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Summary

The Drosophila gene dead ringer encodes a member of what has been shown to be a

large family of proteins with a theme of DNA association, termed the ARID (A/T-rich

interaction domain) family of proteins. Sequence analysis has placed Dead ringer in a sub-

group, termed the eARID (extended ARID) group, together with the mouse protein Bright,

which has a virtually identical DNA-binding specificity. This thesis describes the

identification of further genes in the dead ringertbright sub-group and the functional analysis

of regions of the Drosophila DRI protein conserved in this group.

Three vertebrate homologue s of d.ri were isolated, one from human and two from the

zebrafish, Danio rerio.Comparison of protein sequences supports the notion that Drosophila

Dead ringer,mouse Bright, Caenorhabditis elegans T23D8.8, the human DRIL1 and

paralogous D. rerio Dril and Dri2 form an orthologous group of proteins within the ARID

family, sharing the eARID region of homology flanking the core ARID motif' Analysis of the

eARlD-protein sequences outside the eARID region indicated the presence of two additional

conserved motifs, the REKLES6¡ and REKLESp domains, unique to the eARID group'

Generation of constructs expressing the conserved domains with specific deletions of

highly conserved regions allowed biochemical analysis of the domains' functions. A deletion

within the eARID was shown to abolish DNA-binding activity. A self-association activity

exhibited by the REKLES domains was not abolished by deletion of the REKLES p domain.

clri transgenes with deletions corresponding to those characterised biochemically were used to

determine the requirements for eARID DNA-binding and REKLESp domain activities in

vlvo. DRI lacking eARID DNA-binding activity acted antimorphically. DRI lacking the

REKLESp domain was able to substitute for zygotically expressed DRI.

The identification of novel conserved domains within the eARID group suggests

mechanisms through which these proteins may exert their regulatory effect. The generation of

an antimorphic dri transgene will further provide a tool for analysis of dri function in vivo'
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Chapter 1: Introduction

Darwin

1.1 "The last refuge of scoundrels"

The foundations of our understanding of gene regulation were laid in the study of the

developmental control of the simplest of organisms, the bacteriophages (for a review of the

srudy of À phage see ptashne 19g7). The general principle that was identified in the study of

these systems was the action of diffusibl e, trans-acting factors that bind to DNA at cis-

regulatory sites to control the activation state of a gene (transcriptional activators are

reviewed in Ptashne 1988).In the prokaryote/bacteriophage systems' the low complexity of

the genomes and the relatively simple developmental choices and environmental changes

facing the organisms allow such basic regulatory systems to function in a reliable manner'

The transfer of these ideas to the more complex arena of eukaryotic gene regulation has

proved invaluable. However, the much greater level of complexity in developmental choices

and genome size has favoured the evolution of more reliable mechanisms for gene regulation'

As is often the case in biology, the machinery involved in gene regulation plays other roles' in

this case the curation of the genetic material of the eukaryotic organism. The paradigms

developed in the study of prokaryotic gene regulation, even extended as they have been to

include some of the less complicated aspects of eukaryotic control systems, fail to adequately

incorporate the full range of eukaryotic reguratory systems. I will describe in this chapter how

machinery involved in regulating gene expression and in maintaining chromosomal integrity

are an integrated system that effectively evolved to act as a librarian for the eukaryotic

genome, focussing on the information retrieval aspects of chromatin structure'

Chromatin is often introduced as the mechanism used by the eukaryotic cells to allow

their genomes to be efficiently packaged into the nucleus, and an obstacle for transcriptional

machinery to overcome. However, the fine levels of modulation that are observed in the
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modulation of chromatin structure in response to developmental and environmental cues

leading to complex gene regulatory effects strongly suggest that a regulatory role for

chromatin coevolved with the more commonly cited packaging role. The idea that the

packaging of DNA by histones and other chromatin proteins into condensed structures is

involved in gene regulation has been disparaged by workers in prokaryotic gene regulation as

.,the last refuge of scoundrels" (Brent 1986). However, recent work into organisation of

genetic material in the nucleus, the nuclear architecture, has shown that it is not enough to

merely be scoundrels in our analysis of mechanisms of gene regulation in eukaryotes'

1.2 Nuclear architecture in eukaryotic gene regulation

That the nucleus has a defined internal architecture has been known cytologically for

over two hundred years, made evident by the high visibility of the nucleolus (in Miller 1981)'

subsequently shown to be the site of ribosome biogenesis. The arrangement of ribosomal

RNA genes (rDNA) within a nucleolar structure may confer advantages for ribosome

biogenesis, for example allowing higher concentrations of RNA polymerase I' ribosomal

proteins and other factors required for ribosome synthesis (for reviews' see Hadjiolov 1984;

Sommervilte 1986). The organisation of rDNA into the nucleolus appears to be a property of

rDNA or its RNA products, as insertions of rDNA lead to the formation of ectopic nucleoli in

the Drosophila nucletts (Karpen et aI' 1988) '

It has become clear from a number of lines of evidence that chromosomal

arrangements, similar to those seen in the organisation of the rDNA in the nucleolus' are a

more general feature of nuclear architecture'

During the initial development of the Drosophila blastoderm the nuclei of the

syncytial embryo undergo 13 rapid and parasynchronous nuclear divisions (Zalokat and Erk

lgl6).The syncytium cellularises at the end of cycle 13, and parasynchrony is broken at

mitosis of cycle l4 when patches of cells enter mitosis together at different intervals (Foe

l939). Approximately coincident with these events, zygotic transcription initiates from a
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large number of loci (Anderson and Lengyel lg7g)' It may be anticipated that the significant

changes in both cell cycle organisation and the requirements for gene expression occuning at

this transition would coincide with changes in nuclear architecture if chromosomal

organisation within the nucleus plays a role in either control of gene expression or

maintenance of chromosome structure throughout the cell cycle. Indeed, although

chromosomes remain unpaired throughout the first 13 syncytial division, chromosomes pair

at cycle 14 and chromosomal pairing coincides with movement of active loci to the apical

side of the nucleus (Hiroaka et at. t993; Fung e/ al' 1998) '

v/hether pairing is an independent result of regulatory mechanisms or a device for

ensuring appropriate regulation of homologous loci is not known' However, evidence from

the analysis of pairing-dependent complementation of alleles, transvection, in Drosophila'

suggests that homologous pairing is involved in gene regulation in at least some cases (Lewis

lgl4;Babu and Bhat 1980; Geyer et al. 1990; Mathog 1990; Kassis et aI. I99l; Leiserson ¿t

aL 1994). Transvection has been proposed to be the result of the interaction between the

regulatory enhancers of one homologue with the basal elements of the other' allowing

communication between the alleles. Evidence for a complex involved in the interaction

between cis-enhancers and basal elements has come from the study of the zeste gene' a

modifier of transvection at a number of loci (Wu and Goldberg 1989; Pirrotta l99O). zeste

encodes a self-associating DNA-binding protein that has been shown to be localised to at least

60 sites on salivary gland polytene chromosomes and has been shown to bind to promoter and

other regulatory DNAs from the white, Ubx and dpp genes in vitro (Pirrotta et aI' 1988;

Benson and Pirrotta 1988; Bickel and Pirrotta 1990)'

Alleles of a number of members of the Polycomb group (Pc-G), a group of genes

involved in stable repression of genes at a variety of loci, interact with the zeste modifier of

rransvection (wu and Howe |995;pirrotta lggl), indicating a link between the pairing affects

outlined above and the developmentally important Pc-G gene silencing system' Broadly, two

competing models have been proposed to explain how the Pc-G stably inactivate loci' Both

models involve the formation of large protein-DNA complexes at the inactivated loci. The
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models differ, however, in how the silencing is effected by the multi-protein complex' The

compaction model states that Pc-G proteins act by concatamerisation, packaging the

chromatin into a highly compacted state and thus rendering the locus inaccessible to

transcription factors and other components of transcriptional machinery (Paro 1990) ' In the

competing compartment model, inactivated loci are positioned in domains within the nucleus

lacking the factors required for expression of those loci, while active loci are located in

domains in which critical factors are present (Schloßhen et aI' 1994) '

Although it is likely that neither model will explain the entire range of effects

observed, and that both mechanisms are acting in the stable regulation of gene expression, the

compaction model proposed to explain Pc-G silencing cannot be the whole story' as

schloßherr et aI. (1994) have shown that loci inactivated by the Pc-G do not have

significantly reduced accessibility to restriction endonucleases (Some reduction is observed at

the Antplocus in the eye-antennal disk relative to the wing disk; although statistically

significant, the reduction is proposed to be insufficient to account for the observed reduction

in Antp expression). Additionally, it has been shown that transcription by Drosophila RNA

polymerase II directed by the yeast GAL4 protein is blocked in an environment silenced by

the Pc-G, but transcription by the bacteriophageTT RNA polymerase is not, further

confirming that pc-G-mediated silencing is not merely a steric obstruction of protein access

to silenced loci (Mccall and Bender 1996). The compartment model is supported by the

observation that the polycomb protein localises in SL2 culture cells to a small number of loci

in the nucleus while binding to a large number (-100) of sites on polytene chromosomes

indicating that silenced loci colocalise to specific domains within the nucleus (Messmer er ø/'

r9e2).

An effect termed position effect variegation (PEV) shares a number of characteristics

with silencing mediated by the Pc-G (reviewed in Ka¡pen 1994; Weiler and Broach 1995)'

PEV is the stochastic and heritable silencing of euchromatic loci positioned near

heterochromatic regions by chromosome rearrangement. The mechanism of PEV silencing'

like that of Pc-G-mediated silencing, is not clear; the two models proposed for Pc-G silencing
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are also used to account for the effects seen in PEV (Paro 1990). Indeed, PEV and Pc-G

silencing are thought to be mediated through similar mechanisms. As is the case with Pc-G

silencing, trans-acting factor accessibility is not lost in regions inactivated by PEV silencing

(Schloßher r et aI. lgg4) , favouring a model which includes some aspect of nuclear

compartmentalisation. One of the models used to study PEV is brownD. bwD is a null allele of

the bw gene caused by a large insertion of heterochromatin within the coding region of the

gene (Slatis 1955). Interestingly, the bwD allele acts dominantly to repress the expression of a

wild-type allele on the homologous chromosome, employing a pairing-dependent mechanism

reminiscent of the transvection effects described above (Dreeson et al. l99l;Henikoff et al.

1995). Two elegant studies using bwD have given further weight to the involvement of

nuclear architecture in PEV by investigating the nuclear arrangement of homologous

variegating bw lociby fluoresc ence in sirø hybridisation (Csink and Henikoff ß96; Dernburg

et aI. 1996). Dernburg et aI. (1996) examined the localisation of the wild-type and bwD alleles

of the åw locus in larval imaginal disks and neuroblasts. They found that bwD homozygous

flies showed a strong association of the paired bw loci with the centromeric AACAC satellite

block on 2R when compared to wild-type. The number of nuclei showing association of

paired bw lociwith centromeric heterochromatin was only slightly lower in bwD

heterozygous larvae than in homozygous larvae. Analysis of pairing has shown that 957o of

åw homologous loci are paired in larval nuclei. This observation together with the finding that

the level of pairing is identical when comparing wild-type, bwDl+ andbwD larvae, suggests

that pairing of homologous åw loci in the heterozygote carries the wild-type homologue to the

centromeric heterochromatin with the bwD allele. The results obtained by Csink and Henikoff

( 1996) extend the observations made by Dernbu rg et aI . to show that the association of the

paired bw Lociwith the centromeric chromatin is reduced both by SuþwD)S, a translocation

of bwD that suppresses bwD trans-inactivation, and by suppressors of PEV including

Su(var)205, a loss of function mutation in the gene encoding the heterochromatin protein HP-

1. The Hp- I gain of function mutation E(var)39A increases the association of paired

Suþw45loci with centromeric chromatin, but paradoxically does not show the same effect

with the bwD allele.In embryos, Dernburg et aL show that bwD loci are strongly associated
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with the nuclear envelope. A role of HP-1 in this interaction suggested by the results of Csink

and Henikoff is consistent with the finding that a human homologue of HP-l interacts with an

integral nuclear envelope protein (Ye and Worman 1996). These results indicate that the

nuclear localisation of the åw locus to heterochromatin nuclear compartments is dependent on

pairing and heterochromatin proteins, firmly tying together the models of transvection,

position effect-variegation and nuclear architecture in gene regulation'

'Work in yeast has also shown that nuclear architecture is modulated in conjunction

with changes in silencing states of chromatin. The silent mating type loci and loci near the

chromosomal telomeres are repressed by a complex of proteins including the products of the

slR loci and the RAPI protein (reviewed in Gotta and Gasser 1996; Gasset et aI' 1998)'

Histones H3 and H4 have been shown to interact with Sir3 and sir4 in vitro, and disruption of

HHTAI, HHF2 (the histone H3 and H4 loci), sIR2-4 or RAPI results in deregulation of the

silent mating type loci (Thompson et at. 1994: Aparicio et aI. l99l; Hecht et aI' 1995) 'The

silent telomere complexes have been shown to localise to the nuclear cortex (Gotta et al'

1996) through a mechanism dependent on the interaction between sIR3, SIR4 and the amino

rermini of the histones H3 and H4 (Paladi no et al. 1993; Hecht et al. 1995), which have been

shown to be necessary of silent mating type locus repression (Johnson et al' 1990; Thompson

et al. 1994). In contrast to the evidence ftom Drosophila however, the compartmentalisation

of silent loci to specific domains happens in association with protection from digestion by

restriction endonucleases (Loo and Rine 1996). Maillet et al. (1996) have shown that artificial

silencing cassettes are dependent on nuclear context. In their assay, silencers were assisted by

proximity to telomeres, which are proposed to be acting as pools of Sir proteins' and by

artificially elevated expression of Sir proteins, suggesting that silent domains may be required

to be located within nuclear regions with high concentrations of these factors, unifying the

conflicting models of chromatin compaction and nuclear compartmentalisation'
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1.3 Regulation of eukaryotic chromatin structure

Clearly chromatin packaging and nuclear organisation play a role in the regulation of

gene expression in eukaryotes. The stable maintenance of gene expression by higher order

organisation of genetic material raises the important question of how it can be involved in

dynamic gene regulation. During development and in response to environmental factors,

patterns of gene expression must change. Fluid gene regulation requires mechanisms to

circumvent the systems described above. What mechanisms exist to enable genes regulated at

the chromatin level to have their expression modulated?

Studies on Drosophila salivary polytene chromosomes show that the arrangement of

chromosomes within the nucleus does not change significantly in response to heat-shock or

treatment with B-ecdysone, indicating that nuclear architecture is not a target of mechanisms

regulating the expression of ecdysteroid or heat-shock responsive genes (Hochstrasser and

Sedar l9g7). This does not eliminate the possibility that other loci are regulated in this

manner, for example homologous histone cluster loci pair and move to the apical side of the

nucleus in the Drosophilablastoderm at the time when they become active zygotically

(Hiroaka et al. 1993); nor the possibilities that combinatorial associations of larger numbers

of constituent loci or associations with other structures, such as the nuclear envelope

(Marshall et at. 1996), are utilised in compartmental regulation in the nucleus. Currently there

is little evidence for widespread dynamic modulation of nuclear domain architecture' nor are

any systems known which specifically alter nuclear domain architecture, although some

progress has been made towards identifying possible points of regulation (reviewed in

Marshall et aI. 1997)

However, analysis of a number of systems has shown a general theme of large protein

complexes which facilitate the dynamic reorganisation of chromatin structure in response to

regulatory needs, influenced by the presence and activation state of transcription factors, the

chromatin state in the local environment and possibly by broader nuclear architecture. The

following sections will detail the variety of chromatin modulating 'machines', their effects on
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nucleosomal chromatin structure and inputs in the control of chromatin remodelling' The

possible affects of these systems on nuclear domain architecture will then be explored'

1.3.1 The SWVSNF and Bratrma complexes

Although transcriptional activators and repressors have been shown to act to modulate

the levels of transcription from eukaryotic promoters in vitro, the range of effective

modulation achieved on naked DNA is far from that observed in vivo (Komberg and Lorch

1995). The arrangement of DNA into nucleosomes has often been postulated to be a

significant impediment to the initiation and progression of eukaryotic transcription by

blocking access to transcription factors and polymerases' and by retarding the movement of

active polymerases. supporting these suggestions, depletion of histone H4 levels in yeast

promotes expression of CUPI , HIS3 and PHO5 under non-inducing conditions (Han and

Grunstein lggg; Durrin et at. 1992), and transcription from reconstituted chromatin including

histones, activated by the yeast GAI-4 protein in vitro, is significantly reduced compared to

transcription from naked DNA (Mizuguchi et al' 1997)'

The use of nucleosomal chromatin structure as a repressive mechanism requires an

opposing system to remove the transcriptional block imposed by the presence of nucleosomes

on the DNA. The yeast SV/VSNF complex was the first identified of a number of 'chromatin

remodelling machines' that enable the dynamic modulation of chromatin structure (for

reviews, see Burns and Peterson 1997a;Gregory and Hörz 1998; Varga-Weisz and Becker

199g). The members of the SWVSNF complex were first identified as viable mutations

blocking the expression of the HO and SUC2 genes' required for mating type switching and

sucrose fermentation respectively. It was subsequently shown that the complex was required

more generally for the activation of a wide variety of genes (Peterson and Herskowitz 1992) '

The activation role of the SWVSNF complex was investigated in two studies using a

LexA-SNF5 fusion and a lexA operator site. The LexA-SNF5 fusion was able to activate a

GALI-tacZ fusion gene downstream of either one or six overlapping lexA operator sites, but
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not in the absence of a lexAoperator in cis (Laurent et aI' 1990)' However, further studies

showed that activation in this assay was dependent on the presence of functional SNF2 and

sNFó, rwo other sv/vsNF encoding genes (Laurent et aL l99l). A LexA-SNF2 fusion is

able to activate in the same assay, dependent on functional SNF5 and SNFó' These

observations indicate that SNF2 and SNF5 activities are interdependent, possibly through the

formation of a protein complex. However, they do not distinguish the mode of action of the

SNF2 and SNF5 proteins from that of more familiar transcription factors, such as the yeast

G{-4protein (reviewed in Ptashne 1988).

Subsequent studies have shown, however, that the SWVSNF proteins activate genes in

a more indirect manner. An extensive examination of the functions of the SV/VSNF complex

by Côté et aI. (1994) showed that the complex contains 10 subunits (Varga-V/eisz and Becker

l99g; Burns and peterson I997a) and has DNA-stimulated ATPase activity. Using GALA

derivatives and nucleosomal DNA with a single GAL4 binding site, they showed GAL4

binding in gel retardation assays was stimulated by SWVSNF in the presence of hydrolysable

ATp. DNaseI footprinting analysis showed that nucleosomes block G/,JA binding, but that

the block was removed by swvsNF in the presence of ATP. Further, new DNaseI sites

appear when nucleosomal DNA is treated with SWVSNF in the presence of ATP with or

without G$L4,showing interaction with the nucleosomal DNA, possibly moving the

nucleosomes. previously the SV/I2 proteins had been shown to have DNA-stimulated ATPase

activity associated with a DNA helicase-related domain (Laurent et aI' 1993); Cõté et aI.

showed that a SV/VSNF complex containing 51ry12K7984 which has no ATPase activity, was

unable to facilitate GAI4 binding in gel retardation assays as above and did not activate

GAL4 dependent transcriPtion.

A number of studies have strengthened the notion that the SWVSNF complex acts by

facilitating the binding of trans-acting factors to nucleosomal DNA' SWVSNF is required for

GAL4 activation in nucleosomal DNA, unless the GAL4 DNA binding-site is high affinity or

located within a nucleosome free region (Burns and Peterson 1997b)' Similarly, although

swl2 and sNF5 are require d for suc2 expression and openin g the suc2 promoter to
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micrococcal nuclease activity, this can be overcome by halving the number of histone H2A

and H2B genes (Hirschhor n et al. lgg2). Supporting the interaction between nucleosomes and

the SWVSNF complex, mutant histones H3 and H4 expressed from low copy number

plasmids partially suppress swi/ transcription defects, presumably by competing with wild-

type H3 and H4 histones for nucleosome formation (Kruger et al. 1995) '

In a restriction endonuclease access assay with a positioned nucleosome array,

SV/ySNF enhances rate of digestion of nucleosome-covered ^SaI[ sites in an ATP-dependent

reaction (Logie and peterso ¡ 1997). Additional nucleosomal DNA could act as a substrate for

SV/USNF activity indicating rhat the complex acts catalytically in the remodelling of

nucleosomes. Removal of ATP using apyrase after one hour of treatment with SV/USNF

complex resulted in Sølt digestion kinetics virtually identical to that seen when ATP was

removed with apyrase at time zero, indicating that nucleosome remodelling results in only

transient destabilisation of nucleosomes. others have found that remodelled nucleosomes in

nucleosomal arrays are stabilised in the presence of the GAI/ DNA-binding protein (Owen-

Hughes et at. 1996), indicating that the transient destabilisation of nucleosomal structure can

be utilised opportunistically by DNA-binding proteins'

Thus it appears that the SWVSNF complex acts catalytically to facilitate the

movement of nucleosomes in nucleosomal DNA, permitting the access of DNA-binding

factors and transcription machinery to a number of loci in the yeast genome'

protein complexes homologous to SWVSNF have been identified in humans (Dunaief

etat. t994;'Wang etat. 1996b) andDrosophila (Tamkun etaI. 1992;Elfring etaI. 1994)'The

wealth of genetic studies in Drosophila make it an excellent system in which to examine the

role of SWVSNF complexes in multicellular organisms'

Evidence that Brahma, the closest known SwI2 homologue in Drosophilø, functions

in a role similar to that of SWI2 in the SWySNF complex comes from a number of sources'

The DNA-dependent ATPase domain of BRM, substituted for the SV/I2 ATPase domain in

yeast, has been shown to give partial rescue of swi2 growth defects and to allow activation of
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lacZ reporter-gene transcription, while that of the second SWI2 homologue (ISWL discussed

later) did not (Elfring et aI.1994). Protein homology between BRM and SV/I2 extends to a

number of regions outside the conserved ATPase domain, regions which have been proposed

to function as protein interaction domains with other members of a protein complex. Indeed,

SWI2 coimmunoprecipitates in a 2MDa complex with SNRI , aDrosophilø SNF5 homologue

(Dingwall et at. 1995). Further, studies of BRGI, a human BRM homologue, also found in a

2MDa complex, show that this complex, like the yeast SWVSNF, facilitates the binding of

transcription factors to nucleosomal DNA in vitro (Kwon et aI. 1994; Wang et al' 1996a;

Wang et al. 1996b).

