAFP D�LVL P �GWS S G�P�Q F Y F  6 8 7  
SFTYTAS D?ATYTSL Y�YVQLASSG�Y � F P L D I S SP��AF PD�LVL P�GWSQ GL P�QFYF 6 8 7  

* * * *  * *  * 

�VVPYMA P-Q�SQFS T FD Y T Y S C G I GS GA?�VD S L P F G Y P F D�S I �S Y S F�VP�MYF�DV 7 7 8  

MVVPY�AP -Q�SQFT T F DY T Y S CG I GS GA�� VD S L P F GY P FD�S I DSYSFYVP��Y F � DV 7 7 7  
�VVPY�A P- ��SQF S T FD Y S Y S C G I GS GA?�VDSLPFGYPFD�S I �SYS FYVP��YFKDV 7 3 6  

MVVPYMA P- Q �S Q F S T F DY T Y S C G I GS GA?�VDS LPFGY P FD�S I �SYS F�VP�MYF K DV 6 7 8  

MVVPYVA P -A�SQ F S T FDYTY S CG I GS GA?YVDS LPFGYPFD�AI DSYS F FVP�MYFKDV 7 5 1  
MVVPYVA P -A�SQFS T FDYTY S CG I GS GA?FVDS�P F G Y P F D�S I DS Y S F FVP�MYFKDV 7 5 3  

MVVPYVA P -A�SQFS T FD Y T Y S C G I GS GA�FVDSMP F GY P F D�S I D S Y S F FV P�MYF�DV 7 5 3  
MVVPYVA P -A�SQF S T F D Y T Y S C G I GS GA?YVDS LPFGYPFD?S I DSYS F FV P�MYFKDV 7 5 1  

MVMPYSA P -K�SQF S T F D Y T Y S C G I GSGA� F I DDMP F G Y P F D?S I DS Y S FYVP�MYF � DV 7 � 9  

MVMPY�APT��SQFS T FD Y T Y S C G I GS G A? F I DDMPFGY P FD �S I D S Y S FY V P��YF � DV 7 5 0  
MVMPYSAP - T � S Q F S T F D Y T Y S C G I GS GA?FVD�MPFGY P FD�S I DSYS FFVP�MYF�DV 7 5 3  

MV�PY�AP - S �S Q F S T FD YT Y S CG I GS GA?FVDSMP F GY PFD�Q I DSYS F FVP�MYF � DV 7 � 9  
MVMPYTAPST�SQ F S � F D YT Y S C G I GS GA?F I DDLPFGYPFD?S I DSYSFFVP��YFKDV 7 5 C  

FVS PFAS T - - YS Q F S �FDYTY S SGVGSGT?FVDT�P F G Y P F D�Q I D S S DFFVP�GFF� DV 7 � c  
FVS PFASS- - YSQFS� FDYTY S SGVGSGT?FVDT�P F G Y P F D�Q I D S S D F FV P�GFF K DV 7 � (  

FVS PFASS - - YSQFS�FDYTYS SGVGSGT?FVDT�P F G Y P F D?Q I DST DFFVP�GFF�DV 7 1, 1,  

FVS PFAST - - YSQFS�FDYT Y S S GVGSG 7 1 2  

FVS PYTS�- - YSQFS�FDYTYQSGVGSGT?FVDS�P F G Y P F D�SAS S Y S Y FVP�AFF�DV 7 1, 5  

FVS PYTS D - - YSQFS�FDYTYQSGVGSGT?FVDS�P F G Y P F D�SADSYS Y FVP�AYF�DV 7 � 5  
FVS PYASS - - YSQFST FDYTYASGVGSGT?FVDS�P F G Y P F D?Q I D S Y D F FV P�GFFQDV 7 1, 3  