Elfring et aI. (1998) have conducted a comprehensive examination of the role of brm

in Drosophila development, and an analysis of functionally important regions of the protein.

Unlike SWI2 and the other member of the yeast SWVSNF complex, BRM is essential for

viability. Consistent with its essential role in Drosophila. BRM is expressed ubiquitously at

high levels throughout development. Quantification of BRM copy-number indicates that there

are more than 105 molecules per nucleus, equivalent to 1 complex pet 20 nucleosomes,

considerably higher than the estimate of 100-200 SWVSNF complexes per nucleus in yeast

(Côré et at. 1994; Cairns et at. 1996), corresponding to approximately 1 complex per 300-600

nucleosomes. As brm isessential for Drosophita viability, the role of brmin development

was examined by generating somatic brm deficient clones in larval tissues. brm clones in

imaginal disks showed significant reduction in viability. Examination of adults with brm

clones showed a high percentage of bristle defects, indicating a role for brm in peripheral

nervous system development. The roles of specific conserved domains within the BRM

protein were examined by the generation of targeted mutations. 3p¡¡4K804R, in which a

conserved lysine in the ATP-binding site of the DNA-dependent ATPase domain changed for

an arginine acts antimorphically to produce a homeotic phenotype and decreased viability.

The equivalent amino acid substitution has been shown to abolish ATPase activity in the

yeast SWI2 protein (Laurent et al. 1993). Gel filtration analysis showed that BRMK804R ¡t

incorporated into the 2MDa complex. The inclusion of the putatively ATPase-defective

gp1¡4K804R in the 2uDacomplex indicates that ATPase activity is necessary for BRM
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complex function. Expression of BRMKSO4R in the wing imaginal disk causes wing vein loss

and PNS defects including ectopic campaniform sensilla, campaniform sensilla loss'

duplication or triplication, or transformation into bristles, effects that are similar to those seen

\nbrmdeficient clones in the adult. A second mutant,lacking domain rr(br7n\5a9-6lq failed

to rescue brm mutant lethality. Gel filtration analysis indicated that domain II is required for

inclusion in the BRM complex' A highly conserved domain, the bromodomain was also

examined. A brm transgene lacking the bromob ox (br7¡L1446-r517¡ rescued brmhomozygous

lethality, indicating that the bromodomain is not essential for BRM function'

Although brm isrequired for Drosophila viabtlity, it is clear from the observation that

brm defic\ency is not cell lethal in clones that the BRM complex cannot be the only factor

involved in chromatin remodelling. similarly, the viable phenotype exhibited by the swilsnf

mutants indicates that the SWI/SNF complex is involved in regulating only a subset of genes

in S. cerevisiae, orthat other factors are able to compensate for a lack of SWVSNF activity'

r.3.2 RSC

As mentioned above, the SWVSNF complex is not required for viability, raising the

question of whether nucleosome remodelling is required on a large scale in yeast' However'

computer based searches of the S. cerevisia¿ genome have identified homologues of members

of the SV/VSNF complex which together form a chromatin remodelling complex (Caims ¿r

aI. 1996). Thus yeast appears to utilise a complex of chromatin remodelling machineries in

the regulation of chromatin structure'

Five unique homologues of members of the swvsNF complex were identified by

comparison of SWVSNF proteins with the database of protein sequences predicted by open

reading frame analysis of the s. cerevisiae genome: sthla'lpslp (homologous to swi2/snf2p'

originally identified by reduced stringency hybridisation Laurent et al' 1992), Rsc6p

(swp73p), RscSp (Swi3p), Sfhl (snf5p) and Ycr052p (Tfg3/Anc1/Swp29p) (Caitns et aI'

1996).No paralogue of swilp, snf6p or snf I lp was found' sthla{pslp, Rsc6p and sfhlp
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were shown to be components of a lMDa, 14115 member complex by Western analysis of the

purified complex and coimmunoprecipitation of SthlÆ'{pslp and Rsc6p with anti-Sftlp

antibodies (Cairns et aI. 1996; Cao et aI. t997). Mass spectrometry and peptide sequencing

confirmed the presence of Sthl/Ì.{pslp and Rsc6p within the complex and further indicated

the presence of RscSp (Cairns et aI. 1996)' The protein complex, RSC, was shown to have

DNA-stimulated ATPase activity and the capacity to remodel the structure of chromatin'

dependent on ATP, as assayed by nucleosomal protection from DNaseI digestion' significant

distinctions were made between the swvsNF complex and RSC: RSC was estimated to be at

least an order of magnitude more abundant in the nucleus, the two complexes were shown not

to share the homologous subunits Swi2p/sthlp, Swp73p/Rsc6p or Swi3p/Rsc8p' and most

significantly, yeast lacking sthl/l.tps1p, Rsc6p, RscSp or sftrl are inviable indicating a

crucial role for this complex in normal growth in contrast with the non-essential nature of the

swvsNF complex(c airns et aI. rgg6; cao et al. rgg7). However, the striking similarities

between the swvsNF cómplex and RSC, including the specificity of action and conserved

constituents, suggests an underlying similarity of function. The identification of a conserved

core group of subunits in chromatin remodelling complexes suggests a strong conservation of

the mechanism of chromatin remodelling'

I.3.3 ISWI containing comPlexes

Asmentionedpreviously,aseconddivergentSwl2homologuehasbeenidentifiedin

Drosophila, ISWI (for imitation switch). Clones encoding ISWI were first identified on the

basis of homology to the yeast SWI2 gene in a reduced stringency hybridisation scfeen

(Elfring et aI. 1994). The ISWI protein is implicated in the activity of a number of chromatin

remodelling complexes that have apparently divergent functions (for reviews' see Varga-

Weisz and Becker 1998; Armstrong and Emerson 1998)'
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i. NURF

Biochemical characterisation of the 4 subunit, 500kDa Drosophila nucleosome

remodelling factor (NURF) identified ISWI as the NURF ATPase analogous to BRM in the

BRM complex (Mizuguchi et aI.1997;Tsukiyama et al. 1995)' NURF exhibits nucleosome

disruption in the presence of GAGA factor and hydrolysable ATP in restriction endonuclease

accessibility and DNaseI footprinting assays. In contrast to the DNA-stimulated ATPase

activity of SWVSNF (Côté et aI.lgg4), NURF ATPase activity is stimulated by nucleosomal,

but not naked DNA. NURF ATpase activity has been shown to be reduced by proteolytic

removal of histone tails and competition with histone tail-GST fusions proteins, suggesting

that nucleosomal histone tails direct the activity of the NURF complex (Georgel et aI. 1997) '

An in vitro transcription assay using reconstituted chromatin with G^lA DNA

binding sites upstream of a minimal adenovirus E4 promoter has shown that transcriptional

activity and nucleosome remodelling as assayed by micrococcal nuclease digestion, are

dependent on GAL4 binding, and addition of NURF and ATP prior to the addition of

Drosophila nuclear transcription extracts (Mizuguchi et aI.1997). In this assay, yeast

swvsNF and another ISWI containing complex, CHRAC (discussed below), were unable to

activate transcription in the same manner. Removal of NURF from the nucleosome assembly

reaction by treatment with sarkosyl before addition of the nuclear transcription extracts did

not affect transcription levels or nucleosome remodelling, indicating that nucleosome

remodelling by NURF is stable. However, gel shift assays showed that GAL4 remained

bound to the DNA, suggesting that the G[Aprotein may protect the GAL4 biding-sites from

reoccupation by nucleosomes. Mizuguchi et aI. (1997) comment that the high levels of

chromatin remodelling activity attributable to NURF, indicate that NURF is the main

chromatin remodelling activity in Drosophila nuclear extracts. The number of NURF

complexes per nucleosome is estimated to be 1 NURF per 2O nucleosomes (Tsukiyama et al'

1995), the same as that estimated for the BRM complex (Elfring et aI ' 1998) '
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ii. CHRAC and ACF

Two other ISWI containing nucleosome remodelling complexes have been isolated

biochemically, namely the chromatin-accessibility complex (CHRAC, Varga-Weisz et aI.

1997) and the ATP-utilising chromatin assembly and remodelling factor (ACF,Ito et aI.

lggT). CHRAC is a 670kDa complex with 5 subunits including topoisomerase II in addition

to IS'WI, while ACF has 4 subunits and a mass of 220Y,Ða. The presence of topoisomerase II

in CHRAC has been postulated to either direct the activity of the topoisomerase to chromatin,

enhancing its function, or alternatively topoisomerase II may direct CHRAC to specific

chromosomal sites. A common feature of CHRAC and ACF is that both have been shown to

convert irregular chromatin into regular arrays of evenly spaced nucleosomes in an ATP

dependent manner, an activity that NURF lacks. The chromatin assembly role suggested by

the homogenisation of nucleosome spacing by these factors is supported by a reconstituted

chromatin assembly system using ACF and dNAP-1, a Drosophil¿ histone chaperone protein,

in which ACF was able to assemble chromatin with regularly spaced nucleosomes with the

same structure as that generated with standard Drosophila chromatin assembly nuclear

extracts (Ito et at. 1997). The role of dNAP-1 in the chromatin assembly system above

appears to be as a donor of core histones and not as an integral part of the nucleosome

remodelling complex as nucleosome spacing is modulated by ACF in the absence of dNAP-1.

In addition to its role in chromatin assembly, ACF is also able to remodel chromatin in the

vicinity of a promoter and activate transcription under the influence of the GAL4

transcription factor in the same manner as that observed with the NURF complex (Ito et aI.

l9g7), activities which CHRAC lacks in at least one assay (Mizuguchi et aL 1997) '

The existence of multiple chromatin remodelling complexes incorporating a common

catalytic component, but having divergently targeted activities, suggests that the common

function of nucleosome remodelling is used in a variety of roles, possibly reflecting distinct

regulatory roles in nuclear architecture.



16

I .3 .4 Histone acetyltransferase complexes and histone deacetylases

A theme that emerges from a comparison of systems involved in the stable

maintenance of gene expression and the dynamic modulation of nucleosomal chromatin

structure is the central role of histone amino-terminal tails in these processes (also reviewed

in Luger and Richmond 1998). Contrary to the long held belief that the highly basic histone

tails are responsible for increasing histone binding-affinity for nucleosomal DNA, a high

resolution crystal structure of the nucleosome indicates that the regions responsible for most

histone tail effects do not contact the DNA (Luger et al. 1997). It has thus been suggested that

these regions mediate inter-nucleosomal interactions(Luger et aI.1997)' Evidence also exists

for an interaction between histone tails and the Drosopftila NURF (Georgel et aI. 1997),

indicating a role in interactions with other components of chromatin and associated proteins'

Two classes of regulatory molecules which act through modification of histone tails

are the histone acetyltransferases (HATs) and the histone deacetylases (HDAs) (for reviews'

see Grunst e\n 1997;Tsukiyama and wu lggT). Histones are reversibly acetylated at

conserved lysine residues in the histone amino-terminal tails, changing the charge of the

lysine from positive to neutral and so altering potential protein interactions. One such

possible interaction is between the amino-terminal tail of histone H4 and a conserved, highly

negatively charged region in the histone H2A|HZB dimer, an interaction which is proposed to

mediate interactions between neighbouring nucleosomes, stabilising higher order chromatin

structure (Luger et aI. 1997). Thus, the observed hyperacetylation of euchromatic histone H4

tails relative to those in heterochromatin may facilitate the disruption of chromatin structure

by reducing the strength of this interaction (Olins et aI. l99l; Jeppesen et aI. 1992 O'Neill

and Turner 1995)

i. SAGA

The transcription factor Gcn5p, was originally identified as a HAT by homology to a

catalytically active HAT from Tetrahymena (Brownell et al. 1996). Recombinant Gcn5p has

been shown to have HAT activity, but is unlike GCN5-dependent HAT activity from yeast
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extracts in that it is unable to acetylate nucleosomal histones, suggesting that other factors

may be modifying the activity of the Gcn5p protein (Grant et aI' 1997)' Gcn5p and Ada2p

copurify with a HAT activity capable of acetylating nucleosomal histones H2B and H3, in

two complexes, either with (SAGA, 1.8MDa) or without (AGA, 0.8MDa) Spt20p and SptTp'

The sAGA and AGA HAT activities were shown to be dependent on GCN,, suggesting that

Gcn5p is the catalytic subunit of these nucleosomal HAT complexes. The HAT activity of

Gcn5p has been shown to be necessary for I1lS3 gene activation by a mutational study of the

HAT domain of Gcn5p protein (Kuo er aL 1998) '

A connection between genes encoding members of the SAGA complex and the

regulation of genes through chromatin structure is made by the observation that hht2-3 and

hhp-7, mutations in histone genes that suppress SWVSNF defects, also suppress gcn5 loss of

HO-IacZ expression (Pollard and Paterson 1997). A role for SAGA in gene regulation

through chromatin structure is supported by the observations that SAGA-encoding genes are

required for expression of the SWVSNF dependent reporter gene, HO-IacZ (Pollard and

paterson lggT) and are synthetically lethal in conjunction with swi2lsnp, (Roberts and

Winston lgg1¡ Further, gcn5 deletions and Gcn5p HAT domain mutants exhibit modified

nucleosomal structure compared to wild-type as assayed by DNaseI digestion and restriction

endonuclease protection (Gregory et aI' 1998)

ii. HDAs

Appropriate regulation of gene expression is achieved by a counter-acting histone

deacetylase activity which has been shown to be present in a number of transcription

repressor complexes (Armstrong and Emerson 1998). The link between HDA activity and

transcriptional repression was formalised by the biochemical isolation of an HDA protein,

HDACl, which was shown tobe 607o identical to the yeast Rpd3p transcriptional repressor

(Taunton et at. 1996). Human HDAC1 has been shown to exist in complexes with the

repressor protein mSin3 (Zhang et at. 1997; Hassig et aI. 1997) and the Madl repressor

protein whose repression activity is blocked by the HDA inhibitor, trichostatin A (Laherty et

at. l99l). These initial findings support the notion of histone deacetylation as a repressive
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mechanism acting through chromatin structure' The situation is complicated by the isolation

of a Drosophila homologue of yeast Rpd3, dRPD3' 
^ 

IRPD3 mutant showed an increased

degree of w repression in ¡¡srn¡m4hposition-effect variegating strain (De Robertis et aI' 1996)'

strengthening the role of histone deacetylation in chromatin regulation, but confounding the

direction of control by suggesting that dRPD3 is, in this case, an activator'

1.4 Communication between regulatory factors

It is clear from the sections above that a wide variety of factors are involved in the

regulation of gene expression at the chromatin level, raising the question of how different

factors direct their activities to the appropriate chromosomal domains' The answer to this

question reflects the complexity of chromatin regulatory systems, as a variety of mechanisms

have been shown to act to define targets for these regulatory systems' However, the diversity

of mechanisms that have been analysed can be broadly grouped in to the categories of

opportunistic or directed regulation'

The targeting of silencing by SIR and Pc-G complexes describe above' is readily

explained by the existence of specific binding-sites within loci silenced by these complexes,

although pc-G mediated silencing has additional levels of target regulation based on the

activation states of the target loci (for reviews, see Lustig 1998; Pirrotta 1997)' Thus these

two systems appear to be follow the directed regulation model described above, as do systems

involvedinmodificationofhistoneacetylationstate.

slRmediatedsilencingisdependentonRaplp,aproteinthathasbeenshowntobind

to cis-acting sequences in telomeres and at the silent mating-type loci (Wright et al' 1992;

shore et at. 1987). The Raplp carboxy-terminus has been found to interact with sir3p and

sir4p in a two hybrid system (Moretti et al. 1994). A significant role in the targeting of SIR-

mediated silencing by Raplp is indicated by the demonstration of S/R-dependent silencing at

a locus containing GAL4 binding-sites using Raplp carboxy terminus-GAl4 DNA-binding

domain fusion protein (Buck and shore 1gg5). Similar results have been obtained using
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fusions of Sir3p and Sir4p with heterologous DNA-binding domains (either LexA or GAI;[

Lustig et al. 1996; Marcand et aI. 1996). Additionally, telomeric silencing is restored in a

rapl mutant with G[rAbinding-sites located telomerically when a Sir3¡ and Sir4p-GAI-4

DNA-binding domain is expressed (Marcand et aI. 1996). Together, these results suggest that

Raplp acts to recruit the SIR complex to SIR silenced loci.

pc-G mediated silencing bears a striking resemblance to SIR mediated silencing with

respect to target locus determination, although an extra layer of regulation is added in the

form of a dependence on the transcriptional activation state ofpotential target loci. A region

of the Ubx promoter, termed the PRE, has been shown to confer Pc-G dependent repression

on alacZreporter gene(Chan et al. 1994). Insertion of this element at a new site introduces a

new polycomb complex binding site, as indicated by the binding of the Posterior sex combs

protein to polytene chromosomes at the site of the insertion . PREs are a common feature of a

number of genes regulated by the Pc-G (reviewed in Pirrotta I99l)' A PRE from the

engrailed gene identified as a Pc-G- and pairing-sensitive silencer in a w expression construct

(Kassis et al. l99l;Kassis lgg4) has been shown to bind Pc-G proteins in cross-linking

studies (Strutt and Paro lgg1l A Pc-G protein, Pleiohomeotic (PHO), has been shown to bind

to this engrailed pRE (Brow n et al. 1993). In experiments analogous to those described above

for Raplp/Sir3/4p, it appears that the stable Pc-G mediated silencing of a lacZ reporter gene

can be established by transient localisation of Polycomb or Polycomblike proteins to the

promoter of a target gene (Müll er 1995, S. O'Connell, T. McGrath and R' Saint, unpublished

results). In these experiments, polycomb- and Polycomblike-GAl4 proteins were targeted to

GAL4 binding sites in the regulatory region of a IqcZ reporter driven by a promoter

containing element from the Ubx gene. Repression was dependent on endogenous Pc and was

maintained even when the Pc-G fusion protein was no longer present. These ."rult, indicate

that tethering members of the Pc-G complex to DNA enables the formation of a stable

silencing complex. It is likety that the PHO protein acts to target the Pc-G complex to Pc-G

responsive elements, in a manner analogous to Raplp targeting of sIR silencing, although

this is yet to be tested.
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Similarly, the targeting of histone acetylation and deacetylation can be explained in

part by the observation that a number of site-specific DNA-binding transcription factors are

able to bind HATs or HDAs (for reviews, see Tsukiyama and Wu 1997; Wu 1997; Armstrong

and Emerson 1998).

The situation is more complicated when considering the SWVSNF complex. No

member of the SryUSNF complex has been shown to possess DNA-binding activity nor has

there been shown to exist a consensus binding.sequence for the SWVSNF complex in loci

known to be regulated by the complex (Peterson and Herskowitz 1992). However, Quinn ef

aI. (1996) have shown that purified SWVSNF complex binds to DNAs forming a four-way

junction. The structure of DNA in a four-way junction has been proposed to resemble the

crossed stucture of DNA leaving the nucleosome (Peterson 1996), suggesting that targeting of

the SWVSNF complex is to nucleosomal DNA in general and not to specific loci in the

genome as is the case with pc-G and SIR mediated silencing, and the modification of histone

acetylation state. This raises the question of how the SV/VSNF complex has specific

nucleosomal remodelling activity in response to the presence of transcription factors, that is

,,How is remodelling targeted?" Two complementary models have been put forward; the first,

termed direction, is that transcription factor binding stimulates the activity of the SV/VSNF

complex, while the second, termed opportunism, suggests that nucleosomal remodelling is an

ongoing, undirected process that enables transcription factors to bind opportunistically to

DNA with transiently disrupted nucleosomal structure (Varga-Weisz and Becker 1998)' Both

models have support.

The finding that the SV/VSNF complex is able to modify the DNase I digestion pattern

of nucleosomal DNA in the absence of a DNA-binding protein indicates that the complex

does not require a specific targeting activity (Côté et al. 1994). However, SwvsNF-disrupted

nucleosomal structure has been observed to be readily reversible in the absence of a DNA-

binding protein (Logie and Peterson 1997), but stabilised in the presence of a GAL4 DNA-

binding protein (Owen-Hughes et aI. 1996). Thus, the SV/VSNF complex appears to be able

to facilitate the opportunistic binding of DNA-binding protein.
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In contrast to the observations of Côté et aI. (1994), the DNA-bound thyroid hormone

receptor has not been shown to cause significant chromatin remodelling in the absence of

thyroid hormone (Wong et aI. 1997). However, extensive remodelling was caused by the

addition of thyroid hormone. In a similar situation, the glucocorticoid receptor, which has

been shown to bind to nucleosomal DNA without causing nucleosome remodelling,

stimulates yeast SWUSNF activity when bound to the glucocorticoid response element (Li

and Wrang e 1995; Östlund Farrants et at. 1997). This result, in conjunction with the

observation that Swi3p coimmunoprecipitates with glucocorticoid receptor in a SWII lSWI2

dependent manner (yoshinaga et al. 1992), suggests that the glucocorticoid receptor actively

targets the SWVSNF complex to remodel nucleosomes when the receptor is bound to DNA.

Consistent with the results obtained by Wong et al. (1997), both GAI/ and a GAl4-estrogen

receptor-Vp16 fusion showed nucleosomal remodelling in vivo under conditions in which the

proteins would be in a transcriptionally activating state, but not in non-activating conditions

(Stafford and Morse l9g7).The finding that GAL4 only stimulates chromatin remodelling in

the activated state can be reconciled with i¿ virro studies showing remodelling in the presence

of DNA-bound GAL4 by considering that, in vitro, GAL4 lacks its associated in vivo

repressor activities. A targeting model similar to that described by Wong et al. (1997) and

Stafford and Morse (lgg7¡ involving the stimulation of chromatin remodelling by heat-shock

factor, has been proposed to account for heat-shock induced chromatin remodelling in front of

a stalled RNA polymerase II at the hspT?locus (Brown and Kingston 1991) '

Targeting of chromatin remodelling in another setting has been suggested by the

demonstration of an association of the SWVSNF complex with RNA polymerase II by Wilson

et at. (1996). Such a complex may be utilised to remodel chromatin in advance of the

polymerase, enabling transcriptional elongation, and facilitating the form of regulation

proposed by Brown and Kingston (1997). However, the association of the SWVSNF complex

with RNA polymerase II has been questioned by Cairns et aI. (1996)

The examples above show that the role of transcription factors in regulating gene

expression is clearly greater than proposed in the traditional model of transcriptional
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activation, in which transcription factors were proposed to recruit RNA polymerase' The

diversity of roles played by DNA-binding transcription factors supports the multidomain

model of transcription factor structure (Ptashne 1988), but suggests that the degree of

multifunctionality is probably greater than previously thought.

1.5 Chromatin - nuclear domain architecture interactions

Two aspects are apparent from the discussion of nuclear architecture in eukaryotic

gene regulation above, namely, chromosomal pairing or clustering and association with the

nuclear envelope (NE). The generality of these phenomena is indicated by the variety of

organisms and developmental systems exhibiting them (Tartof and Henikoff 1991; Aramayo

and Metzenberg 1996;LaSalle and Lalande 1996;Csink and Henikoff 1996; Georgiev and

Corces 1995;Gotta etal.1996;Demburg etal.l996:Marshall etaLl996;Taniuraetal.

1995; ye and Worman 1996). Interesting questions arising from the generality of these

phenomena such as: What roles do they play in nuclear organisation and gene expression?

and How do they interact with each other and with other gene regulatory systems? I will

briefly address possible roles in gene expression and then discuss, with reference to

commonalities in mechanisms, how interactions between DNA-binding factors, chromatin

regulatory factors and nuclear architecture may give rise to an integrated system of gene

regulation and genetic storage.

1.5.1 Roles of chromatin - nuclear domain architecture interactions in gene

expression

The information storage and retrieval model outlined in the first paragraph of this

chapter proposes that chromatin structure is intimately involved in the maintenance and

regulation of genetic information, acting to integrate the functions of information storage and

retrieval. The evidence presented above suggests that chromosomal pairing or clustering and
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association with the NE are involved in the maintenance and regulation of genetic

information within the nucleus through the mechanisms discussed above. At the level of

information retrieval, pairing and NE association are likely to be involved in the appropriate

and efficient coordination of gene regulation. chromosomal pairing in humans has been

shown at loci that are subject to parental imprinting (LaSalle and Lalande 1996), possibly

allowing communication between homologues to ensure appropriate imprinting establishment

and maintenance. Similarly, the za allele has been shown to cause decoupling of transcription

rates from homologou s Ubx loci (Goldsborough and Kornberg 1996). Pairing of homologous

loci and clustering of loci at the NE may also permit sharing of limited regulatory and

translational resources. The observed clustering of silenced loci in vivo may allow efficient

utilisation of silencing factors (Messmer et al. 1992; Dernburg et al ' 1996; Gotta et aI ' 1996) '

Although clusters of Pc-G regulated loci have not been shown to associate with the NE

(Messmer et at. 1992¡ yeast telomeres (and possibly the silent mating type loci) and the bwD

locus in conjunction with centromeric heterochromatin have been shown to exhibit strong NE

association (Gotta et aI. 1996: Dernburg et at. 1996), suggesting that this nuclear domain may

be used to store inactive genetic material. Contrasting with the previous examples, but

consistent with a role in ensuring efficient use of translational resources, pairing has been

shown to be required for strong expression of the Ubx gene as asynapsis due to rearrangement

reduces transcription from ubx (Goldsborough and Kornberg 1996).

However, although pairing has been shown to play a role in the regulation of

transcription of a number of genes, it is clearly not essential for viability in general, as flies

heterozygous for multiply rearranged chromosomes, known to disrupt pairing, do not exhibit

significantly reduced viability (Lindsley and Zimm 1992) '

l.s.Zlmplications of chromatin - nuclear domain architecture interactions

The modes of chromosomal organisation seen in the systems described in this chapter

share common mechanisms involving interactions of DNA with multiprotein complexes
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(reviewed in Pirroua 1990; Wu 1993; Henikoff 1997; Cook 1997; Marshall et aI. 1997).

Indeed, pairing effects such as trans inactivation have been suggested to result from Pc-G-

mediated clustering (Sigrist and Pirrotta 1997) and z-mediated pairing effects such as

transvection may reflect a limited form of clustering, as Z is thought to exist as large

aggregates in vivo (Bickel and Pirrotta 1990). A molecular role of the two complexes (and of

other factors) appears to be to facilitate the close physical association ofcoregulated loci,

permitting the efficient regulation of those loci as described above. This supposition is

supported by a number of lines of evidence'

Both the Pc-G and Zhavebeen shown to form large complexes in vivo (Frunke et aI.

lgg2;Bickel and pirrotta 1990). Further, at least one member of the Pc-G has been shown to

self-associate (S. O'Connell pers. comm.). Pleiohomeotic, a member of the Pc-G, andZhave

DNA-binding activity (Brown et ø1. !998;Benson and Pirrotta 1988), conferring on their

respective complexes the capacity to bind DNA. Additionally, both complexes have been

shown to bind non-uniformly to polytene chromosomes at a larger number of sites (Pirrotta e/

al. 1988;Messmer et al.1992;Franke et at. 1992; Lonie et al. 1994). The self-association and

DNA-binding activities of the complexes support the idea that they are involved in mediating

associations between chromosomal loci in vivo.

In addition to the observation that Pc-G binding loci cluster into small numbers of foci

(Messmer et aI. 1992), studies with P-element constructs carrying PREs have shown

preferential insertion at sites corresponding to Pc protein binding sites, suggesting that Pc-G-

complex mediates an interaction between the PREs present in the P-element construct and

endogenous PREs (Fauvarque and Dura 1993; Chan et aI. 1994). The "homing" of PRE

containing p-elements gives credence to the model that the Pc-G is able to form a protein-

bridge between PREs. Interestingly, the favoured insertion of P-elements into Pc binding sites

also argues against the model in which Pc-G mediated silencing is a result of dense packing

of chromatin, as this would be predicted to reduce the chance of insertion at silent sites, and

further suggests that pc-G silencing is effected by clustering of coregulated loci to enable

storage of silent loci in silent domains within the nucleus. Clustering of heterochromatic, and
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possibly also Pc-G silenced regions may increase avidity of binding to the nuclear envelope

through factors such as nucleosomes and HPl, both of which have been shown to associate

with nuclear lamins (Taniura et aI.1995; Ye and Worman 1996)'

Homologous pairing along the length of chromosomes has been suggested to be

mediated by protein interactions at a large number of loci in the manner of a zipper (Gemkow

et aI. I99B). However, to generate the observed level of specificity of pairing, the molecular

interactions necessary to mediate the associations between coregulated loci are likely to

require a greater level of heterogeneity than would be provided by only two types of protein

bridge. Thus to extend the model, the pairing of homologous chromosomes has also been

proposed to be mediated by transcription factors (Pirrotta 1990), potentially explaining why z

is not essential for viability (Goldberg et al. 1989). Consistent with this idea, the modification

of transvection effects by z is accompanied by destabilisation, but not complete loss of

Bithorax-Complex pairing (Gemkow et aL 1998), suggesting that other factors, such as the

pc-G or transcription factors, can mediate pairing and, further, that transvection effects must

be more sensitive to homolgous association than is visible pairing. Other evidence for the

involvement of transcription factors in homologous pairing comes from the finding that the

intergenic promoter regions of the rRNA gene repeats are required for pairing between the X

and Y chromosomes in Drosophila (IN'llcKee et aL 1992) '

A consideration of factors involved in pairing/clustering and remodelling together

leads to some interesting implications of the chromatin and nuclear architecture gene

regulation model. In the discussion of eukaryotic chromatin structure regulation through

nucleosome remodelling and histone modification, it became evident that the accessibility of

DNA-binding transcription factors to DNA is affected by the state of chromatin condensation

and nucleosome mobility and that transcription factor binding feeds back onto the chromatin

condensation state. If transcription factors are involved in nuclear architecture, as has been

proposed (pirrotta 1990), then genome regulation at the nuclear architecture level is

dependent on chromatin structure modulation and, similarly, accessibility of transcription
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factors to nuclear domains is likely to feed into chromatin condensation state regulation

through targeting of chromatin remodelling by transcription factors'

In summary, DNA-binding transcription factors affect chromatin structure and nuclear

organisation. Conversely, chromatin structure and nuclear organisation affect DNA-binding

transcription factor accessibility. Consequently, nuclear organisation and chromatin structure

indirectly have reciprocal affects on each other through DNA-binding transcription factors.

Thus, DNA-binding transcription factors are a central component of gene regulation, not only

in the traditional model, but also in the model of gene regulation in which nuclear architecture

is a key factor in the control of gene expression. To paraphrase Darwin (1876), the nucleus is

,,an entangled bank" in which classical regulatory factors and the "elaborately constructed

forms" of chromatin structure and nuclear architecture are "dependent on each other in so

complex a manner".

A crucial ramification of the proposal that transcription factors are central to nuclear

regulation is that the protein-protein interaction effector domains of these proteins are likely

to be intimately involved in nuclear regulation. Evidence of this exists for modulation of

chromatin structure by transcription activation domains discussed above (Stafford and Morse

IggT). Although no evidence exists for a similar role in regulation of nuclear architecture, it is

an obvious implication of self-interaction domains associated with transcription factors which

would allow the formation of protein bridges between homologous binding sites as has been

suggested for Z (Bickel and Pirrotta 1990). A mechanism such as this has been proposed to

explain the observation that gene regulatory regions associate with the nuclear matrix

(Cockerill and Gerrard 1986; Gasser and Laemmli 1986); large scale aggregates of

transcription factors with bound DNA would cosediment with the scaffold due to the large

size of the aggregate (Bickel and Pirrotta 1990).
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1.6 Dead ringer and the ARID family of proteins

A group of proteins that may play a central role in transcriptional regulation at both

the nuclear architecture level and at the level of transcriptional machinery recruitment is the

ARID (A/T-rich lnteraction domain) family of proteins. The ARID proteins share a novel,

evolutionarily conserved DNA-binding domain and have been shown to be involved in a

number of developmental and regulatory systems. The ARlD-family of DNA-binding

proteins are encoded by a number of partially characterised genes of known or predicted

regulatory significance, including the Drosophila dead ringer (dri) (Gregory et aI. 1996) and

eyelid (Treisman et aI. 1997) genes, yeast SWI1 (O'Hara et aL 1988), the mammalian bright

(Herrscher et al . 1995) , jumonji (Takeuchi et al . 1995) , SmcX (Agulnik et al. 1994b) and

Smcy (Agulnik et at. I994a) genes and the genes encoding the modulator response factors,

MRFl and MRF2 (Huang et al. I996,K. Itakura pers. comm.), and the Retinoblastoma

binding factors, RBPI and RBP2 (Fattaey et aI.1993). Currently, five members of the family

have been shown to bind directly to DNA in vitro,DRI, Bright, MRFI and2, and Eyelid

(Gregory et aI. 1996; Herrscher et aI.l995;Huang et aI. t996, K. Itakura pers. comm., J.

Treisman, pers.comm.). Two of them bind specifically to a site similar to the Engrailed-

homeodomain consensus binding-site (Gregory et aL 1996; Herrscher et aL 1995). In the

cases of DRI and Bright, the DNA-binding activity has been shown to be mediated by the

conserved domain (Gregory et al. 1996; Herrscher et al. 1995) which is predicted to form a

helix-turn-helix motif similar to that of the HMG box that has been implicated in a number of

chromatin regulatory systems (Gregory 1996; for reviews of the HMG-1 box family, see

Landsman and Bustin t993;Baxevanis and Landsman 1995). One member, the mouse Bright

protein, has been shown to bind as a tetramer through the minor groove of the DNA, causing

bending of the DNA (Herrscher et aI . 1995). Another member, SWI l, is a component of the

SWVSNF complex which has been shown to bind DNA, also through the minor groove

(peterson and Hersko w\tz lgg2; Quinn et aI. 1996). However, no direct DNA-binding activity

has been shown for SWI1 alone.
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A theme that arises from functional comparison of the members of the ARID family is

an association of the proteins with chromatin regulation in one way or another: ARID

proteins have been shown to bind to matrix attachment or DNaseI hypersensitive regions

(Herrscher et al.1995; Huang et a|.1996,K. Itakura pers. comm.), to be involved in

chromatin remodelling (peterson and Herskowitz 1992) and to be expressed from the inactive

X chromosome in mammals (Wu er aI. 1994;Agulnik et at.1994b). Although circumstantial,

the association of ARID proteins with chromatin and gene regulation is suggestive of a

involvement of ARID proteins in chromatin structure or regulation. The variation in DNA-

binding specificity within the group suggests that the roles played by ARID proteins are

likely to be divergent within the group.

Consistent with the functional difference, proteins in the ARID group show significant

variation in sequence, maintaining only five invariant residues (figure 1.1)' Grouping

members on the basis of sequence identity allows clear sub-groups to be identified (figure

1.2). Notably, the only members shown to possess site-specific DNA-binding activity clearly

group together to the exclusion of the other members of the family, suggesting that site-

specificity evolved by modification of the standard ARID to the Dead ringerlBright-like

ARID.

1.6. 1 DRI-like proteins

The two characterised DRI-like ARID proteins, DRI and Bright share an extended

region of homology (here termed the eARID) outside and including the core ARID shared

with the other members of the family (Gregory et al. I996;Herrscher et al. 1995).

Additionally, the conservation of the core ARID is higher in the eARIDs than between the

eARID- and the other ARlD-proteins. The strong sequence similarity exhibited by DRI and

Bright reflects common functional characters, both proteins bind to DNA in a site-specific

manner, recognising the sequence RATTAA (R indicates purine). In addition to the core

recognition sequence, Bright has been shown to exhibit preferences for AT rich sequences



Figure 1.1 - Alignment of ARID proteins over the core ARID, generated using the MAP

multiple sequence alignment program (Huang 1994) to generate the

alignment and the MacBOX program vl.0.8 (a Macintosh implementation of

BOXSHADE, M. D. Baron) to generate the shaded figure. Invariant and

conserved residues are indicated by white text with a black or dark grey

background respectively. Similar residues are indicated by black text with a

light grey background. Residues are considered similar for this purpose if

they fall into one of the following groups: FYW' ILVM' RK' DE' ST' QN or

GA. Additionally, residues not in the groups above are considered similar if a

residue in the group, ADEFIKLNPRSVY, is conserved in more than three

sequences according to the following scheme: A similar to G; D similar to E

or N; E similar to Q; F similar to Y or W; I similar to L,V or M; K similar to

H; L similarto V orM; N similar to E or Q;P similarto G, R similar to K or

H; S similar to T or A; V similar to I or M; and Y similar to w. The

consensus was generated at each position from three or more similar or

identical residues. Note that if a consensus is generated for a position on the

basis of similar residues with no residue at or above the threshold of three'

the consensus residue shown is the residue existing at that position in the first

sequence listed.

sources for the sequences are: Dead ringer (Gregory et al. 1996), Bright

(Herrscher et aI. 1995), T23D8.8 (PID g1623238), Eyelid (Treisman er a/'

lggllRBPl/RBP2 (Fattaey etal. 1993),SmcX (Agulnik etal. 1994b),

SmcY (Agulnik et al. |994a), MRFI (PID g18s684), MRF2 (PID g553592)'

Jumonji (Takeuchi et aI. t995), SWI| (O'Hara et aI' 1988) c08b11'3 (PID

9576996),120183 (PID 9774817), c01g8.8 (PID e1703595), 2k593'4 (PID

g1 1 84605), YM8010.06 (PID 9854446)'
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Figure 1.2 - Dendrogram of ARlD-containing proteins based on amino acid identity

generated using the PAUP (Phylogenetic Analysis Using Parsimony 3.1.1, D

L. Swofford) program and the sequence alignment shown in figure 1.1.

Branch lengths indicate degree of sequence divergence. Only one member of

an orthologous group is shown for simplicity, except in the case of Dead

ringer and Bright.
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flanking the core site (Herrscher et aI.1995). Although Gregory et aI. (1996) do not comment

on a similar sequence preference for DRI, examination of their published DRI target

sequences suggests that such a preference exists'

The Bright protein was identified on the basis of binding to a regulatory element of B-

cell-specific immunoglobulin heavy chain (IgH) gene and has been shown to bind a number

of sites throughout the IgH enhancer (Herrscher et al. 1995). Consistent with the binding of

Bright to these elements, Bright has been shown to activate expression downstream of the

IgH enhancer in transient transfection assays. Similarly, DRI has been shown to act as a

transcription factor in a multiprotein complex containing Dorsal and Groucho to repress

ventral expression of zerløüIlr during embryonic development (Valentine et al. 1998). The

observation that Bright is a matrix attachment region (MAR) binding protein(Henschet et al.

1995) along with the other similarities between the two proteins suggests that DRI may also

act as an MAR binding protein. This suggestion implicates the eARID proteins in

chromatin/nuclear architecture regulation in addition to transcriptional regulation. However,

the caveat of Bickel and Pirrotta (1990) mentioned above, regarding MAR binding proteins

should be heeded, as Bright has been shown to tetramerise (Henscher et al.1995), possibly

resulting in the assignment of MAR status to Bright-binding regions.

A factor complicating the analysis of the eARID proteins is that no conserved

sequence outside the eARID has been identified. Thus the tetramerisation functions of Bright

which has been shown to require sequences outside the eARID, may not exist in DRI, or may

be mediated by a heterologous domain. All of the deletion constructs expressing DNA-

binding activity which were used to determine functional domains within Bright were able to

trans-activate (Herrscher et aL 1995),suggesting that the eARID may be an integrated DNA-

binding-trans-activation domain. Thus the question that comes out of comparison of the

eARID proteins is whether the eARID is the regulatory effector-domain (Ptashne 1988) of the

.ARID proteins in addition to being the DNA-binding domain, or if there are other regions

within the protein which confer effector function
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1.7 Comparative molecular biotogy towards understanding functions of DRI

Comparative biology is the central tenet of model organism based biology; analysis of

a small number of organisms with varying degrees of evolutionary divergence enables the

elucidation of a more general picture of the system being studied. I will be using comparative

molecular biology to examine functional domains associated with the eARID in Drosophila

melano gaster Dead ringer.

The specific question to be addressed in this thesis is whether the eARID proteins

mediate trans-regulation through effector domains external to the eARID. This will involve

the isolation of cDNA species encoding eARID proteins that are more closely related to the

known eARID proteins, reasoning that less conservative motifs will be more recognisable

when comparing less diverged sequences. The assumptions made in this analysis are that DRI

and Bright are closely related sequences resulting from divergent evolution and that

conserved functions are mediated by conserved sequences. The implication of this assumption

is that either DRI or Bright may be used as starting points for evolutionary analysis, as results

obtained from one source may, with justification, be used in comparisons with the other. With

this in mind and for reasons discussed in chapter 3, homologues of DRI and Bright will be

isolated from vertebrate rather than arthropod species. Further, the ín vitro and in vivo roles of

the eARID and conserved domains identified by analysis of heterologous eARID proteins

will be examined. In particular , the in vivo significance of the DRI ARID will be examined in

the light of the observation that the Swil ARID is not required for SWI function (C. Peterson,

pers. comm.)
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Chapter 2: Genomic structure of the Drosophila dri gene

I have yet to see any problem, however complicated,^which when you looked at it in the right

way, díd not become'still more complicated. - Poul Anderson

2.I Characterisation of the dri locus towards identifying mutations

Functions of the extended ARID proteins have begun to be characterised. However,

the focus of previously published studies has been on invitro DNA-binding specificity,

developmental expression and transcription-factor activity (Gregory 1996;Henscher et al'

1995). These srudies defined rhe regions of the proteins able to confer DNA-binding activity

and oligomerisation. The functions demonstrated in vitro have yet to be shown to be

important for the in vivo function of the proteins. Indeed, a mutant SV/II lacking the ARID

fails to show any loss of SWIl function (Craig Peterson, pers. comm.)' In vivo analysis of

mutants lacking specific in vitro defined functions or domains would allow the importance of

these domains for organismal function to be examined'

As phage-style residue saturation mutagenesis to generate mutants is impractical for

Drosophila genes, it is necessary to use a rational approach for mutagenesis of specific

domains; mutants generated invitro in defined regions of the gene are introduced into the

genome to replace the function of the endogenous gene. Although targeted gene replacement

mutagenes is in Drosophilahas been investigated (Gloor et al. l99l), this approach has not

been shown to be practicable. Thus a targeted mutagenic approach in Drosophilø requires the

complete removal of the endogenous gene in combination with expression from mutated

genomic rescue constructs or from heat-shock or GAL4 driven constructs (Brand and

Perrimon 1993)

This chapter describes the characterisation of the genomic locus of the dead ringer

gene, an important step towards the generation of dri mutants, and genomic rescue with

mutant genomic constructs.
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2.2 Cloning and restriction mapping the genomic locus

The genomic region corresponding to the dri locus was cloned by screening a

Drosophila genomic EMBL3 Sp6/T7library (clontech) with the bk6o dri cDNA. This region

was then extended further 5'by rescreening with an 800bp Xholfragment at the 5'end of the

cloned region. This contig of cloned DNA covering the full transcription unit as defined by

the exrent of the cloned cDNA (Gregory et al. 1996). All clones, À1.1 and 1,5.2 (Gregory et

at. 1996) and l,4.lb (this study, figure 2.1), were mapped with the enzymes SacI, SaII, XhoI

andXbaL

2.3 Mapping the genomic structure

In order to define the intron-exon structure of dri, fragments spanning the genomic

region were subcloned (figur e 2.2); the sequence of those fragments showing hybridisation to

the cDNA (not shown) was determined by Southern analysis (data not shown). All exons but

the first were unambiguously localised on the map by hybridisation (not shown) and sequence

analysis (figure 2.3). The genomic sequence shows the dri transcription unit to have 12 exons,

and to span approximately 20-30kb. The first exon was localised to a 2.5kb EcoRI fragment

within a7.lkb SacllXholfragment at rhe 5'end of the contig. The previously published dri

sequence starts with the pentanucleotide sequence CGGGA (Gregory et al. t996) ' 
a sequence

not present in the genomic DNA. This pentamer may be the artefactual result of oDNA

synthesis over the CAp structure on the dri mRNA. The sequence immediately upstream of

the transcription start site lacks a consensus TATA box; two motifs resembling the TATA

consensus are present(Bucher 1990; Bucher and Trifonov 1986), but changes present in the

dri motifs have been shown to abolish TATA-binding protein dependent transcription invitro

using human and yeast TBp (V/obbe and Struhl 1990). Thus it can be concluded that dri

utilises a TATA-less Promoter.