FVS PYTAD- - YS Q FS � FDYTYS SGVGSGT?YVDS�PF G Y P F D�QI D S Y T F FVP�GYF�DV 7 � S  

FVS PYTS D - - YS Q F S � FDYA YQAGVGSGT? FVDS �PFGYP F D�SVD S Y S F FV P�GYF�DV 7 s S  
* * * . *  * * * *  

T I Y�ADT�S�YY�Y�SYT�YG � F D Y S FF�DYYT�YF�L 

T I Y�ADA�S�YY�Y�SYS�YG� F D Y T F F S D YYT�YF�L 
T I Y �ADT�S�Y��Y�SYS�YG � F D Y S F F� D Y YT��F�L 

T I Y �ADT�S�YY�Y�SYS�YG�FDYSF F�DYYT�YF�L 

S I Y �ADTMS P Y Y �Y�S YS�YG� FDYTF F�DYYT�YF�F 

S I Y �ADTMSPYY�Y�S YS�YG� FDYAFF�DYYT�YF�F* 

S I Y �ADTMQPYY�Y� S Y S �Y G � FDYAF F�DY YT�YF� F *  

S I Y �ADTMSPYY�Y�S YS�YG�FDYAFF�DYYT�YF�F 

P I Y � I DTMS PYY�Y�GYT�YGQFDYTFF ?D Y YT�YF�� 

P IY �VDTMS PYY�Y�GYT�YGQFDYTFF?DYYT�YFKF 

� I Y �ADTMSPYY�Y�GYS�YG� F D Y T F F S DY YT�Y F � Y *  

T I F �TDTMS PYY�Y�GYT�YG � F D Y T F F ?D YYT�YF�L *  

P I Y�VDTMS PYY�Y�GYT�YG � F DY T F F � D Y YT��F�F *  

�VYYVDT F A�YFS�� - YTQFGT F DY S I S Y  

�VYYVDT FA�YFS��- YAQFG S F D Y S I S Y  
�VYYVDT FA�YFS�� - YAQFGT F DY S I S Y *  

� I Y YVDQ FA�YFS��- Y D�YGT F D Y S IVY * 

� I Y YVDQFA�YFSQ�- YA�YG T F D Y S I V Y  
� I Y YVDT FA�YFSK�- YP�FGTFDY S I S Y *  

� I F FVDT FA�YFS��- YAQFG T F D Y S Y F S F *  

� I Y YVDT FA�YFS��- YS�YGVFDYSVS Y *  

8 1 6  

8 1 5  
7 7 1,  

7 1 6  

7 8 9  
7 9 2  

7 9 2  
7 8 9  

7 8 7  

7 8 8  
7 9 2  

7 8 8  

7 8 9  

7 7 2  

7 7 2  
7 7 3  

7 1 2  

7 7 4  

7 7 3  
7 7 2  

7 7 5  

7 7 4  
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1 0.8 Raw real-time RT-PCR data 

Crossing 
Gene Sam�le Poine 

2 1 .00 
20.97 

fat body cDNA 20.93 
20.60 
20.56 

whole larval cDNA 20.70 
fat body RNA >4 1 .00 
whole larval RNA 37.80 

rp49 negative 37 .58 
2 1 .69 
2 1 .86 

fat body cDNA 2 1 .88 
23 .03 
22.95 

whole larval cDNA 22.95 
fat body RNA 35 .98 
whole larval RNA 35 . 1 0  

Lspla negative 35 .2 1 
23.9 1 
24.49 

fat body cDNA 24.58 
25 .09 
25.29 

whole larval cDNA 25 .20 
fat bod'y RNA 38 .95 
whole larval RNA 38 .74 

Lsd-2 negative >4 1 .00 
3 1 .25 
32 .2 1 

fat body cDNA 3 1 . 1 6  
26.66 
26.75 

whole larval cDNA 26.54 
fat bod'y RNA 37.79 
whole larval RNA 26.63 

CG2560 negative 40.82 
CG2556 22.06 

22.43 
fat body cDNA 22.47 

Mean2 

20.97 ± 0.04 

20.62 ± 0.08 

2 1 . 8 1  ± 0. 1 2 

22.98 ± 0 .05 

24.33 ± 0.4 1 

25 . 1 9 ± 0. 1 1 

3 1 .54 ± 0 .66 

26.65 ± 0. 1 2  

22 .32 ± 0 .26 

I The cycle number at which the fluorescence level of each sample reaches a set threshold level, i. e. 

greater than background level. 

2 95% confidence intervals are indicated for 3 rep licates of each p eR reaction. 
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22.02 
22.23 

whole larval cDNA 22.35 22.20 ± 0. 1 9  
fat bod� RNA 35 .79 
whole larval RNA 26.0 1 
negative 36. 1 2  

25 . 0 1  
24.88  

fat body cDNA 24.87 24.92 ± 0 .09 
24.55 
24. 58  

whole larval cDNA 24.57 24.57 ± 0.02 
fat bod� RNA 32.45 
whole larval RNA 24.43 

GPDH negative 32.09 
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1 0.9 Raw chromatin immunoprecipitation data 

10.9.1 Example graph showing fluorescence intensity over the p e R  reaction 

Data are shown for the Lsp l a-2 primer set. The negative control is represented by the 

flat l ine. This trace is typical of those obtained in these experiments. 