Figure 2.1 - Mapping the genomic clone l,4.lb. Note that the 3.7kb band in the Søc UXho

I lane is a result of incomplete digestion by Søc I at the right-hand ^S¿c 
I site.

The map shown below was derived from the fragment sizes shown in the

ethidium bromide stained agarose gel.
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Figure 2.2 - Phage clones and plasmid subclones covering the region of the dead ringer

locus. The origin of the subclones with respect to the restriction map is

indicated by the position of the clone. Cloning sites used are indicated for

subclones: E - Eco RI; Sc - Sacl;' Sl - Sal I; X - XhoI. Bracketed sites are not

present in the genomic DNA.
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Figure 2.3 - Genomic structure of dead ringer. Exonic sequence is shown in uppercase.

Intronic sequence is shown in lower case. Two near matches to the TATA

consensus are indicated by double underlining (Bucher and Trifonov 1986;

Bucher 1990). The initiation and termination codons are underlined. Five

nucleotides present at the 5' end of the published cDNA (Gtegory et aI.

1996),but absent from genomic sequence are struck through.
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tc gtgtgtgtgtgagtgtatcggaatgagc gaataagaaggc ggc gtatt
qcgcacactctcacacacacacgaatc gggcattgcatagattgcgatta
caattttaatttaattgaccacttcccccaccccctcccataacaaacga
tggaacqqccatccgattggc tgcgaacgagttcggggaacgagtgtgaa
ttggaacgtgcaattccaLtcgttcgatttaaac ggtccgttccggcaaca
tttgggaatgttgcagcaacttgttgc tattgctgtgagatggtgtc ggt
gtcttattcgccaqtttcttgttcgctactcagaccgatttgaactttcgr
agtgaacgaqac gagttccgtgcggtcqgataacggcttt tcaaatggac
acatcac tgtaattagataacgtcgcaatgtggattaataacaat tcqtg
t tctgtgtgtgtgagcgtgtggagcagtaaac ttc ttgatccataatLaa
agtgagaagcatagaagtcac taggaaccaaatcqcactaaacaacc gca

aqcaattqcaaacaaacagaaaggcataaatgcaagtgaacggttcttaa
gc gcactc tcc tgtLtc tgttttccaaccagaataaagtgcaaagaggat
cgacgatcacaagtaacggttcgcalctcacgaaaaaaaaaaagaaatcaa
atgc tggccgtcaaagtaatgccatatagaagctaaaaacaacacaacaaa
agtgtgc tgtgccaattaaacttcagctaagqaaataacatcaaaag!e!
caaaggtc tgcgcaggt

eGGGAcCTTTGATCA.ACCGCAACATTCGTTATATTCGTCATATTCGTTAT
ATTCGTGACATTCGAGCAGGGTGATCcAÄTTcGCCTCAATGCAACTGcGA
GTGCACcCTACTATGGACTGTAGCGGTCGTTCAACCAGCAATATTGAACG
CGATTCCGATCTGGGGGACGATTTG

gtaagaaaagqaacttgtaacacccaataLgcacc tc tacagtaacqccc
gaagttattattat.tataaagqatt. . . aactcatttcaaaaaccaLctg
cgtttccttctgtgcag

LO.2 TCACATGGTGATCGAACGGACGACG

AGATGCGCGACTGcGAcTCCGTGGATGGGGAGCATCATCAGCTGAGCGcT
AAGGCGGCGATTGCAGCCcccCTGAGTCACACAGTTTCcGGCGGCGGTGG
TAGCTTCGCCAGCCCCGAACCGCAGACCGAGC TGCC CCTGAG

gtgagtgac tgc tcc tgattaatgtcc tggaggtgcggagqtgcggtaat
aatcqc tgcaacaatcc tcttcccacag

1_O .4 CCATCACC
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Figure 2.3 continued



ATGATCCCAAGCGCAÀ.AGAGTTCCTGGACGAcTTGTTCTcGTTTATGCAA
AAGCGCG

gtaagttgcacattgcattgaagtttttcaaggglgcgctcatagagttgg
gatggcgggcg. . . tcccccctattcacatttcag

1-S..TGAACTCCGATCAATCGGCTGCCGATAATGGCCAÀATCGGTGCT
GGATCTCTACGAGCTGTACAATCTGGTGATAGCccGcGGCGGCTTGGTGG
ATGTTATCAACAAGAAGCTGTGGCAGGAGATCATCAAGGGGCTGCACCTG
CCCTCCAGCATCACCAGTGCCGCCTTCACCCTGCGCAC CCA

gtccgtggatattccattcaatcc gttcaatccttgcaaactcaaacatc
catc gc ggttac tgccgacgtgagctatqtcaaggcaaacacaaacaqca
a. . . gagctccctctgtgggatcgtgatttgtttgcctgtcgctttcgta
tttacac gataattcaacttaaacaggacatcaacgtgaagtttgcccct
ttctctctctcccgctgccgcttagagcgtctgtttgccgcgctLattaa
taattttatgcatcttgcag

l-9 . o ATACATGAA

GTATCTGTACccGTACGAGTGCGAGA.AAÂAGAATCTGAGCACGCcGGCGG
AGcTGCAGGCGGCCATCGATGGGAATCGCCGGGAAGGACGcCGCTcCAGC
TACGGCCAGTACGAGGCCATGCACAACCAGATGCCGATG

gtqagtacacaaagcagcagc ttggatcagccaagac ttgtggtactaat
gtttctgttatggtatgctcctatgctccatag

19 .3 ACGCCCATTîC

GcGAcCCTCTcTGccCGGTGGCATGCAGCAAATGTCGCCGCTGGCGCTGG
TCACCCATGCCGcGGTGGCCAACAATCAGCAGGCTCAGGCcGCCGcTGcC
GcCGcCGcAGcTCATCATCGCCTGATGGGCGCTcCCGCCTTTGGCCAGAT
GCcCAATCTGGTCAAGCAGGAGATCGAGAGCcGGATGATGGAGTATCTAC
AGcTGATCcAGGcCAAGAAGGAGCAGGGCATGCCGcCGGTCcTAGGCGGC
AATCATccCcACcAGcAGcAGcACTCACAGCAGCAGCAGCAGCAGCATCA
cCAcCAGCAGCAGCAGCAGCAGTCGCAGCAGCAACATCACCTGCAGCAGC
AGCGCCAGCGATCGCAGAGTCCGGATCTGAGCAAGCATGAGGCACTCAGT
GCTCAGGTGGCCCTGTGGCATATGTATCACAACAACAACAGCCCAC CGGG

ATCGGCACACAC CTCGCCGCAGCAACG

gtaagc tcLctcacqatg:tgcgacattgatttccgt cctttcgagatttc
gcaattgccaaatgcttacagtggcaaccagtttaattgaac gcactcca
cc tggtttLtgctttggcagattcataatgttgaaatctgcctaaattca
ggtt ttacttaattaacaaagtaaatgcatattqaaaatagtaatattta
aaac gaattaagttggaataaattcagagtgc tggcgccatc tagc taac
acacttc tcaggcaataggaacaqcgccacctgc ttgcgaagcatagc tg
tacagcqaagacactaaccatttaccatttctctccattctccactccag

20.2 CGAÀGCCCTGAACCTGTCCGACT

CGcCTCCAAATCTCACAAATATCAÀACGGGAACGCGAÄCGAGAACCCACA
CCAGAGCCCGTGGAC CAGGATGACAA

gtaagttggctccatacccqcacaataaaatgtcaqaaagtcgaggcatt
caatgttcaaac tttqcgtacc ttatgLttgttaaagaataqattt tgt t
t tatccagc ttttgtactttaacgtaagattacatttgtgctaaccaaat
Lggtttcttcatccag

20 .4 ATTTGTGGACCAGCCACCTC CAGC

GAAGCGCGTGGGCAGTGGCCTccTTccGCccGGcTTTCCCGCCAACTTcT
ACCTGAATCCACACAACATGGCCGcTGTGGCAGCAGCTGCGGGATTCcAT
CACCCATCGATGGGCCACCAGCAGGATGCCGCATC CGAGGGCGAACCAGA

GGATGACTACGCTCACGGTGAGCACAATACCAcGGGCAACTCGTCcTCCA
TGCACGACGACAGCGAACcGCAGCAGATGAACGGACACCACCAcCATCAG
GcCCAcCATCTGGACAAGTCcGAcGAcTCGGCCATTGAGAACTCACCcAC
CACGTCGACCACCACCGGTGGGTCGGTGGGTCATCGTCACAGTTCGCCCG
TTTCCACTAAGA.A.AAAGGGCGGCGCTAÄ,GCCCCAGAGTGGAGGAAAGGAC
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Figure 2.3 continued



CTGCCGACCGAGGACAAGGATGCGTCGTCCAGTGGCAAGCTCAATCCTCT
CGAGACGC TGAGCCTGCTGTCCGGAATGCAGTTTCAAGTGGCACGAAA'TG

gtgagttcactc gaaattaac ttaaagcatLtatcacgqtagcaagtaag
ataaqatcggaaataactgaaqtattaaaatcac tttcaattgaatagaa
agattatatgtacctcagtagttggattgtagccacccaagcatatgacc
attqaac taatataaacc gtgatccc ttccag

GAACTGGCGATAACGGCGAACCGCAGCTGATTGTCAATCTGGAGCTTAAT
GGCGTCAAGTACTCGGGAGTGCTGGTGGCCAATGTGC CGCTGTCACAGAG

CGAGACTAGGACGAGCTCACCCTGCCACGC CGAAGCCCCGACAGTCGAGG

AGGAGAAGGATGAGGAGGAGGAGGAGGAGGAGGAGCcGA.AAGCCGcTGAÄ
GAGGAATCGCATCGATC GC CAGTTAÀÄCAGGAGAACGAGGATGC C GAC CA

GGACATGGAGGGCAGTGAAGTCcTTCTGAACGGAGGCGCTTCGGcGGTGG
GTGGTGCTGGTGCTGGTGTGGGTGTGGGTGTGGGTGTGCCCC TGCTCAAG

GATGCcGTGGTCAGCTAGGAAGGATAACGCGACGAACCGGCATGGAAAGA
AGAGACAAGGA.AAGGAATACCAAÄGTCATATTT TTCAGCAA.A,ATAC A.AAA

GCAGTTAÄACTCAAÄCACACACACACACACACAÀGCACACAGATGCcGAA
ccTAÄÄTGTACATACACACGCATGCGGCAGGAGCACAGGAGCATCAAGGA
TGTGGACAGGACATGAAAA,GCGCATTAGGCGCATCCCAGCATTCGATGTT
CATGCATGCAGCACcATAccCA.ACccccCGAAACTCAAGTGCGAGATGCC
GC CAGTAGAAGATCATGGAATATATATACATTATCGAGAGTGTATATAGG
ATGCGTGTGTGCTCCATTTCCACATTGCATAAAAGACAAGCCAGCGAGCG
TGTAGTTATCGATAGCCATTACTTACATAAGCGAGTGCATAÀGCATCACT
TCGGATACATACAACCAATCCAATACccGTATATATATATGATATGATAT
ATGATATATGAATAGGTTACGATTCCCACACACCAATTTGTTTTTAGCGT
GAAATCTGTTTTATCCTATTACGAACTTATCcTTTTTTGTGTTAGGCTGC
AAGGCTTTTTGTACATATCAATCAATACTTAGCTCGTAGGCCATATGCTA
TACTATATACTATACTATATATATATATATATATATATATACTATATATA
CTATACTATATCGGAACCTAGTTTGTAAGCACACAAGCACGcATcAcACc
GCAGTAATACACATGCATATCCATTATGACCGCATCGTAGACATATTTAG
AcGTAA.AATCAACACAAGTÄATAAGCATAAATGTATCTGTCGTA.AAATTA
AATAGCGCTTTTGGCAC CCACACACACACACACACAAAÄA

cacacaccacttcgattgccccacaqtttc tactgctccagagccaagcg
gatgqtggcaagccacggcagattgatgagcatattctaagcataaqcqt
tcaatttattgaataataaatc tatttaattttagttcaatgcgcattcg
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2.4Molecular mapping of lethal dri P-element insertions

Two lethal, non-complementing, enhancer-trap P -eleme nts, I(2 )02 5.35 and K2 )05096,

have been localised to 59Fl-2, the cytological location of dri, and shown to express a lacZ

reporter gene within the p-element in the same developmental pattern as dri. These insertions

also disrupt expression of dri in some tissues (Gregory 1996) .The I(2)05096 insertion site

has been shown previously by restriction site mapping to be 2.9kb 5' of the 5' most Xholsite

in the conrig (Kortschak 1993), within the 7.7kb fragment containing the first dri exon (figure

2.4). Sequence obtained from genomic DNA flanking the two P-element insertions indicates

that K2)025.35 and t(2)05096 are inserred 47lbp and 439bp upstream of the transcription start

site respectively (figur e 2.5). These data show that the first exon of the dri transcription unit is

located 8.8kb 5' of the second exon, showing the transcription unit tobe22kb in size.

The genomic structure of the dri locus, including the location of the P-elements, is

summarised in figure2.6.

2.5 Discussion

The primary objective in mapping the dri genomic region was to allow the

identification of mutants in the locus and to determine the feasibitity of generating genomic

constructs for attempting rescue'

Two partially characterised mutants had previously been mapped to the region

(Gregory 1996). I have shown here that these P-elements are inserted immediately upstream

of the transcription start site of dri.Deletions with break-points within the transcription unit,

generated by imprecise excision of the K2)05096 P-element, show the same phenotype as the

two p-element insertions, indicating that the gene affected in all cases is dri (Gregory 1996) '

The p-elemenr insertio ns t(2)02535 and l(2)05096 will be refered to as driT and dris

respectively.



Figtne2.4 - Localisation of the l(2)05096P-element insertion

A. Restriction endonuclease analysis of the p59FP2 plasmid isolated by

plasmid rescue from the l(2)050961CyO strain (Kortschak 1993). Note that

the 7.5kb band in the Sac UXho I lane appears to be the result of incomplete

digestion by XhoI.

B. Alignment of the restriction map of the dri locus with the restriction map

of the plasmid p59Fm derived from the gel shown in A.
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Figure 2.5 - Localisarion of I(2)02535 and l(2)05096 P-element insertions with respect to

the transcription initiation site.

A. Sequence traces covering the insertion sites of the two P-elements. The

grey bar above the sequence trace indicates P-element sequence.

B. Genomic sequence upstream of the transcription initiation site. The

locations of the P-element insertions are indicated by boxed Vs. The

sequence bracketed with the V is the predicted 8 nucleotide tandem repeat

generated by P-element insertion (Engels 1989).



A 02535 insertion site

inserlion site

tcAt gtgtgt gtgagtgtatc ggaatgagcgaataagaaggcggcatatt
gc gcacactctcacacacacacaaatc gggcattgcatagattgc gatta
c aattttaatttaattgaccacttccccc accccctccc ataac aaac ga
tggaacagccatcc gattggctgcgaac gagttc ggggaacaagtgtgaa
ttggaacatgcaattccattcgttcAatttaaac ggcc gttccggcaaca
tttgggaatgttgcagcaacttgttgctattgctgt gagatggtgtc ggt
gtct ( vcggtgtct ) tattcAccagtttcttgttcgct a ( ctcagaccv ),

ctcagacc gatttgaactttcAagtgaac gagac gagttcc gtgc ggtc g
gataacAgcttttcaaatggacacatcactgtaattagataac gtc gcaa
tgtggattaataacaattcAtgttctgtgtgt gtgagcgtgtggagcagt
aaacttcttgatccataattaaagtgagaagcatagaagtcactaggaac
c aaatc gc ac taaac aacc gc aagcaattgc aaac aaac agaaaggc ata
aatgcaagt gaacAgttcttaagcacactctcctgtttctgttttccaac
cagaataaagtgcaaagaggatcaac gatcacaagtaac ggttc gcactc
ac gaaaaaaaaaaagaaatcaaatgctggcc gcaaagtaatgccatatag
aagctaaaaacaacac aacaaaagtgtgctgtgccaattaaacttcagct
aaggaaataacatcaaaagtatcaaaggtctgc gcaggt

CGGGACCTTTGATCAACCGCAACATTCGTTATATTCGTCATATTCGTTAT
ATTCGTGACATTCGAGCAGGGTGATCCAÀTTCGCCTCAÀTGCAACTGCGA
GTGCACCC TACTATGGAC TGTAGCGGTCGTTCAACCAGCAATATTGAACG
CGATTCCGATC TGGGGGACGATTTG

gtaagaaaaggaactt gtaacacccaatatgcacctctacagtaac gccc
gaagttattattattataaaggatt. . .

B
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G ACGGG ACCACCT TATG T TAT TT CATCA TG AG A CACCG ACACCAT CTCACAG CA

G ACGG G ACC AC CT T ATGT TAT T T CATC A TG CTCAG ACCGAT T TG A ACT T TCG AG



Figure 2.6 - 
Genomic map of the dead. ringer locus showing P-element insertions and

intronic structure.
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The map of the dri region described here shows that the locus is relatively large,

incorporating a transcription unit of 22kb with l2 exons. Additionally, P-element mediated

deletion experiments mentioned above have generated a large number of non-complementing

deletions without loss of regions within the transcription unit (Gregory 1996), suggesting that

cls-acting sequences outside this region are crucial for dri expression' The size of the dri

locus suggests that the genomic fragment rescue approach to studying the dri gene product is

unlikely to be feasible due to construct size limitations in P-element mediated transformation

of Drosophila.
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Chapter 3: Dead ringer homologues in vertebrate species

Repetition is the only form of permanence that nature can achieve. - George Santayana

3.1 Idenfication of function by analysis of evolutionary conservation

Due to the monophyletic origin of metazoan species it is not surprising that apparently

divergent organisms share similarities in tissues and organs, and the developmental processes

involved in generating them. Although it is estimated that arthropods and vertebrates were

evolutionally separated approximately 670 million years ago (Ayala et aI. 1998) they still

share not only conserved genes, but conserved genetic pathways and regulatory networks that

are responsible for the development of conserved tissues and organs.

A number of well characterised developmental systems have been analysed in

divergent species, allowing us to build up a picture not only of how the system develops in

the model organism, but how the system has evolved. A number of examples of conservation

of developmental pathways come from systems involved in the development of mesodermally

derived tissues in Drosophila and their homologues in other species.

Mesodermal development in flies depends on the patterned expression of the bHLH

transcription factor Twist (Baylies and Bate 1996) depending in turn on transcriptional

activation of twi by the dorso-ventral patterning system through Dorsal (Thisse et al. I99l;

Thisse and Thisse lggZ). In the absence of twi, flies fail to gastrulate and die (Leptin and

Grunewald 1990). However, manipulation of rwi activity after its requirement for gastrulation

has shown that it is also involved in the determination of muscle fate (Baylies and Bate 1996)

Homologues of rr.r¿i have been cloned from Xenopru,s, mouse and Caenorhabditis elegans

(Hopwood et aI. 1989;Wolf et aL l99I; Harfe et al. 1998). The functions of the twist genes

have clearly diverged. For example, although nvl is required for gastrulation in Drosophila,

MTwist is not expressed until after this stage in mice (Leptin and Grunewald 1990; Gitelman

lggT). However, there are definite similarities in the roles of these genes in mesodermal

development. For example, the C. elegans TWI homologue directly activates ceh-24 a
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homologue of tinman, a target of TWI activation in Drosophila and a regulator of heart

development (Harfe et al.1998;Yin et aI. 1997; Azpiazu and Frasch 1993; Bodmer 1993).

Although the appearance of the insect and vertebrate heart is very different, they have

been shown to share an initially similar mode of development (for a review see Bodmer and

Venkatesh 1998) .The Drosophila heart is specified by the action of the homeobox gene,

tinman (Azpiazuand Frasch 1993; Bodmer 1993). A mouse homologue of tinman, Nkx-2.5,is

expressed initially in cardiogenic progenitor cells, in the developing heart throughout

embryogenesis and later in the foetal and adult heart (Lints et aL 1993). Mice deficient for

Nkx-2.5 develop a beating linear heart tube, but fail to initiate looping morphogenesis and die

nine to ten days post coitum (Lyons et aI. 1995). The existence of other tinman homologues

expressed in cardiogenic progenitors in the mouse raises the possibility that these genes may

be partially rescuing the function of Nl<x-2.5 (Newman and Krieg 1998).

The homology of the insect and vertebrate eyes is similarly disguised by the disparate

appearance of these two organs. The presence of a conserved master regulator, Eyeless/PAX-

6, strongly indicates that the two visual systems are homologous (Quiring et al. 1994; Halder

et al. 1995).The eylpax-ó genes encode homeodomain proteins of the paired class. These

proteins have been shown to regulate the expression of eye-specific genes: rhodopsin I in

Drosophila and the lens (- and pB l-crystallin genes in guinea pig and Xenopus respectively,

and to induce lens formation when expressed ectopically in Xenopus (Sheng et aI. 1997;

Sharon-Friling et al. 1998; Altman et aI. 1997).

It is clear from these examples that the use of a variety of model organisms can

facilitate the understanding of developmental processes. Although different models appear

different superficially, the fundamental nature of the system being investigated is often

conserved and brought into contrast by the idiosyncrasies of each organism. I have therefore

set out to isolate dead ringer homologues from divergent species to identify conserved

functions in the dead ringer gene.
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3.2 Isolation of dead ringer homologues

drihasbeen shown to have a complex pattern of expression throughottt Drosophila

development (Gregory et al. 1996, RDK and T. Shandala unpublished data), and is implicated

in various developmental processes in its role as a transcriptional regulator (Yalentine et al.

1998, Shandala et al., in preparation). The tissues in which dri is expressed share no obvious

features that would suggest a particular role of dri in developmental regulation. Either diverse

tissues require a common regulator for a shared function, or DRI interacts with different

elements and factors in the different tissues to perform varied roles. Currently we are unable

to distinguish these two possibilities.

Although a vast number of DNA-binding proteins have thus far been described, these

proteins can be grouped into a small number conserved families. The evolutionary economy

of domain motifs in protein structure has made the inference of function based on taxonomic

grouping of macromolecular structures one of the central paradigms in molecular biology,

expanding the original theme of comparative developmental biology in which analysis of the

development of disparate organisms has enabled a generalised picture of developmental

processes to be acquired.

In order to examine the role of dri-llke genes in development and test whether drihas

divergent functions, I have sought to isolate and characterise divergent homologues of

Drosophila dead ringer. The organisms selected as models for investigatingdri function in

Drosophila were Homo sapiens and Danio rerio . Homo sapiens was chosen in the hope that

analysis of phenotypic effects of mutants of the dri homologue would be made possible by

the existence of patients with a genetic disease caused by mutations in the httman dri

homologue, making use of the large database of information that has been collected relating

to human genetic disorders (for a review of transcription factors involved in human genetic

disease, see Engelkamp and van Heyningen 1996). Complementing this, the well

characterised development and ease of study of D. rerio, together with the observation that

this species has maintained a high number of members in paralogous groups generated by
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genome duplication, favoured this species for analysis of conservation of tissue expression

patterns and potential separation of functions performed by the Drosophila dri gene.

The initial sequences corresponding to H. sapiens and D. rerio homologues, named

DRILI and dril respectively, were isolated using a degenerate PCR technique. Primers

designed to be specific for the drïlike gene-specific eARID box sequences (see methods,

chapter 6) were used to amplify fragments from a Hela-derivedÌ,"Z,ÃP cDNA library

(Clontech) and a random primed total embryonic D. r¿rlo cDNA library (J. Campos-Ortega,

University of Köln). Two rounds of amplification with an annealing temperature of 37oC

were performed: 30 cycles using the ARID 5'outside and ARID 3'outside primers were

followed by 30 cycles using the ARID 5' inside and ARID 3' inside primers. The products

obtained from degenerate PCR were then used to screen the appropriate libraries by

hybridisation using standard techniques.

The Hela-derived cDNA library used in the initial PCR amplification was screened

by plaque hybridisation using stringent conditions (0.1xSSC, 65"C). One clone, pç2.2,

corresponding to H. sapiens DRILL,l.3kb in length, was isolated and sequenced. The

sequence showed identity to several ESTs from Genbank (accession numbers AÃ219626,

A^232770, AA371391,T49195,T54949, R36384) but none of these sequences extended to

the 5' end of the open reading frame. The 5' end was discovered during construction and

expansion of a continuous cosmid contig around the PRTN3 locus by Zimmer et al. (1992)

and Pilat et aL (1994) (figure 3.1). Southern analysis using stringent hybridisation conditions

(0.1xSSC, 65'C) indicated that the DNLI sequence is present in the human genome in only

one copy (figure 3.2A).

The embryonic D. rerio cDNA.library used as the PCR template to isolate the original

dril clone was screened by plaque hybridisation using stringent conditions (0.1xSSC, 65'C).

The library was first screened with the degenerate PCR product. Two clones, p4Il2 and

p2lll, were isolated and their nucleotide sequence determined. p4I12 was found to

correspond to the original D. rerio dril PCRderived cDNA, while p2l l lwas a novel cDNA,

termed dri2.These clones were then used to rescreen the library to extend the cDNAs. Four



Figure 3.1 - Homo sapiens drill cDNA sequence. The eARID and REKLES domain are

shown in bold roman and bold italic type respectively'
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QAFRG DGVPRVLGG QER PG PG PAH PGGAAH
CAGGCCTTC CGCGGCGATGGCGTTCCCAGGGTGCTGGGGGGCCAGGÀGCGGCCGGGGCCTGGCCCTGCCCACCCCGGAGGGGCCGCCCAC

VAP QL Q P PDHGDWTYEEQFKQ LYELDGDPK
GTAGCCCCGCAGCTGCAGCCGCCTGACCACGGCGACTGGACTTACGAGGAGCAGTTTÀÀGCAGCTCTACGAACTCGACGGGGÀCCCCAAG
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AGCGGCGGCCAGGCTGGGC CAGCGGGGCTGTC CACACCCTCCACATCTAC CTCA.AATAACTCGTTGC CTTAACCGCATCACTCCCCACCC
GC CACC CACCCTGGAGCCCGC CGGCCTGGGCAGGGGGTCCAGGTGGGCCACACAGGGGCCAGGATGGCGGAÀGATACGGGTGGGGAGGGA
AGATATCCAGAAAGGAGCCACAGCTGACGCCAAÃÃ.A'GAAÄÀ'GAÀAA.AAGATATATATATATATATATATATATATACGTATÀTATATAAA
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TATTCACCACACACTCACCACTCCCAGCTTCTCGTGTCCAGTGAAÀCC CCTGAACCAAGATCACTGAATTTTTGTTTTTTTCTTGTTGCT
TTGGGAAATTTTTTTTTCTCTGTAGGGTTTTT.AAGAGGTTTCGGGGGTTTTGTTGTGTAAATATTCTATTTTATTCTTGGGGGGATCAÀ.A
CCTTAGGAÀAAGGATATCTATATÀTCTATATAGCTATATATTTGTGTTCCTTCAGGGA.AACTGGTCTTGAÀÀÀÀGCAAGAAÀAÀAAAGCA
A.AAAÀ



Figure 3.2 - Southern and fluorescence in situ hybridisation analysis of human genomic

DNA Probed with drill.
A. Southern blot of genomic DNA from the human derived jurkat cell line

and human blood (gift of R. Keough), digested wtth Eco RI and Bam HI and

probed with P02.2.

B. Fluoresc ence in sirø hybridisation to a human metaphase spread and DAPI

staining of the same spread. FISH and cytology were performed by H. J.

Eyre.
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furtherclones, p4Il2.2 andp4112.3 identifiedby p4ll2, andp21ll.l and p2lll.2 identified

by p2I1 1, were isolated and sequenced. The two cDNAs, dril and dri2 were covered by the

clones p4ll2 and p41 12.2, and p2lll, p2lII.l, p2I I I .2 and p4ll23 respectively (figures

3.3 and 3.4). That cDNA clones corresponding to both dril and dri2 were isolated in stringent

hybridisation screens using probes specific for dril indicates the extremely high sequence

identity between the two genes. Sequence comparisons revealed 787o protein sequence

identity over the region encoding the eARID andSTVo over the region covered by the PCR

derived probe. Although only the dri2 contig covered the complete ORF as indicated by the

presence of three in frame stop codons upstream of the translation initiation codon, both

contigs covered the region encoding the eARID and extended to the 3' end of the ORF

(figures 3.3 and 3.4). Comparison of non-stringent genomic Southern analysis (2x SSC, 42'C)

using the original PCR clone as a probe with stringent genomic Southern analysis (0.1x SSC,

65'C) with clones isolated from the hybridisation screen used as probes, indicates that one of

the bands present in the reduced stringency Southern cannot be accounted for by the genes

dril or dri2 (figure 3.5). Thus it is possible that another dri homologue is present in D. rerio.

3.3 Localisation of the DRILI locus

To determine the chromosomal location of the DRILL gene, fluorescence in situ

hybridisation was performed in collaboration with the Adelaide'Women's and Children's

Hospital Cytogenetics Department (Kortschaket al.1998). The 1.3kb DNLI pq2.2 cDNA

fragment isolated from the Hela-derived library used in the initial PCR screen was used for

this purpose. Clear fluorescent signals on both chromatids were noted on 19p13.3 in twenty

metaphases (figure 3.24 FISH picture, Kortschak et al.1998). There were no consistent

signals detected from other chromosomal sites. Localisation to 19p13.3 was confirmed by

showing physical linkage to the D19S886 marker on 19p13.3 (Kortschak et aI. 1998).

The marker D195886 is intimately linked to the Peutz-Jeghers-Syndrome in several

large pedigrees (Amos et al. 1997) . Peutz-Jeghers Syndrome is an autosomal dominant



Figure 3.3 - Danio rerio dril cDNA sequence. The eARID and REKLES domain are

shown in bold roman and bold italic type respectively.
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L V E V I N K K I W R E I T K G IJ N IJ P lII S I T S À

CGTTGCTGTCGGGGGCCCCTGGAGCTACAGTCAGGGTTÄAAGAGGAGC CC GAGGAGGAGCCGAGCCCTGCTGACCGGCCCTCAGATACAT

S P N G P A D W S Y E E P F KÀ N G ÀV S VJ S D D T DAÀ R

CTCCAAATGGCCCTGCGGACTGGAGCTATGAGGAGCCATTTAAÀGCGAATGGTGCTGTGTCCTGGTCAGATGATACAGACGCÀGCTCGCA

sRGEÀsRDFÀKIJYELDSDPQRKEFIJDDIJFT
GCAGAGGTGAÄGCTTCCAGAGATTTCGCCAAGTTATACGAj\CTGGACAGCGAC CCGCAGAGGAAGGAGTTTCTGGATGATCTGTTCÀCAT

F. M Q K R G T P V N R I P I M A K Q V T¿ D L Y R IJ Y R I' V T

TCATGCAGAAACGAGGGACAC CAGTGAACCGGATCCCCATCATGGCGAAGCAGGTTCTGGATCTCTACAGGCTCTACAGGCTGGTGACGG

1.208 K G G
36.i. AGAÀGGGAGGCCTGGTGGAGGTCATTAACAAGAAGA TCTGGAGGGAGATCACTAÀAGGCCTGAACCTGCCCACCTCCATCACCAGTGCTG

ÀFTIJREQYMKYIJYPYEcERKÀIJSSPNEIJQA
CATTCACGCTGCGCACACAGTATATGAAGTATCTGTACCCGTACGAGTGTGAGCGTAAAGC CTTGAGTTCCCCTAATGAGCTTCAGGCTG

A I D S N R RE GRRP S Y S N T IJ F H IJ S P P P G S A P H

CCATTGACAGTAÀCCGGCGTGAGGGGCGT CGGCCGAGTTACAGCAACACCCTGTTCCACCTTÀGTCCTCCTCCTGGCTCCGCCCCTCACC

LL T S P TMQ L SAL SALNG F Q PTAAAL KKRL E

TCCTGACTTCGCCCACAATGCAGCTGTCGGCTCTGAGTGCCCTGAÀCGGGTTCCAGCCGACAGCAGCGGCTCTGA'âGAAGAGACTGGAAG

DMSPSVFAGRS],PLTPQOAVCFARAATT'EQ
ACATGTCTC CGTCTGTGTTTGCGGGCCGCTCTTTGC CGTTGACCCCTCAGCAGGCGGTTTGTTTTGCGCGCGCAGCGACTCTGGAGCAGC

I'REKIJEsEAPERKIJÍJRI'.9.EEQQRvI'QIISTH
TGAGGGAGAÀÀCTGGAGTCTGAÄGCGC CGGAGAGGAAACTGCTGCGTCTGTCAGAGGAACAGCAGAGAGTCCTGCAGCACAGCACACACA

?¡IIvrÙTrrvTArAnEtRQDLgrrsrsseGsASÍ
CCAACAACAACACCATCAACACTGCTACAGCCAGAGAÀGAGAGGCAGGATCTGTCCCTCAGCATTTC CTCCGGTGGATCGGCCAGCATCA

g V S V E V¡T G T V Y S G¡I¿ T' A Q K S V S A A P A G P S G

GTGTGTCAGTGGAAGTCAACGGCATCGTTTACTCAGGGAATCTGTTCGCCCAGAÀGTCTGTGTCTGCGGCTC CTGCGGGACC CAGTGGCC

LFTFSSSAPSQSPAScSsKGRSSVEASTSG
TGTTCACCTTCTCTAGCTCCGCCCCCÀGCCAÀÀGCCCCGC CTCCTGCTCATCAÀAGGGGCGGAGCTCAGTGGAGGCGT CCACCAGCGGCT

SP*
CCCCATAGCAGAGCACAGATCAÀACTGAGCACA.ACCAGTACCTCTATCCTCCAGGCCACACCGGCTGAACACACACACACACACACACAC
ACACACACACACACACACACACACACACACACACACACACACACACACAGCAGACCTCATTCATCAACCÀTCAGAGGATCACCAAAÀATA
CCCGCATACAÀTCAGATGGAGCTAj\GAACTCAATACTAATGCATGCAGCAAACACCATGCTCATGTGTGTAGACAAATTCAATGCATGCA
AACAAATTCACATGCACACAÀTATTAÀTATATATTCACAAA.AÀCAATTCATGTTCAC CGACAGCAACG
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Figure 3.4 - Danio rerio dri2 cDNA sequence. The eARID and REKLES domain are

shown in bold roman and bold italic type respectively. The presence of three

in-frame stop codons upstream of the translation initiation codon indicates

that the full open reading frame of dri2 is covered'
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CGTTGCTGTCGGGGA
GGTGAGGTCAGGCGTTTCCCCTTTGGCTGGCCCCAACGTCGACTGTATTTTCC CCCACCGCA.AACATCGAGAGGTTTATTATCGTTTTAT
CAAAGGGGATATTAÀACGTTCGGGTGGATGCACACGTACTCGGTGCGCTGAGCAAAACACGCACGGTGGTTTATCTAGGAAÀAGÀGAGTG

MVDNS S S S KAQVP S L S QD S S LASAF S QAAF
ATGGTGGACAATTCCAGTAGCAGCAAAGCACAAGTGCCCAGCTTGTCTCAGGACAGCAGTCTGGC CAGTGCGTTTTCCCAGG CAGCTTTC

A S SAGVKL EAVME QL QRQO QAKL EME RKER
GCAÀGTTCGGCTGGTGTCAAACTGGAGGCAGTTATGGAGCAGCTACAGAGAC.A.ACA.ACAAGCTAAACTGGAGÀTGGAG CGCAÀGGAAÀGA

HL REAH I LYAO OLAAQQAI MASARAQ GAPL
CACCTCAGGGAAGCCCACATTCTGTACGCCCAGCAGCTGGCTGCACAGCAAGCCATCATGGCCTCCGCCAGGGCCCAGGGTGCCCCTTTA

T P D FY S KN S RDRALKGGQG PLAARG PVKTA
AC CCCTGATTTTTACAGCAAÀA.ACTCCAGAGACAGAGCGCTGÄ.A.AGGTGGCCAGGGGCCTCTAGCTGCCAGGGGGCCCGTGAAÀACCGCC

S DLÀHE EDAADEMDRGRG S EGDE DDDDEMM
TC CGACCTAGCACACGAGGAGGACGCTGCTGATGAGATGGACAGAGGAÀGAGGCTCTGAGGGGGATGAAGATGATGACGACGAGATGATG

DG E DG S E E E E S EGLE FLRKQ S LALQOAAVG
GATGGAGAAGATGGGAGTGA¿,GAAGAGGAAAGCGA.AGGCTTGGAGTTCCTCAGGAAGCAAAGTCTCGCGCTTCAGCAAGCTGCTGTCGGA

V P PY S F PVYTA S P SAAKKRPL S PTTKVKDE
GT CCCTCCATATTCGTTCCCCGTCTACACCGC CTCACCCTCTGCTGCTAÀAAAÀCGTCC CTTGTCGCCGACCACTAAAGTGAAÄGATGAA

P E D S L S DQQ S FNT PNGMG DWNLDDS SKQNG
CCCGAÀGACTC CCTCTCTGACCAGCAATCATTCAÀCACAC CAAATGGAATGGGAGATTGGAAC CTAGATGACTCATTCAAACAGAÀTGGA

N S S W N E E G D G G R S R G E À S R D F A K IJ Y E IJ D ND
AATTCAAGTTGGAACGAAG.AAGGCGATGGTGGGAGAAGCCGAGGTGAGGCTTC CAGAGACTTTGCCAAGCTTTACGAACTGGACÀATGAC

P K R K E F IJ D D IJ F AY M Q K R G T P V N R I P I MÀ K Q

CCGAAACGAAÀGGAGTTCCTCGATGAC CTCTTCGCTTACATGCAGAAÀCGAGGTACACCTGTAÃATCGAÀTCCCCATCATGGCCAAGCAG

V L D IJ Y M L Y K IJ V T E K G G I, V E V I N K K I W R E I T
GTGTTGGATCTGTACÀTGCTGTÀTAAÀCTGGTGACTGAGAAGGGAGGCCTGGTAGAGGTGATCAÀCAÀGAAGATCTGGAGGGAGATCACC

K G L N IJ P T S I T S ÀÀ F T IJ R T Q Y M KY I' Y P Y E C E

AAAGGC CTGAÀCCTGCCCACCTCCATCACCAGTGCCGC CTTCACCCTC CGCACACAGTATATGAAGTACCTGTACCCGTACGAA,TGTGAG

K K G IJ S S P G E IJ QAÀ I D S NRRE G RR P G Y S N S L
ÀÂ.GAAGGGTCTGAGTTCCC CTGGAGAGCTGCAGGCGGCCATCGATAGTA.ACCGCAGAGAGGGC CGCCGCC CCGGATACAGCAACAGCCTG

YRF S P S P S GAAPHLL S P PKMHL PATG HNEL
TACCGCTTCTCCCCTTCACCCAGCGGAGCAGC CC CTCATCTCCTCTCT CCTCCAAÀ.AATGCACCTTCCCGCCACAGGACACAACGAGCTG

QAT P S PALKKATVPEDS PASMLPARL PLAL
CAGGCCACC CCCAGTCCTGCCCTGAAGAAAGCCACAGTCC CGGAGGACAGTCCAGCCTCCATGCTGC CAGCTCGTCTCCCCTTAGCCCTG

A L G H O O Q L A R A A T .TJ E Q ! R.ER L E T G M G A G A V
GCTCTGGGGCATCAGCAGCAGCTGGCACGTGC CGCCACCCTGGAGCAGCTGÀGGGAGAGGCTGGAGACTGGCATGGGTGCCGGCGCTGTG