file: Z:\"'ltld ... k_"",D\ctW"\28_01_0I5'f\kki,,,,,lA8T "".am; Anlf/tlloaMon lItYn 1)': u,,-CJd_ "'" 0-.: JW11 2e, 21X16 U;211 ,,"nI a..: 11 ..u.,2ODI 
7.0-
15.15-
8.0-5.5-

T" 5.0-
!:!:.. •. 5-
• 4.0-� 3.5 -• U 3.0-
I 2,5-

2.0-
� 1 .5-a;: 1.0 -O.IS-

0.0-
-0.5-. 0 

9 .. 11 •• AeJldtm.nt. Arithmetio Noise a .. nd CURSOr: NlA 

Colol Comp • ....tion: Oft 

Cycle Number 

AA • .,.. Weiho4: S.cofld D.ri'l� M.,d",,,m 

224 



1 0.9.2 Chromatin immunoprecipitation crossing points for each PCR reaction 

Pgd-5 Pgd- l O  Lspl a-l Lsp l a-2 Lsd-2 

Fly Line Cp l mean CP mean CP mean CP mean CP mean 

ChI P  
� ... 24 .20 22 .84 22.97 26.63 26. 7 1  26.44 26.44 24.26 24.45 

2 24.2 1 ± 2 2 . 98 ± 26.8 1 ± 26.32 ± 24.56 ± 
24 . 1 9  0.024 23 .09 0 . 1 4  26.68 0. 1 1  26.56 0. 1 4  24.52 0. 1 8  
25 .98 25 .89 2 5 . 3 1 2 5 .6 1 26. 1 9  26 .09 26.33 26.42 25 .63 2 5 .72 

input 25 .82 ± 25 .86 ± 26.01  ± 26.49 ± 25.72 ± 
2 5 .87 0.09 25 .65  0.3 1 26.07 0. 1 0  26.43 0.09 2 5 .8 1 0. 1 0  

P-IacZ: 9B4 2 5 .08 25 . 1 3  23 .46 23 .76 27. 1 3  27.2 1 27. 1 0  2 7 .03 2 5 .24 2 5 . 1 8  
ChIP 25 . 1 7  ± 23 .79 ± 27.20 ± 26.97 ± 2 5 . 1 3  • 

2 5 . 1 3  0.05 24.03 0.32 27.30 0. 1 0  27.02 0.07 25 . 1 6  0.06 
26. 1 4  26. 1 8  2 5 . 5 6  26.05 26.00 26. 1 6  26.05 26 .23 2 5 .67 2 5 . 7 1  

input 25 .90 ± 26.07 ± 26 .07 ± 26.48 ± 25 .84 • 
26.50 0.34 2 6 . 5 2  0 . 5 4  26.42 0.25 26. 1 7  0 .25  2 5 .62 0. 1 3  
24.96 25 .02 22.96 2 3 . 54 27.64 27.67 27. 1 4  2 7 . 1 8  2 5 .3 3  2 5 .23 

ChIP 2 5 .03 ± 23.77 ± 27.76 ± � ± 25. 1 5  ± 
25 .08 0.07 23 .88 0 .57 27 .60 0.09 27.22 0.06 25 .22 0 . 1 0  
25 .90 25 .86 25 .96 2 5 . 3 8  26.24 26.24 26.23 26 .32 2 5 .7 1 25 .78 

input 25 .8 1 ± 2 5 . 2 1 ± 26.28 ± 26.43 ± 2 5 .8 1 ± 

P-lacZ: 1 9E7 
25.88 0.05 24.96 0 .59 26.20 0.05 26.29 0 . 1 2  2 5 .82 0.07 
25 .05 25 .06 2 3 . 2 7  2 3 . 5 5  27 .70 28 .00 27.3 1 27 . 1 5  24.94 25 . 1 3  

ChIP 2 5 . 1 2  ± 23 .66 ± 2 8 . 1 0  ± 27.07 ± 2 5 .23 ± 
25.0 1 0.06 2 3 . 7 2  0.28 28.2 1 0.30 27.08 0. 1 5  2 5 .22 0. 1 9  
26.25 26.3 1 25 .93 2 5 .94 27. 1 9  26.79 26.97 27.03 26.5 5 26.52 

input 26.44 • 26.05 • 26.46 • 27 .09 ± 26.52 ± 
26.24 0. 1 3  2 5 . 84 0. 1 2  26.73 0.42 27.03 0.07 26.49 0.03 

negS 3 5 .8 1 37 .05 >4 1 .00 36.20 29.76 
25 . 1 5  25 .47 2 3 . 8 5  2 4 .0 1 28.30 2 8 .4 1 27.06 26.73 24.69 24 .69 