N A e P A v V E G P E R K M.e R I' A E E Q A R IJ r¿ Q Q A F Q

Àj\CGCGGGGCCCGCTGTGGTCGAAGGGCCTGAGAGGAAÀ.ATGGCGCGTCTGGCAGAGGAGCAGCAGAGGCTACTGCAG CAGGCCTTCCÀA

O N T' TJ A M A S Q V ÀI P T ÀI.TJ R II N IV A ¡¡ T R E E K Q D T' S

CAAAACCTGCTGGCCATGGCATCACAGGTGAACCCCACCAACCTGAGGATGA.ACAACGCCAACACCCGCGAGGAGAAGCAGGACTTGTCT

L S f S,9 ÀI G SÀ,9 T T V S V E VÀI G T T Y S G S TJ Y A Q K

CTCAGCATTTCTTCTAATGGCTCTGCCAGCATTACTGTGTCTGTGGAGGTCA.ACGGGATTATTTACTCAGGCTCCTTGTATGCTCAGAAG

S G SVPTAVTAMF PGHT S TL S PGVG S S S S S S

TCTGGATCCGTTCCCACCGCAGTCACCGCCATGTTCCCAGGCCACACTTC CACCCTCAGTCCCGGCGTGGGCTCTTCATCCTCCTCTTCC

SSKGPDSVDPATGGSP*
TCCTCAAÀGGGTCCTGACTCTGTGGATCCAGCCACAGGCGGGTCACCCTAACCAGCACCAACACCTC CCAAAACCTGTTACCAAA.AACAA
CCCTGCCAGTC CAGCCCAAAj\CTACAGTCATTTCCAGTGGAGCGCATGAGCCGTTCTGCCCTCTAGAGGTGGTTTGATGAATCACAATCT
GCCTCCAGCACAAGCGCGCAGCTGTGTTTTCCTTCCAGCCÀAAAGGAGGGACCACACACACAGACACTTTTACAA.ACTCCTCAGCTGTTC
AAGCTCGT CACGGAC CCCACCGGCTCTTTTCTACATGATGTTTTTTCTCAGGTTTTTAGAGATGTTCGATTCA.ACAAAATACCTCAGCTG
TCTTAÀTCTCAGTGCTGTCGTGAGTGTGGGTTTAATCÀTGCCTTTAATCACGCACCCATAGTCATTCACTCACTAÀAGATCTGTGAAGCT
AACCGTGGCATGATCAAATCTACTTCTGCCAAAGTCACATTTTTGTGAGGAGGTTGTGGTTGACAGTCTTTCTTTCTTTCTTTCTCTCTC
TCTCTCTCTCTGGCTTTTGCTGTCTATTAATTCTCTTATTTAAAGTTTGCTGAATTTACCTCATCTGCAGTGAå.TTTAÀAAGACTCAGGA
TCGATTATGATACTGCTGTGTTATTGTTTTGTTTTGTTTTTGGTTTAA.AA'AACTTCAGGCTTCAATC CCCGTCAAGTGTTGGAÀÀGGTGG
TTTGGTTAGAAA.AGGGGTCAGATTATAATTTTTTTTTTTTTTTATTATTATTGTATTTACTTGATTTTATTTGTTTTCTATTTTCCATTT
GTTTTTTAGCTACTAGATACAGAAATATTAATAÀGATTTGAÀ'AGAGTTTTTGAGTTTGAAATTGCATTTTÀCACAGCTGAGAGTTTCTTT
TTGTTTGTTTATTATTATTATTTAGACATATTTACAGGCAACAGTTTGGTTGAAAGATTTTTCTCTACCTCAGACACAAGACÃATGTATG
GTTGAÀAGGAAATTATTGTGGACGCGAAGGGTTCGTGTCGCACGTCAATCATTTCTGTGCGTCGGACGATCATGTACAGGCTCGTGATGA
AATGAGAGCCGTAGTAÀTGTACCATTCTTTAAAÀCAAACCAGGTCACGG.AÀÀAAÀGCAGGATAACATTCGAATCAAÀCGAAGATTGGATG
GCTTTTTTTTCATTTTGTATTTTTAGTTGTTGAACTTCAGAC CTCACATATCTTTCCATATTGGAAAGCGAGTTTCTCAGGAATTTTTTT
TCTTCATAACTTTTÃÂTCTTCAGAÀCCTAGATGCAGTCTCGCTCCTGAAÀCGAATGACACTAGACGTAÀCTCGGTCGCCGTGGGACTGAA
ATAGCTACCTCACTTAGGATTTACCTCGGATGTAGTTC.AÄCTACTCGCAGTACÀACACAGAATTACCTCAGACGTGTACTGCTGGCTGTC
TTTTCAAGCGAAAGAAÀTCACTCAGGTA.AAGAATTAGCAAÀÀTACCTCÀGAAÀAGGCAGAATAGCGTTAÀTACAGCAGTGCGAGATGAGA
TTGTCGTATGAÀGÀGTTAGATCTCATATCCATGATGTATTGATTAGTGCAGAA.ACTGTCTTCCAGTAGCAATGGAGGCTCGTTGGCTTGG
TTATGTTGGTGTAGTCTTGCCGACGTAGCCTCATCAACTGTACATTTTAGCCGTTTATAATCCTG CGTTTTGCTTGACCCTGGGACCTGC
TGGGATTCAGACATTTATTAGTTTCTTCGGTTTTACGTTCTATÀTTCTTCAGATTTCTGCATAGCTAAGAACCAAAGACCATGTGTTTGT
TATC CTCTCTGATGACCTTACTGTATAGACACATGCA.ACTTTACACAACGAAATTAÀAGTCTGATCTGATGCAAAÀÃAA.ACCGTTGCTGT
CGCGACAGCAACGGCGACAGCA.A,



Figure 3.5 Southern analysis of Danio rerio dri paralogues. This figure shows a

comparison of low and high stringency hybridisation of a Southern blot of

Eco RIandBam HI digested D. rerio genomic DNA (genomic DNA, gift of

M. Lardelli). The filter was probed with the dril degenerate PCR product and

washed at low stringency (first and last lanes). High stringency washes were

used with probes for dril (p4ll2 and p4112.2) and dri2 (p2llI,p2ll l.l and

p}tll.2). Bands present at low stringency, but absent at high stringency are

marked with an asterisk. Molecula¡ weights are shown to the right in

kilobases. Note that the same filter was used to generate autoradiographs at

low and high stringencies.
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disorder characterised by mucocutaneous melanin pigmentation and hamartomatous polyps in

the gastrointestinal tract (Foley et aI. 1988). These features could result from developmental

irregularities due to a mutation in a developmental regulatory gene. One of the tissues

showing the highest level of DRILI message, determined by dot blot analysis, is the colon

(Kortschak et aI.1998), a tissue significantly affected in Peutz-Jeghers Syndrome sufferers.

Furthermore, Drosophila dri is expressed in the hindgut (Gregory et aI. 1996) and dri mutants

exhibit a disrupted hindgut morphology (Shandala et al., in preparation). Thus DNLI was

initially considered a candidate gene for this genetic disorder. However, recently the gene for

Peutz-Jeghers Syndrome has been cloned and shown to encode a serine/threonine protein

kinase (Hemminki et aI. 1998; Jenne et aL 1998). No other disorders mapping to this region

appear to be likely to correspondto DNLI .

3.4 Danio rerio dead ringer homologues are expressed in distinct patterns

To examine potential conservation of function of the D. rerio dead ringer orthologues

with respectto Drosophita dead ringer and possible divergence in function of the D. rerio

paralogues in the fish, I have surveyed the expression patterns of the two D. rerio genes.

In situ hybridisation analysis using the p41 12 andp2lll cDNAs performed in

collaboration with M. Lardelli indicates that both dril and dri2 are maternally deposited in

the embryo, as cleavage period embryos show the presence of message (figure 3.64, B).

Consistent with the notion that dril and dri2 function in homologous tissues to those

expressing dri in Drosophila,the D. rerio genes are expressed in mesodermal and neural

tissues, tissues which express dri in the fly (Gregory et al. 1996) (figure 3.6). During tail bud

extension dril appears to be expressed in the distal mesoderm of the tail, but not the axial

mesoderm, with broad expression in the fore-, mid- and hind-brain, while dri2 shows

expression in the optic stalk, the retinas, midbrain, the cloaca and clusters of neural crest

cells. dril was expressed at significantly lower levels than dri2 as judged by rate of colour

development; dril staining was only apparent after 8 hours while dri2 staining was clearly



Figure 3.6 - V/hole mount in situ hybridisation of Danio rerio with dril and dri2

A, C and E show dril (p4112 cDNA) hybridisation. B, D and F show dri2

(pzl 11 cDNA) hYbridisation.

A and B show cleavage period embryos at 1.5 hours after egg laying (16-cell

stage), with hybridisation in the dividing embryonic cells, indicating

maternal deposition of dril and dri2.

C and D show lateral views of tail bud extending embryos at 18 hours after

egg laying.

E and F show dorsal views of the embryos shown in C and D. The axial

series was generated by rolling the embryo and taking photographs along the

axis. The photographic series was then composed using successive images.
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visible within 20 minutes. Hybridisation with sense probes gave no signal in either case when

staining was developed for the same length of time (not shown).

The expression patterns of the two D. rerio genes do not significantly aid in the

analysis of dri expressing tissues in the fruit fly. However, it is interesting to note that the two

genes are expressed in different patterns, suggesting that the function of the putatively single

ancestral dead ringerlbright gene has undergone a process of duplication-degeneration-

complementation described by Force et aI. (1998) leading to neofunctionalisation, the gain of

a new function, or subfunctionalisation, the separation of previously joined functions .

3.5 Dead ringer-lke ARID sequence comparisons

Homo sapiens DzuL1 exhibits a high degree of similarity to mouse Bright across the

entire open reading frame (79Vo identity, S3Vo similarity). The level of conservation increases

to 977o identity, 99Vo similarity over the 141 amino acid DNA binding domain (table 3.1).

Note that the extent of the eARID is increased from that described initially in Gregory et aI.

(1996), as the vertebrate members (this study and Herrscher et al.1995) contain a further

eight amino acids of similarity (figure 3.8) with some conservation seen in the predicted C.

elegans protein, T23D8.8, identified in sequence database searches (Wilson et aI. 1994;

Sulston et aL 1992). The C. elegans protein sequence, T23D8.8, does not contain sequence

amino-terminal of the conserved lyp motif in the eARID. Further, the database entry for the

protein sequence indicates that the first residue of T23D8.8 is a methionine, contradicting the

nucleotide sequence entry which specifies a leucine. Analysis of the nucleotide sequence of

T23D8.8 and comparison with other eARlD-encoding genes suggest that this start

corresponds to an intron splice site rather than the translation initiation site indicated. DRILl

is also similar to Drosophilø DRI across the DNA binding doinain (74Vo identity, S4Vo

similarity) (Gregory et al. 1996) (figure 3.8 ). In addition, the intron-exon structure of the

region encoding the ARID is partially conserved between human (Kortschak et al. 1998),

nematode (accession number: worm-chr-I:8697730-869911, Wilson et al.1994; Sulston ø/



Figure 3.7 Dendrogram of ARID containing proteins based on amino acid identity

within the core ARID generated using the PAUP (Phylogenetic Analysis

Using Parsimony 3.1.1, D. L. Swofford) program. Branch lengths indicate

degree of sequence divergence. Only one orthologue in an orthologous group

is shown for simplicity, except in the case of Dead ringer/Bright related

proteins. Sources for the sequences are: Dead ringer (Gregory et aI. 1996) ,

Bright (Herrscher et al. 1995), DRIL1 (this study, Kortschak et aI. 1998),Dt

Dril/Dr Dri2 (RDK this study), T23D8.8 (PID 91628238), Eyelid (Treisman

et at. 1997), RBPIIRBP2 (Fattaey et aI. 1993), SmcX (Agulnik et aI. 1994b) ,

SmcY (Agulnik et al.l994a), MRF1 (PID 9183684), MRF2 (PID 9553592),

Jumonji (Takeuchi et aL 1995), SWI1 (O'Hara et al.1988) c08b11.3 (PID

g576996), 120183 (PID g774817), c01g8'S (PID 91703595),2k593.4 (PID

g1 1 84605), YM8010.06 (PID 9854446).
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Figure 3.8 - A. Dendrogram of eARlD-containing proteins based on eARID amino acid

identity generated using the PAUP (Phylogenetic Analysis Using Parsimony

3. 1 . 1, D. L. Swofford) program. Branch lengths indicate degree of sequence

divergence.

B. Alignment of eARID proteins over the eARID generated using the MAP

multiple sequence alignment program (Huang 1994) to generate the

alignment and the MacBOX pfogram v1.0.8 (a Macintosh implementation of

BOXSHADE, M. D. Baron) to generate the shaded figure' Invariant and

conserved residues are indicated by white text with a black or dark grey

background respectively. Similar residues are indicated by black text with a

light grey background. Residues are considered similar for this purpose if
they fall into one of the following groups: FYW, ILVM, RK, DE, ST, QN or

GA. Additionally, residues not in the groups above are considered similar if a

residue in the group, ADEFIKLNPRSVY, is conserved in more than three

sequences according to the following scheme: A similar to G; D similar to E

or N; E similar to Q; F similar to Y or W; I similar to L,V or M; K similar to

H; L similar to V or M;N similar to E or Q; P similar to G, R similar to K or

H; S similar to T or A; V similar to I or M; and Y similar to W. The

consensus was generated at each position from three or more similar or

identical residues. Note that if a consensus is generated for a position on the

basis of similar residues with no residue at or above the threshold of three,

the consensus residue shown is the residue existing at that position in the first

sequence listed.

Positions of introns, where known (marked with a black triangle after the

name), are indicated by grey triangles. The position of the triangle within the

box indicates the position of the intron within the corresponding codon.

Sources for the sequences are: Dead ringer (this study, Gregory et aI. 1996) ,

Bright (Herrscher et al. 1995), DRILI (this study, Kortschak et aI. 1998),

DriI/Dr12 (this study), T23D8.8 (PID g1628238).
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at. 1992) and Drosophila. The location of introns in this region are identical in Drosophila

and human (Kortschak et aI. 1998), while the sites of the first two introns within this

conserved region are found in the predicted C. elegans gene, T23D8.8, the third being absent

(figure 3.8). The D. rerio proteins also show a high degree of sequence conservation over the

DNA-binding domain (table 3.I): 83Vo identity andglVo similarity between them, while Dril

and Dri2 show 627o and6lVo identity, respectively, compared to DRI, andT2Vo andTl%o

identity compared to Bright. The significant drop in sequence identity between Dril/Dri2, and

the other vertebrate eARID proteins is largely a result of the insertion of 25 amino acids near

the amino terminus of the domain in both D. rerio proteins.

Interestingly,Dri2 has a phenylalanine to tyrosine amino acid change at an invariant

position in the other members of the group and a serine/threonine to alanine change

immediately amino-terminal of this residue (r'lppr,ren¡eKRcr, figure 3.8). Both of these

residues lie within the region corresponding to the target of the ARID 5' inside primer,

probably preventing primer binding. To test whether these changes were responsible for

failure to isolate a dri2 cDNA by PCR, PCRs were performed using the ARID 5' inside

primer in conjunction with other compatible primers and dri2 cDNAs as a template. No PCR

product was obtained from these reactions (data not shown).Dri? also shows changes in the

conserved amino-terminal region of the eARID, which may reflect differences in site-

specificity of the protein for its DNA-target (figure 3.8).

Iable 3.1 eARID identities and similarities
[uooer value is identitv, lower value is similarity)

DRI Dril Dri2 Bright DRILl

r23D8.8 59%
73%

54%
66%

54o/"

64%
63%
74%

65%
74%

DRI 62%
74%

61%
73o/"

74%
85%

74%
84%

Dril 83%
91%

72%
78o/"

72%
78o/"

Dri2 71%
78%

71%
78%

Bright 97"/"

99Y"



43

As described in chapter l, sequence analysis of the ARID box family of genes shows

the existence of a subfamily of proteins, the extended ARID (eARID) proteins, which have an

extended region of similarity. Initially the eARID group was defined by the DRI and Bright

proteins. Both DRI and Bright have been shown to exhibit sequence-specific DNA-binding

activity (Herrscher et al. 1995; Gregory et aI. 1996). A further four proteins have been

identified as members of this group by database searches (T23D8.8) or the analysis of genes

isolated by degenerate PCR (DRILI, Dril and Drt2). While the highest similarity between

BrighlDRILl and DRI is restricted to the DNA binding domain, the similarity is nonetheless

striking and of the same order as that observed between the conserved DNA binding domains

of homologues of, for example, the homeodomain class of proteins. This relationship is

illustrated by a dendrogram generated from the available ARID family protein sequences

(figure 3.7).It is clear that the DRIÆright/DRIL1 sequences group together and with the C.

elegans T23D8.8, and D. rerio DriI and Dri2 sequences. No other sequences, including the

other characterised Drosophila ARID protein, Eyelid, exhibits the same high level of

similarity to DRI. Other DNA binding proteins that are considered homologues often exhibit

a high level of conservation between DNA binding domains but little or no similarity outside

that domain. From these data I conclude that dri, bright, DRILI , dril and dri2 form an

orthologous group of genes.

3.6 A new protein motif specifically associated with the eARID

Maintenance of sequence similarity in divergent sequences has regularly been used for

the identification of functionally important regions in protein or DNA sequences. The use of

evolution as an experimental tool'for identifying important regions depends on a balance

between a high rate of change causing non-critical regions to diverge and strong selection

retaining sufficient conservation of the functional region. This balance is easily achieved

when a sequence is evolving around an interaction with an essentially invariant structure,
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such as DNA, as the system is unable to undergo coevolution of the interacting components.

For example histone proteins are conserved in an easily recognisable form in all eukaryotes.

The situation is different, however, when the system involves the interaction of two or more

less constrained evolving structures, such as members of a protein complex. Thus, a broad

range of sequences with different degrees of divergence allow the effective screening for the

presence of functionally significant motifs by providing a successive evolutionary sieve for

conserved regions. Lower divergence times allow the identification of rapidly evolving motifs

while longer periods of divergence highlight the most crucial residues in conserved domains.

The identification of sequences orthologous to dead ringer with divergence times ranging

from approximately 100 million years ago, between humans and mice, to 670 million years

ago, between vertebrates and arthropods, would thus allow any domain outside the eARID to

be found irrespective of its rate of evolution.

The initial characterisation of the DRI and Bright proteins showed the existence of a

single conserved domain, the eARID (Herrscher et aI. 1995; Gregory et aI.1996). However,

analysis of the sequences of the extended set of eARID proteins revealed the existence of a

second conserved motif immediately carboxy-terminal to the eARID (figure 3.9). This motif

has been named the REKLES motif after the near consensus sequence at the N+erminus of

the motif in the vertebrate proteins (and for the mistaken notion held by my colleagues of my

manner of living).

The size of the REKLES domain varies within the eARID group of proteins, ranging

from 1 13 amino acids in the predicted C. elegarcs protein T23D8.8 to 345 amino acids in DRI.

The large size of the DRI REKLES is due to an insertion of 237 amino acids relative to the

vertebrate domains. This insertion causes the DRI REKLES to appear as a significantly

diverged member of the group (figure 3.94). Discounting the insertion, DRI shows

reasonably high levels of conservation with the vertebrate proteins over the entire REKLES

domain (table 3.2 and figure 3.98). The conservation within the vertebrate subgroup is much

higher, ranging fromSgVo identity between Bright and DRILl to 47Vo identity between Dril

and DRIL1. The last 24 amino acids in the REKLES domain are particularly highly



Figure 3.9 - 
A. Dendrogram of eARlD-containing proteins based on REKLES domain

amino acid identity generated using the PAUP (Phylogenetic Analysis Using

Parsimony 3.1.1, D. L. Swofford) program. Note that two most parsimonious

trees were found. The tree on the left is favoured as it conforms to the

structure of the ARID family tree shown in figure3.7 and the phylogram

shown in figure3.11. Branch lengths indicate degree of sequence divergence.

B. Alignment of eARID proteins over the REKLES domain generated using

the MAP multiple sequence alignment program (Huang 1994) to generate the

alignment and the MacBOX program vl.0.8 (a Macintosh implementation of

BOXSHADE, M. D. Baron) to generate the shaded figure. Invariant and

conserved residues are indicated by white text with a black or dark grey

background respectively. Similar residues are indicated by black text with a

light grey background. Residues are considered similar for this purpose if
they fall into one of the following groups: FYW, ILVM, RK, DE, ST, QN or

GA. Additionally, residues not in the groups above are considered similar if a

residue in the group, ADEFIKLNPRSVY, is conserved in more than three

sequences according to the following scheme: A similar to G; D similar to E

or N; E similar to Q; F similar to Y or W; I similar to L,V or M; K similar to

H; L similar to V or M;N similar to E or Q; P similar to G, R similar to K or

H; S similar to T or A; V similar to I or M; and Y similar to V/. The

consensus was generated at each position from three or more similar or

identical residues. Note that if a consensus is generated for a position on the

basis of similar residues with no residue at or above the threshold of three,

the consensus residue shown is the residue existing at that position in the first

sequence listed.

Sources for the sequences are: Dead ringer (Gregory et al., 1996), Bright

(Herrscher et al.1995), DRIL1 (this study, Kortschak et al.l998),Dril/Dt12
(this study), T23D8.8 (PID 91628238).
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conserved, with 7 invariant residues (DRUDril, 42Vo identity,6TVo similarity; DRIlDri2,507o

identity, 75Vo simtlarity; DRVBright,50Vo identity,837o similarity; DRI/DRILI,54Vo

identity, 837o similarity), suggesting that this portion of the domain plays a critical role in the

function of the REKLES domain.

Iable 3.2 REKLES domain identities and similarities
luooer value is identitv. lower value is similaritv)

DRI Dril Driã Bright DRILl

r23D8.8 19%
35%

20%
31%

23%
39%

29%
45%

26%
41o/"

DRI 19%
25%

24%
41o/"

19%
37%

21%
39%

Dril 53%
72%

50%
70%

47%
69%

Dri2 49%
72%

48%
73%

Bright 89%
95%

As was the case in comparing the D. rerio eARIDs, the REKLES domains of D. rerio

show divergence suggesting possible divergence in specificity of function. Dril has a deletion

spanning a region conserved in the vertebrate members of the group (identified by the

consensus fLALaaGl-em, inVariant residues shown in uppercase, conserved residues in

lowercase, - indicating no consensus, figure 3.9), while Dri2 shows changes from the

REKLES consensus (nnnr,er in Dri2) and an insertion immediately carboxy-terminal of the

REKLES signature.

Comprehensive database searches have failed to identify any non-eARID proteins

possessing the REKLES motif. As the REKLES domain is present in all of the eARID

proteins but not in any other known protein, the eARID/REKLES motif complex probably

represents an evolutionary cassette, coupling the function of sequence-specific DNA-binding

with REKLES motif function. The consensus sequence of the REKLES motif does not

suggest a function for the domain. However, a region of the Bright protein which includes the
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complete REKLES domain has been shown to be required for tetramerisation (Herrscher et

øL 1995). Thus the REKLES motif is most likely a protein-protein interaction domain

mediating tetramerisation, although other functions cannot be ruled out.

3.7 Phylogenetic analysis of the eARID genes

The identification of two D. rerio members of the eARID protein group raises the

question of the existence of paralogues of the drill and bright genes. To address this question

I have performed phylogenetic analysis of the eARlD-encoding genes using the DNA

specifying the conserved protein domains. Maximum parsimony analysis using the eARID or

REKLES boxes alone or in conjunction yields a consensus tree in which the two D. rerio

genes group together to the exclusion of the other members of the group (figure 3.10)

suggesting that the D. rerio genes separated after the divergence of the teleost line from the

other vertebrate lines approximately 400 million years ago (figure 3.I I ). Southern analysis of

the mouse genome has failed to detect a sequence homologous to bright (Phil Tucker, pers.

comm.). Additionally, the failure of mouse and EST database searches to identify eARID-

encoding sequences other than those already known is consistent with a model of eARID

gene evolution in which a single eARlD-encoding gene was present in the original vertebrate

line, with a duplication event occurring in the teleost line generating two dead ringer

orthologues in fish.

The suggestion of another D. rerio gene by the Southern analysis described above

potentially complicates this interpretation. It is possible that the signal obtained by reduced

stringency hybridisation is due to hybridisation with a non-eARID, ARID encoding gene.

Without the sequence of this putative third ARID encoding gene it it not possible to

determine its relationship to the rest of the ARID group of genes.



Figure 3.10 - Phylogram of eAR[D-encoding genes based on sequence identity generated

using the PAUP (Phylogenetic Analysis Using Parsimony 3.1.1, D. L.

Swofford) program. Branch lengths indicate degree of sequence divergence,

percentiles adjacent branch nodes indicate bootstrap values of confidence

from 1 00 Pseudo-rePlicates.

A. Phylogram of eARID encoding DNA

B. Phylogram of REKLES domain-encoding DNA.

C. Phylogram of oARID and REKLES domain-encoding DNA together

Sources for the sequences are: dead ringer (Gregory et al. 1996) , bright

(Herrscher et at. 1995), drill (this study, Korlschak et al. 1998), drilldri2

(rhis study), T23D8.8 (worm_chrJ : 86971 30-8699 1 1 ). The DNA sequences

corresponding to the proteins shown in the alignment in B. was used for

phylogenetic analysis. Gaps were introduced into the DNA sequences in

positions corresponding to gaps in the protein sequences shown in Figures

3.8 and 3.9.
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Figure 3.11 - Branchial diagram showing a proposed phylogeny of the vertebrate eARID

genes based in the phylograms shown in Figure 3.1 l. Pipes indicate the total

genome evolution of the organisms shown, while lines indicate dead ringer

homologue evolution. The divergence of the ancestral D. rerio orthologue

after the divergence of the teleost and mammalian lineages is proposed to

account for the phylogenies shown in figure 3' 10'
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3.8 Discussion

Protein sequence similarity analysis suggests some groupings of ARID family

members (figure 3.7). The identification of four eARID proteins in addition to the founding

members of the group, Dead ringer and Bright, and phylogenetic analysis presented here

significantly strengthen the notion that eARID proteins are an ancient group that serve a

crucial role in animal development and function. Although a number of ARlD-containing

proteins have been shown to bind to, or interact with DNA (Peterson and Herskowitz I992i

Fattaey et at.1993; Treisman et aI.1997), none outside the eARID group has been shown to

do so in a direct, high-affinity sequence-specific manner. Additionally the core ARID from

DRI does not bind DNA in a sequence specific manner (Gregory et al. 1996). Thus it appears

that an ancestral ARID protein with weak, non-sequence specific DNA-binding capabilities

gained the extended regions of the eARID, enabling the protein to bind specific DNA

sequences with high affinity. The failure to find eARlD-encoding genes in non-metazoan

species, including the confirmed absence of an eARlD-encoding gene in the completely

sequenced Saccharomyces cerevisiae genome, indicates that the eARID evolved after the

divergence of the metazoan lineage (Cherry et al. 1998). The presence of eARlD-encoding

genes in a variety of widely divergent metazoans suggests that this event occurred at an early

stage of metazoan evolution.

The specific aim of identifying a human genetic disorder in order to suggest an

underlying feature of the tissues expressing dead ringer was not achieved; no mapped human

genetic disorder appears likely to correspond to the human dead ringer homologue, DRILI.

Analysis of bright, the mouse homologue, including a planned knockout (P. Tucker, pers.

comm.), will undoubtedly aid in the identification of diseases that may be associated with the

human locus. The complexity of the expression patterns observed in the zebrafish was

reminiscent of those seen in Drosophila, making it difficult to draw conclusions about the

underlying features of D. rerio dri expressing tissues. However, the observation of dril and

dri2 expression in mesodermal and neural tissues in the fish is consistent with the expression
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of dri seen in Drosophila (Gregory et aI.1996), strengthening the likelihood of a role of dri

genes in the development of these tissues.

The existence of two dri homologues in D. rerio possibly arising from a genome

duplication in the teleost line between 100 and 400 million years ago raises some interesting

points (Amores et aI. 1998). The function of the two genes has diverged, reflected in the

divergence in both the expression patterns and the sequences of the conserved domains.

Similar divergences have been observed in the sequences and expression patterns of the D.

rerio engrailed andnsx homeobox genes (Ekker et al. 1992; Akimenko et aI. 1995;Force et

aL 1998). Whether the ancestral eARlD-encoding gene has neofunctionalised or

subfunctionalised is not clear from comparison with Drosophila as the two organisms are too

far diverged. However, comparison of the D. rerio dri expression patterns with the expression

pattern of the mouse gene brighr will aid in resolving this as only one eARlD-encoding gene

appears to be present in this organism, and the homology between tissues and organs in the

fish and the mouse is more clearly apparent than between the fish and the fly.

Significantly, a novel domain was identified as a direct result of isolation of the D.

rerio orthologues of dri. Although Herrscher et al. (1995) identified a tetramerisation function

associated with the region of Bright corresponding to the REKLES domain, they could

identify no significant homology with any of the known eARID proteins (P. Tucker, pers.

comm.). Indeed, BLAST homology searches using the DRI REKLES domain gave smallest

sum probability scores ranging from 0.35 to 0.9991 for the eARID proteins in the Genbank

database (Altschul et al. l99O). These probability scores indicate a high likelihood of the

match being due to chance. Similar searches using the D. rerio REÍ(LES domain give scores

in rhe ranges of 0.13 to 0.42 for Dri2 and 3.3x10-7 to 8.8x10-6 for Dril. In addition to

showing a higher pairwise significance for the REKLES motif, the D. rerio sequences

broaden the range of proteins carrying the REKLES, strengthening the validity of the motif.

Thus the identification of proteins with divergence times intermediate between those already

known has been crucial to the identification of the REKLES domain.
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A role for the REKLES domain in eARID protein function has been suggested by the

observation that deletions in the Bright protein removing regions that include the REKLES

domain fail to tetramerise in gel retardation assays (Herrscher et aI. 1995). The role for the

REKLES domain as a protein interaction domain is consistent with the greater level of amino

acid sequence divergence between members of the group in the REKLES domain when

compared with the level of divergence in the eARID. Although no non-eARID protein has

been found that bears the REKLES domain, and the results of Herrscher et al. (1995) suggest

that the REKLES domain is required for homo-tetramerisation, a more generalised role in

which the REKLES domain binds to heterologous proteins cannot be ruled out. Interestingly,

the two D. rerio Dri proteins show divergence in the REKLES; Dri2 deviates from the

REKLES signature, while Dril lacks 14 amino acids after the REKLES sequence compared

to Drosophila DRI, making it more similar to the other vertebrate members of the group in

this region. However, the Dril REKLES domain also lacks a conserved region present in the

other vertebrate proteins. These differences in a putative protein-interaction domain resonate

with differences seen in the eARID of the Dri2 protein which may alter its specificity of '

DNA-binding. The observed differences between the D. rerioDri protein sequences and D.

rerio dri expression patterns, and possible functional changes resulting from these differences

are likely to permit the selective pressure that maintaining the existence of two dead ringer

genes in this species.
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Chapter 4: Functional characterisation of DRI domains

It seemed to me to be a superlative thing - to know the explanation of everything, why it
comes to be, why it perishes, why it is. - Socrates

4.1 DRI is a multidomain DNA-binding protein

Comparison of Dead ringer and its orthologues has identified novel motifs, the eARID

(Herrscher et al. 1995; Gregory et al. 1996; Kortschak et aI. 1998) and REKLES motifs (this

study). Although the in vitro function of the eARID has been characterised (Herrscher et aL

1995; Greg ory et aI. 1996), only circumstantial evidence exists for the in vitro function of the

REKLES domain (Herrscher et aI. 1995), and no role for either domain has been

demonstrated in vivo.Indeed, any in vivo role for the ARID has been questioned by the

observation that SV/I1 lacking the ARID fails to show any loss of S\VII function (C.

Peterson, pers. comm.).

In order to examine the roles of the AzuD and the REKLES domain in vivo itis

necessary to replace the endogenous DRI complement with DRI lacking either ARID or

REKLES function. Due to the inability to perform targeted homologous recombination in

Drosophila this requires a two step approach. Chapter 2 describes the first step towards

replacing endogenous DRI with a site-directed mutant transgene, the identification of

mutations in the dri locus. The second stage involves the generation and introduction of

transgenic constructs bearing mutations abolishing specific functions of its protein product.

In the absence of known mutations leading to loss of specific functions, a theoretical

analysis was used to determine regions of the protein to target for mutagenesis based on

evolutionary conservation and computer based protein structure predictions.

The secondary structure of the DRI eARID, as predicted by the PHD profile fed neural

network secondary structure prediction program (Rost and Sander 1993; Rost et aI. 1994;

Rost and Sander 1994), is predominantly cr-helical, consisting of 5 cr-helices separated by

loops of unstructured sequence (figure 4.I ). Comparison of predicted eARID secondary

structure between the six orthologous proteins showed a high degree of predicted structural



Figure 4.1 Prediction of structure of the DRI eARID using the PHD program (Rost and

Sander 1993; Rost et al. 1994: Rost and Sander 1994, Figure 1). The program

predicts the three secondary structure types based on the protein sequences of

DRI, T23D8.8, Dri1, Dri2, Bright and DRIL1. The structure state of a residue

is assigned by choosing the maximal scaled probability value of prH, prE or

prl, the probabilities of forming helix, extended B-sheet of unstructured loop

respectively. The structure state of the residue is shown as H: helix, E: sheet

or blank: unstructured loop or no prediction. The residues of ARID helix 3

deleted in DRIôARIDH3 are struck through. The reliability index (Rel)

giving an indication of the confidence of the prediction is shown below each

residue. The accuracies to be expected for residues with values above a

particular value of the index are given:

A subset of the prediction with a reliability index greater than 5 indicating an

expected three state accuracy of greater thanS2Vo is shown on the final line,

with L indicating loop and "." indicating no reliable prediction.

index 0 1 2 3 4 5 6 7 8 9

three state
accuracy

72.IVo 72.3Vo 74.8Vo 77.1Vo 8O.3Vo 82.9Vo 85.7Vo 88.57o 9l.IVo 94.ZVo
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conservation (not shown). Similar analysis of the REKLES domain indicated the presence of

a conserved pair of B-sheet strands separated by a loop of unstructured sequence

corresponding to the region of highest conservation in the REKLES motif, now named the

REKLESp region (DRI amino acids 788 to 806 olrvNLELNcvKyscvLVA, figures 4.2 and 4.3).

Comparison of the predicted REKLES domain secondary structures of all eARID proteins

revealed only low levels of structural conservation outside this region (not shown).

AzuD sequence conservation within the eARID group of proteins is very high, as was

discussed in the previous chapter. It was reasoned that residues conserved not only within the

eARID group, but across the entire ARID family would be playing a crucial role in ARID

function, thus to ensure abolition of eARID function, a region including an invariant residue

was chosen. Investigation of the role of a domain by deletion of that domain requires that the

remaining protein be expressed and form a stable structure. Thus, a region was selected that

was postulated to form a structurally important component, on the basis of the inclusion of an

invariant residue and conserved predicted secondary structure, but was small to reduce the

likelihood of completely destabilising the protein and causing it to be degraded. For the DRI

eARID, the predicted third helix of the core ARID was chosen, that is, amino acids 334 to

342 (rxlwonrrr), which contains an invariant tryptophan. The REKLES motif is much less

highly conserved than the eARID. It was reasoned that the most highly conserved region of

the DRI REKLES domain, including the invariant residues of the REKLES p region (amino

acids792 to 807, NLELNGVKTsgvLVAN, invariant residues are underlined), would make a good

target for deletion.

Herrscher et aI. (1995) have shown that Bright forms tetramers in gel retardation

assays and in native protein gel electrophoresis (M. Kaplan, pers. comm.). The region of

Bright corresponding to the REKLES domain is necessary for this activity. If a conserved

function of the REKLES domain is to mediate tetramerisation then it may be hypothesised

that a mutant DRI lacking eARID DNA-binding function but possessing REKLES

tetramerisation function would behave antimorphically, as DNA-binding defective monomers

would be incorporated into the protein complex, potentially poisoning the function of the



Figure 4.2 Prediction of structure of the DRI REKLES domain using the PHD program

(Rost and Sander 1993;Rost ¿/ aI.1994;Rost and Sander 1994, Figure 1).

The DRI REKLES domain is split showing the amino (A) and carboxy (B)

terminal regions, but not the central region with no homology to the other

eARID proteins. The structure state of a residue is assigned by choosing the

maximal scaled probability value of prH, prE or prl-, the probabilities of

forming helix, extended B-sheet of unstructured loop respectively. The

structure state of the residue is shown as H: helix, E: sheet or blank:

unstructured loop or no prediction. The residues of the REKLES p region

(underlined) deleted in DRIôREKLESp are struck through. The reliability

index (Rel) giving an indication of the confidence of the prediction is shown

below each residue. The accuracies to be expected for residues with values

above a particular value of the index are given:

A subset of the prediction with a reliability index greater than 5 indicating an

expected three state accuracy of greater than827o is shown on the final line,

with L indicating loop and "." indicating no reliable prediction.

index 0 1 2 3 4 5 6 7 8 9

three state
accuracy

72.lVo 72.3Vo 74.8Vo 77.1Vo 8O.3Vo 82.9Vo 85.77o 88.5Vo 9l.l%o 94.2Vo
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Figure 4.3 - Comparison of outputs for the structure of the REKLES B region by the PHD

program (Rost and Sander 1993; Rost et aL 1994; Rost and Sander 1994,

Figure 1). Six runs of the program were performed using the six eARID

protein sequences as inputs to the program and varying the target sequence.

The structure state of the residue is shown as H: helix, E: sheet or blank:

unstructured loop or no prediction. The reliability index giving an indication

of the confidence of the prediction is shown below each residue. The

accuracies to be expected for residues with values above a particular value of

the index:

index 0 1 2 3 4 5 6 7 8 9

three state
accuracy

72.l%o 72.3Vo 74.87o 77.1Vo 8O.3Vo 82.9Vo 85.77o 88.5Vo 9I.l%o 94.27o
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complex. Thus, a significant test for a generalised model of eARID protein function, based on

the work of Herrsch er et aI. will be to test whether DRI lacking eARID function is

antimorphic.

4.2 Generation of wild-type and domain-specific mutant dri constructs

As no full length dri cDNA was isolated during the screen for cDNAs (Gregory 1996),

a full length dri cDNA was generated by cloning the 3', StyA SmaI, cDNA fragment from

pdriyT into the StyItEcoRY sites of pdríþ4. The resulting clone, pdrif , releases a3'7kb EcoRI

dri cDNA (not shown). The integrity of the junction of pdriÌ,,ZT andpdriþ4 DNA at the StyI

site was confirmed by sequence analysis (data not shown). The full length dri cDNA was

cloned into EcoRI sites of the pP[UAST] and pCaSpeR-hs Drosophilø transformation vectors

to generate pP[UAS::dru] and pP[hs::dri]; correct orientation of the cDNA was confirmed by

restriction and sequence analysis (data not shown)'

To generate domain specific mutants for transformation into Drosophila, pdrif was

mutagenised using the QuikChangerM Site-Directed Mutagenesis Kit (Stratagene). Primer

pairs, Ahelix3+/Âhelix3- and AREKLESB+/ÂREKLESB- were used to generate the dri mutant

plasmids pdrlôARID¡¡3 and pdrlôREKLESp respectively. pdriôARIDm mutants were

identified by screening for loss of Âhelix3 tester primer dependent PCR amplification

product; pdrlõREKLESp mutants were identified by loss of the ,Sc¿I site within the REKLESp

box (not shown). The mutated sites in mutant clones were confirmed by sequencing (figure

4.4A). Mutant dri cDNAs were cloned into the EcoRI site of pPIUAST] to generate

pp[UAS::druõARIDH:] and pP[UAS::dr/ôREKLES p]; correct orientation of the cDNA was

confirmed by restriction analysis (data not shown).

To analyse the ínvitro finction of the ARID and REKLES domains, protein

expression constructs were generated. A fragment generated by PCR using the primers, ARID

box 5' and ARID box 3' was cloned into the BamHl and EcoRI sites of pGEXI to generate

pGgX::drinnln (with amino acids 258-410, QQmxc...Ql'lpur). Accuracy of PCR, and



Figure 4.4 - Sequence analysis of domain specific deletions generated by QuikChangerM

cYcle mutagenesis.

A. Sequence obtained from the clones pdri,pdriõARlD¡¡3 and

pGEX'jdri.,ARrDôH3 using the driRT sequencing primer. Note that sequence

from driRT-primed sequencing reactions is inverted with respect to the

normal 5' to 3' reading of the cDNA.

B. Sequence obtained from the clones pdri andpdrlôREKLESp using the

driD sequencing primer. Sequence from driD-primed sequencing reactions is

colinear with the normal 5' to 3' reading of the cDNA.

Boxed region in wild-type sequences indicate regions deleted in the mutants

Triangles below mutant Sequences indicate mutant sequence junctions.
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orientation and frame of insertion of the fragment were confirmed by sequence analysis (data

not shown). A deletion construct, pGEX::driAzuDôH3, lacking the putative eARID helix 3 was

generated from pGEX::dri4p¡p using the QuikChangerM Site-Directed Mutagenesis Kit

(Stratagene) with the primer pair Àhelix3+/Ahelix3-. Mutant clones were identified as

described for pdriõARIDg3 and were confirmed by sequence analysis (figure 4.48).

Similarly, wild-type and mutant REKLES constructs were generated; fragments generated by

PCR from the templates,pdrif and pdriôREKLESp with Pfu polymerase using the primers,

REKLES box 5' and REKLES box 3' were cloned into the BamHI and EcoR[ sites of pGEXI

to generate pGEX::íTiREKLES (with amino acids 400-901, YEAMH. . .oews) and

pGEX::dT\REKLESôp (as above, but lacking the REKLESp region) respectively. Orientation

and frame of insertion of the fragments were confirmed by sequence analysis (data not

shown).

4.3 Generation of DRI specific antibodies in rats

In order to adequately control for the ability to rescue function with wild{ype and

mutant forms of dead ringer, it is necessary to show that the levels of expression from the

constructs are comparable. As in situ hybridisation does not allow detection of potential

protein expression and stability problems, it was necessary to generate antibodies to DRI

protein to be used for determining expression levels.

A GST-DRI fusion protein, covering amino acids 128 to 671of DRI, was expressed

from pGEXl Ql0 (Gregory et al. 1996) and used to immunise rats as described in chapter 6.

Specificity of the antiserum was shown by western analysis of protein extracts from embryos

maternally and zygotically amorphic for dri (figure 4.54). u/l118 embryos show two bands: at

120kDa and 150kDa. The 120kDa band is lost in dri mutant embryonic extracts. The l50kDa

band appears to be an artefact of the western analysis as whole mount immunohistochemistry

on maternally and zygotically dri deficient embryos or dri somatic clones using anti-DRI

antibody shows no detectable signal (T. Shandala, unpublished observations).



Figure 4.5 A. Analysis of anti-DRI antibody specificity. Embryonic extracts were

prepared from 10pl s¡ *11J,8 embryos or embryos derived from mothers

carrying homozygou s dril or dri2 germline clones (provided by T' Shandala)'

To show nuclear localisation of DRI, embryonic nuclear extracts from w//18

embryos (provided by S. S. Robert) were used. DRI was detected by affinity

purified anti-DRI antibody. Two bands are present in*III8 embryos, one at

150kDa and one at 120kDa. Two additional bands are present in rIllS
nucelar extracts, at 116kDa and 100kDa. These bands may be the result of

degradation of DRI during the nuclear extraction. In embryos from mothers

lacking dri in the germ line the 120kDa band is not seen indicating that this

band corresponds to DRI. The apparent size of DRI is consistent with its

predicted size of -100kDa. The 150kDa band appears to be the artefactual

result of western analysis as no anti-DRI immunostaining is observed in

whole mount embryos or larval clones carrying the dril or dri2 mutations (T'

Shandala, pers. comm.).

B. Western analysis of transgenic DRI expression from variots drï

transgenic lines used for in vivo analysis of DRI domain function' Extracts

from 5 pairs of larval eye-antennal imaginal disks were analysed by SDS-

pAGE and transferred to nitrocellulose. DRI was detected by affinity purified

anti-DRI antibody. Larvae used for transgenic protein expression were wI I l8

and carried one copy s¡ 6¡L4GMR.PF and one copy of the P[UAS::dri*] ( *

indicates wild-type or mutated) construct indicated' wl I 18 larval extract is

shown to indicate endogenous levels of DRI in eye-antennal imaginal disks.

The absence from wl l lS larval extracts of the 150kDa band seen in

embryonic extracts (A) is repeatable and does not appear to be the result of

loading differences (data not shown).