Ch IP 
2 5 .6 5  ± 23 .78 ± 28 .27 • 26.84 ± 24.69 • 
2 5 .6 1 0.3 1 24.39 0 .38  2 8 .65 0.24 26.30 0.44 24.69 0.00 
26.20 26. 1 4  2 5 . 94 2 5 .98 25 .8 1 2 5 . 82 26.06 26.08 2 5 . 1 4  2 5 .29 

input 26.02 ± 2 5 . 9 1 • 25.83 • 26. 1 2  • 2 5 .33 ± 
26.2 1 0. 1 2  26. 1 0  0. 1 2  2 5 .82 0.0 1 26.06 0.04 2 5 .4 1 0 . 1 6  

y w  neg 37.89 36.96 37. 1 4  36.77 36.92 
25 .24 2 5 .25  24 .27 24.52 28.88 29.02 27.45 2 7 . 3 6  25 .30 2 5 .23 

ChIP 2 5 .44 ± 24.46 ± 29.44 ± 27.33 ± 25 .24 • 
25.07 0.2 1 24.83 0.32 28 .73 0.42 27.30 0 .09 25 . 1 5  0.09 
2 5 . 5 9  25 .63 2 5 . 7 8  2 5 .97 26.69 26.77 26. 1 9  26.35  2 5 .30 2 5 .43 

input 2 5 . 5 8  ± 25.99 ± 26.87 ± 26.43 • 2 5 .49 ± 
2 5 .7 1 0.08 26. 1 4  0.20 26.75 0. 1 0  26.44 0. 1 6  25 .5 1 0. 1 3  

neg 37 .07 3 5 . 5 9  38 .2 1 36.77 36.56 

I Crossing Po int: The cycle number at which the fluorescence level of each sample reaches a set threshold 

level, i.e. greater than background level. 

2 Immunoprecipitated DNA. 

3 Discarded values are indicated by double strike-through lines. 
4 95% confidence intervals are indicated for 3 rep licates of each PCR reaction. 
S Negative control (water). 
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lacZ GPDH CG2556-3 ' UTR CG2556-5'UTR 

Fly Line CP mean CP mean C P  mean CP mean 
24.3 1 24.38 24.57 24.50 2 5 .69 25 .68 

ChIP 24.45 ± 24.45 ± 2 5 .7 5  • 
22.75 0. 1 1  24.48 0 .07 2 5 .60 0.09 
2 5 .3 2  2 5 .45 23 .80 23 .70 2 6. 1 6  26. 1 0  

input 2 5 . 5 0  ± 23.57  ± 2 5 .93 ± 
2 5 . 5 4  0. 1 3  23.73 0 . 1 3  26.20 0. 1 6  

P-IacZ: 9B4 24.8 1 24.84 24.95 24.82 2 5 .93 26.55 
ChIP 24.88 ± 24.80 ± 26.76 ± 

24.83 0.04 24.7 1 0 . 1 4  26.95 0.6 1 
2 5 .5 6  25 .46 23.83 23 .79 26. 1 2  26. 1 4  

input 2 5 . 5 2  ± 23.7 1 ± 26.53 ± 
2 5 . 3 1 0. 1 5  23 .82 0.08 2 5 .76 0.44 
24. 1 6  24.36 24.74 24.73 26.74 26.70 

ChIP 24.47 ± 24.85 • � ± 
24.45 0.20 24.60 0 . 1 4  26.66 0.06 
2 5 .2 5  2 5 . 3 7  2 3 . 5 9  23 .69 26.04 2 5 . 8 5  

input 25 .45 ± 23.73 ± 25 .94 ± 

P-IacZ: 1 9E7 
2 5 .42 0. 1 2  23 .75  0. 1 0  2 5 . 5 7  0 .28 
24.2 1 24.27 24.68 24.7 1 26.90 2 6.90 

ChIP 24.33 ± 24 .64 ± 26.90 ± 
24.26 0.07 24 .8 1 0. 1 0  � 0 .00 
2 5 . 8 7  2 5 .78 24.33 24.33 � 2 6.60 

input 2 5 .80 ± 24.26 ± 26.65 ± 
25 .68 0. 1 1  24.4 1 0.08 26.54 0 .09 

neg 30.22 37.06 3 5 . 85 
24.43 24.37 

ChIP 
24.43 ± 
24.24 0 . 1 2  

23 .44 
23.40 

input 23.45 ± 
23.32 0.08 

y w  neg 32.48 
24.9 1 24.86 

ChIP 24.86 ± 
24.80 0.06 
23 .25  23 .23 

input 23 .25  ± 
23. 1 8  0.05 

neg 33 .05 
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