C. Phosphorylation state analysis of in vitro transcribed and translated DRI.

Radiolabelled wild-type DRI and DRIõREKLESP protein was analysed by

SDS-PAGE after treatment with calf intestinal alkaline phosphatase or no

treatment. No difference was observed between treated and untreated DRI or

between DRI and DRIôREKLESP.
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4.4The predicted ARID helix 3 is necessary for NP binding

The DRI eARID, spanning the sequence from amino acid 258 to 410

(oox¡c. . . el,lpr'lr) has previously been shown to be sufficient for sequence specific DNA

binding to trimeric NP oligonucleotide (Gregory et al.1996). The ARID-box mutant

constructs described above lack the sequence encoding helix 3 of the ARID (amino acids 334

to 342, KKLweErrK). To determine whether helix 3 of the DRI ARID is necessary for NP

binding, electrophoretic mobility shift assays were conducted using both the wild-type ARID

(GST-DRIARTD) as has been previously described, and the mutant ARID (GST-DRInRIDôH3)

lacking the helix 3 sequence. Using elevated protein levels to detect any potential binding by

the mutant, GST-DRIARID was able to completely retard the available NP6 while GST-

DRIARTtõx3 waS not able to retard the NP6 DNA (figure 4.64 and B). Thus helix 3 of the

DRI ARID is necessary for NP binding in vitro.

4.5 The REKLESp region is not required for self-association

The conservation of the REKLES p signature in the six eARID proteins was suggestive

of a significant role in the function of these proteins. Herrscher et aI. (1995) showed that a

region corresponding to the REKLES domain was required for tetramerisation of the Bright

protein in gel retardation assays. To determine whether the REKLES p region of DRI is

necessary for multimerisation a western blot of wild-type REKLES (GST-DRI¡prr E5) and

mutant REKLES (GST-DRIREKLESôp) lacking the predicted beta-region of the REKLES

domain, was probed with 35S-methionine-labelled DRI (figure 4.6C). No difference in signal

intensity was observed between the wild-type and mutant forms, indicating that the

REKLESp region is not necessary for self-association.

The REKLES p motif contains a completely conserved tyrosine residue, which may act

as a regulatory site on the protein. To investigate the possibility that DRI is phosphorylated to

regulate DRI functi on, in vitro ftanslated 3sS-methionine-labelled DRI was treated with calf-



Figure 4.6 - Functional analysis of the conserved DRI domains

A. Western analysis of bacterial GST-DRI4p¡p and GST-DRIetrrn6¡¡3

expression using anti-DRI antibodies.

B. Gel electrophoretic mobility shift analysis of GST-DRIARID, GST-

DRIa¡¡p6¡¡3 and GST. The NP6 oligonucleotide was used as a probe in all

lanes and the same amounts of GST-DRIRRTD and GST-DRInnn¡g¡ protein

were used as those shown in the western analysis in A. No western-based

control was possible for GST loading, but equivalent quantities were used as

estimated by coomassie stained GST bands generated by polyacrylamide gel

electrophoresis (not shown).

C. Western analysis of DRI REKLES domain self-association activity. GST-

DRInBXrn5 and GST-DRI¡BKLESõp were electrophoresed and transferred to

nitrocellulose membranes. Membranes were probed with either anti-DRI

antibody or radiolabelled fulllength DRI protein produced by in vitro

transcription and translation. The 29kDa GST protein unfused to DRI and

probed with radiolabelled DRI protein is also shown. Note that the GST-

DRIn¡xre5 and GST-DRI¡¡KLESôp proteins appear as two bands both of

which are less than the size predicted for a GST-DRIR¡ru-es protein. The

reduction in apparent size and the presence of two bands are probably the

result of degradation of the full length product.
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intestinal alkaline phosphatase and analysed by SDS-PAGE (figure 4.5C). No difference in

electrophoretic mobility or number of bands was observed between treated and untreated

samples, or between the mutant and wild-type forms.

4.6 Generation of transgenic lines

The pPIUAS::dri] and pP[hs:: dn] plasmids were independently injected i¡v¡s wt I I8

syncytial embryos in the presence of L2-3 helper plasmid. From approximately 300 embryos

injected with each construct, four confirmed independent transgenic lines were established

carrying the PIUAS::drl] insertion, but no P[hs::dri] transformant was generated. The four

P[UAS::dri] insertion lines were mapped genetically to the X chromosome (UAS " ¿r¡t'2),the

second chromosome (UAS::drF'5 and IJAS:dria'19) andthe third chromosome (IJAS::dría'7¡.

To determine whether the failure to generate a Pfhs::dri] insertion line was due to toxicity of

leaky expression of dri, the line UAS::dri3.5 was crossed to a line homozygous for hs::GAL4

on the third chromosome. When raised at25'C flies heterozygous for UAS::dri3'5 on the

second and ås::GAL4 on the third appeared normal, whereas at29"C these flies exhibited

significantly reduced viability. Heat shock treatment for 30 minutes of third instar larvae

carrying the same insertions resulted in complete mortality. The lethality or reduced viability

caused by dri expression under heat shock control suggested that ubiquitous expression of dri

would not be a practical approach for attempting rescue of dri function in vivo .Indeed, the

lethality of ectopic drl expression has been demonstrated by using a number of GAU

expression lines in conjunction with UAS::dri transgenes (not shown; A. Lumsden, T.

Shandala and R. Saint unpublished observations)

The pP[UAS::drlõARID¡¡3] and pP[UAS::dr/õREKLES pl plasmids were

independently injected i¡¡¡ç yll I 18 syncytial embryos in the presence of L2-3 helper plasmid.

From 300 embryos injected with pP[UAS::driôARIDn¡] and 258 embryos injected with

pP[UAS : : driôREKLESp], 14 independent P[UAS : : driôARIDH¡] and 9 independent

P[UAS::driôREKLESpJ transgenic lines were established. The insertions were mapped
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genetically to the X chromosome (UAS::driõARIDH318't and UAS::drtõREKLES þ12't),the

second chromosome (UAS : : driõARID¡¡1 9'2' 2 l' I' 28' I' 52' 1' 17'2 and 54' I a¡'6

UAS::drlôREKLESpI LI ,30'I and29.t ), and the third chromosome (UAS::driôAIITDH3'17'ó'

2t.3 , 36.1, 38.1 ,43.1,47.1 and 49.1 anduAS::driôREKLESp12.3 , /,3.1, 33.1 , 36.1 and 4./ ¡. All lines

were homozygous viable except UAS::driõARtn"r17'2 and 54'I and UAS::driôREKLESp29'l

and4.l which were maintained over the appropriate balancer chromosome (CyO or TM6B).

Expression of wild-type and mutant forms of DRI was confirmed by western analysis

of eye imaginal disks expressing DRI under the control of the GAL4GMR'PF transgene (figure

4.sB).

4.7 The drl cDNA rescues dri when expressed in the endogenous dri pattern

Using the driT P-element allele to induced male recombination in the presence of a

PlGAIltl inserrion, the original insertion in dri was replaced with [GAlll (T. Shandala and

R. Saint , unpublished results). '¡¡" ¿r¡P[GAll] insertion lines generated by this P-element

replacement express GALA in patterns similar to the endogenous pattern of dri expression and

fail to complement the original driT P-element allele (T. Shandala, pers. comm.). The

P[UAS::dr¿3.5] insertion was recombined onto an EMS generated dri protein null

chromosome dril, generating P[UAS::dr¡3'5] dril.The dril chromosome failed to

complementthe PIGAIA) drireplacement lines used to rescue drl function (table 1).

However, when P[UAS::dr¿3.5] was included, viability increased to 56.8-66.5Vo depending on

the PlGAIttl used. As the PIUAS::dr¿3.5] construct driven by the ¿r¡P[GAr4] G^lA reporter

failed to completely rescue viability, an arbitrary threshold for viability was defined. At a

threshold for viability of 7OVo, no rescue is observed when the lacZ enhancer-trap P-element

allele driT is used (table l; at a lVo confidence level, failure to rescue by driPUacZl is non-

significant if the threshold for viability is reduced to IIVo). Thus the dri cDNA, when

expressed indirectly under the control of dri enhancers, rescues dri loss of function.



transheterozygous lethality by GAL4 driven dri expression.Table 1. Rescue of dri

UAS"drq.s drl q,o percent of expected
viability

probability of N":
viabilitv >7O/"

dr9e
(GAL4)

36

36

43

137 62.4% P=0.43

P=0.15

P=0.70

P<10-12

154 56.8%

151 66.5%

0 174 0.0"/o

drPeF
',GAL4)

drlse
,rGAL4)

driT
Uac4
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4.8 drlôARID¡¡3 acts antimorphically

It was reasoned that removal of DNA-binding activity from a multimeric DNA-

binding protein might result in a dominant negative effect. To test this proposition, wild-type

DRI and DzuôARID¡¡3 lacking DNA-binding activity was expressed in the wild-type dri

pattern using the GAltt-expressing ¿r¡139 allele that was shown to allow rescue of dri

lethality by UAS::dri transgenes. No flies were observed to carry both the UAS::dr/ôARID¡¡3

transgene and the ¿r¡139 PlGAl,4l insertion, indicating that these genes are synthetically lethal

(table 2A; an arbitrary threshold for viability of l07o was chosen for statistical analysis).

UAS::drlôREKLESp transgenes were similarly tested, but showed no significant reduction in

viability when compared to a strain in which E. coli IqcZwas driven by the ¿r¡139 PIGAUI

insertion. Interestingly, expression of wild-type dri in the same system caused a reduction in

viability, suggesting that either the level of dri expression is important or that dril39 GAIÁ

expression is not restricted to the endogenous dri pattern. Note that the synthetic lethality

caused by dyil j9 and UAS::driõARID¡¡3 is not a result of a general interaction of

UAS::driõARID¡q3 with a dri P-element insertion as the lacZ-expressing driT enhancer-trap

allele shows no significant reduction in viability (table 2B).



Table 2A. Lethalfunction of dri ion constructs driven by dn:GAL4

drf 3e q,o percent of expected
viability

probability of N"
viabilitv > 10o/o

UAS::drõARlDH3l8' r 0

0

0

73

86

183

28

40

117

195

190

186

130

108

170

121

154

139

o%

0%

0%

71.9%

88.7"/"

103.7%

37.6"/"

41.2%

91.4o/"

P=0.001

P=0.002

P=0'002

P=1

P=1

P=1

P=1

P=1

P=1

UAS::drõARID¡1312'o

UAS::drõARID¡1343' l
UAS::drõREKLESß r2'3

UAS::drõ REKLES9 t3' r

UAS::dzõ REKLESFss' r

UAS::dr3'5
UAS::dria'7

UAS::lacZ
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In order to confirm the antimorphic activity of drlôARIDg3, it was decide to examine

the genetic interaction of an amorphic dri allele in the heterozygous state with expression of

driôARID¡13 in a non-essential tissue which normally expresses dri. Examination of larval dri

expression patterns revealed that it is expressed in a subset of cells in the wing imaginal disk

which express the homeodomain protein Cut (figure 4.1A). These Cut and DRI expressing

cells are known to the precursors of a group of sense organs, known as the campaniform

sensilla, located on the wing (Huang et al. 1991; Blochlinger et al. 1993). Additionally, DRI

fable 28. lnteraction of dri expression constructs with the driT P-element insertion.

dri4+ qo percent of expected
viability

probability of N':
no change in

viabilitv

UAS::dnôARlDHsls' t 215

198

204

147

150

171

210
174

1

1

1

1

1

1

1

1

93

84

99

105.4%

103.7%

101.2%

98.7%

94.6%

93.2"/"

109.7%

99.1%

P=0.28

P=O-47

P=0'80

P=0.82

P=0.34

P=0.19

P=0.06

P=0.87

5 1

67

96

73

77

UAS::drôARID¡1312'a

UAS::drôARID¡¡343' r

UAS::drôREKLESB r2'3

UAS::drõREKLESÊ t3' t

UAS::drõREKLESß33' r

UAS::dr3'5
UAS::dri4'7



Figure 4.7 - Effects of mutant and wild-type driexpression under GAL4TIB control in the

wing-blade anlage of the wing imaginal disk.

A. Confocal image of Cut (green) and DRI (red) expression in the larval

wing imaginal disk. White anow heads indicate the location of sense organ

precursor cells expressing both Cut and DRI.

B-H. Photomicrographs of wings from females of the following genotypes:

g. * t t t B,C. pIUAS : :driõARID H31 
8. I 1¡wt I I I ;+:GA747 t B ¡ ¡ (full wing), D I .

as in B. andD}. as in C. showing magnification of the region around the

anterior cross vein, D3 as in B and D4 as in C. showing magnification of the

region around the twin campaniform sensilla of the margin (black affow

heads indicate the presence of campaniform sensilla), E-F.

,t I I9;+;PIUAS::drlõARIDH3/7.61tclf4ztB , G. *t t t8;+;GA¡47t8

P[UAS::drlõARIDrr¡ ]7'ql+ and H. *t I I9;drit |+;GAL47tB

PIUAS : :driô ARID ¡¡3 
] 7'6 ll +.
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appears to be expressed at low levels throughout the wing imaginal disk. Thus the wing was

chosen as a target tissue for confirmation of driôARID¡¡3 antimorphism.

UAS::driôARID¡¡3 expression was targeted to the wing using the GAI-4718 enhancer-

trap which expresses GAl4 in the wing-blade anlage of the wing imaginal disk (Brand and

Perrimon 1993). Expression of UAS::druôARID¡¡3 under 6¡74718 control resulted in

variable wing vein defects and losses of campaniform sensilla, in regions consistent with the

endogenous expression pattern of DRI (figure 4.78-H). These defects are consistent with

effects observed in flies carrying unmarked somatic clones lacking functional dri (T.

Shandala, pers. comm.). The severity of wing defects correlated with the level of protein

èxpression from the trangenic constructs driven by GAIIGMR'PF in the larval eye imaginal

disk (figures 4.7CEF and 4.58). Expression of UAS::dri under GAL4TtB-control was lethal to

the flies at l8'C and 25"C (0/130 and 0/163 respectively) suggesting that GAL4TIB expression

is not confined to the wing imaginal disk. Thus it was not possible to examine the effect of

GAL471B driven expression of wild-type dri.

It was reasoned that reducing the levels of endogenous dri would agonise the activity

of driôARID¡¡3 if the mutant were antimorphic. Thus, to establish whether drlôARID¡¡3 acts

antimorphically, the dose of endogenous dri was halved by placing ç¡74718 un¿

P[UAS::driôARID¡q3] in a dri heterozygous mutant background. A chromosome carrying

both GAIttTIB an¿P[UAS::dnõARID617'6f, aweakly expressing UAS::driôARID¡¡3

transgene (figures 4.58 and 4.78-F), was generated by recombination to facilitate the

coordinate manipulation of the two genes. The wing phenotype generated by the genes in cis

was slightly stronger than when they were arranged in trans (figure 4.78-G). To test whether

GAL4TIB p[UAS::driôARIDs317.6l acts anrimorphically in the wing, ¡6" 6¡24718

P[UAS::driõARIDH¡17.61chromosome was placed in a dril heterozygous background.

Although the distribution of phenotype expression resulting form the GAL4TlB driven

UAS::driôARIDg3 expression in the dril heterozygous background overlapped that seen in

the dri homozygous wild-type background, the severity of the phenotype in dril

heterozygotes was greater than in the wild-type when comparing the most extreme cases of
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each class (figure 4.7G-H). The variability of phenotypic severity observed to result from

6¡74718 driven UAS::drjôARID¡¡3 expression is consistent with the high degree of

phenotypic variability seen in embryonic dri mutant studies (T. Shandala, pers. comm.)

glass (gI) regulates expression of lacZin the enhancer-trap P-element insertion in driS

(Treisman and Rubin 1996), suggesting that eye development would be a good system for

analysis of DRI function in development. However, effects on eye development were not

examined in detail as a GAl-zt-inducible wild+ype dri construct is lethal at the pupal stage

when expressed under g/ control through ¡¡" 6¡21GMR'PF gene while the GAL¿1 inducible

driõARID¡13 causes no gross morphological defects (data not shown). The apparent paradox

of lethality caused by GL/GMR driven dri expression is probably a result of ectopic

expression vs ç¡74GMR.PF driven expression of D-cbI has been shown to cause defects in

tissues other than the eye, indicating that activity of the GMR enhancer is not restricted to the

eye (G. Hime, pers.comm.).

4.9 dri lacking the REKLES B region is able to rescue dri function in vivo

In order to examine the in vivo role of the REKLES p region of DRI, rescue

experiments similar to those described for wild-type dri were performed. The third

chromosome in sertion s, P[UAS : : d ri4'7 ], PIUAS : : drtôREKLES U13' 
1 ] and

P[UAS::dr¿ôREKLES p33.t1were homozygosed into the dri] background, generating the lines

dril lcyo;P lrJ AS::dria'71, drit lcyo;P [uAS : :drlõREKLES p13'1 ] and

dritICyO;P[UAS::driôREKLES p33']1.When these lines were crossedto drit39, viability was

observed to be 56.2-6L5Vo indicating rescue of the transheterozygous dri lethal\ty (table 3A).

However, no rescue is observed when the lacZenhancer-trap P-element allele driT is used in

place o¡ ¿r¡139 (table 3B), indicating that rescue is dri::GAØ-dependent. These results show

that the REKLES p region of DRI is not essential for DRI function during stages of embryonic

and imaginal development rescued by the wild-type transgene.



Table 3A. Rescue of dri transheterozygous lethality by GAL4 driven drõ REKLESp expression

dr¡t?et¿rf ariltcyo percent of expected
viability

probability of N":
viabilitv > 70o/"

UAS::drõREKLESp t3' r
46

38

58

181

165

225

60.8%

56.2%

61.5%

P=0.27

P=0.12

Þ=0'26

UAS::drôREKLESpS3' r

UAS::dri4'7
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4.10 Discussion

The preceding results chapters have described the identification of dri mutants and

conserved domains within the eARID group of proteins, and have described an examination

of the feasibility of genomic rescue of dri mutant lethality . The experiments described in this

chapter examine the roles of conserved domains in the DRI eARID protein in vivo. Structural

prediction analysis of the conserved eARID and of the REKLES domain of DRI was used to

identify targets for deletion mutagenesis in order to examine the roles of the conserved

domains. Two highly conserved regions within DRI were chosen for mutagenesis, the third

ARID helix of the eARID and the REKLESp region of the REKLES domain.

The in vitro functions of the conserved domains were examined. Gel mobility shift

assays of NP6 DNA-binding by the DRI eARID showed that the ARIDH¡ region is required

for NP6 DNA-binding. Western analysis of the REKLES domain using radio-labelled DRI as

a probe showed that the REKLES domain is capable of mediating self-association, consistent

with the finding of Herrsch er et al . ( I 995) that the region of Bright corresponding to the

REKLES domain confers tetramerisation activity. However, deletion of the REKLESB region

Iable 38. Requirement for GAL4 by dri express ion constructs for rescue.

dri4drf ariltcyo percent of expected
viability

probability of N"

viabilitv > 70o/"

UAS::drõ REKLESB t3' t
0

0

0

178

193

180

0%

0%

0%

P<10-12

P<10-13

p<1 o-12

UAS::drõREKLESp3S' r

UAS::drF'7
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did not abolish self-association, indicating that this region is not required for this activity. The

presence of an invariant tyrosine residue within the REKLES p region suggested that the motif

may be the target of a kinase. Examination of phosphorylation states of the REKLES domain

failed ro show differential phosphorylation of the mutant and wild-type REKLES domains in

the in vitro ftanslated protein. This result does not preclude the phosphorylation of this site in

vivo , as the in vitro translation system used was derived from rabbit reticulocytes and thus

may not possess the specific kinase activity required. A role for the REKLES p region has

been suggested by preliminary observations that a GRO-DRI interaction, identified by

Valentine et aI. (1998), is abolished with DRI lacking the REKLESp region (4. Courey, pers.

comm.).

The observations that the REKLES domain is able to mediate self-association and that

the REKLES p region is required for GRO-DRI interaction, but not for self-association,

suggests that the REKLES domain is in fact two domains. This assertion is supported by the

observation that the DrosophilaDRl and C. elegans T23D8.8 REKLES domains possess

insertions amino-terminal of the REKLES p region. On the basis of these observations the two

regions of the REKLES domain split by the insertion are now named the REKLES6¡ (amino-

terminal region) and REKLESp (carboxy-terminal region) domains. To test the possibility

that the REKLESo domain does in fact mediate self-association, DRI with deletions spanning

the REKLES' signature (amino acids 463-473, upNr,vxgeres) should be examined for self-

association activity.

The identification of the P-element insertions I(2)02535 and I(2)05096 as dri alleles in

chapter 2 was confirmed by the finding that EMS induced mutations failing to complement

these insertions show loss of anti-DRI immunoreactivity as assayed by

immunohistochemistry (T. Shandala, pers. comm.) and western analysis. This result was

confirmed by showing that lethality due to mutations failing to complement the two P-

element insertions was reduced by expression of the dri cDNA in the endogenous dri pattem'

A requirement for the ARIDg3 and REKLES p regions for DRI function in vivo was

assayed by expression of DRI lacking these regions. As predicted on the basis of other studies
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of multimeric DNA-binding proteins (Norton et al. 1998), UAS::driõARID¡¡3 was found to

act antimoqphically. This antimorphic activity is presumably a result of the incorporation of

DRIôARIDs3 into a DRl-multimer complex, compromising the DNA-binding activity of the

complex. No affects were observed when UAS::drJôREKLESp was expressed in the

endogenous drd pattern.

The ability of wild{ype and REKLES p mutant dri transgenes to complement lack of

zygotic dri activity was examined by expressing the transgenes in the endogenous dri pattern.

The high level of rescue observed with UAS::drdõREKLES p transgenes indicates that the

REKLESp deletion does not result in a significant loss of zygotic dri function. However, the

reduction in viability observed when wild-type dri transgenes were expressed in the

endogenou s dri pattern under the control of the dril3g PÍGAIA) transgene was not as marked

with UAS::drlôREKLESp transgenes. These results indicate that DRIôREKLESp lacks

functions present in the wild-type protein, although these functions have only presented

themselves in artificial situations thus far. Further analysis of the requirement for the

REKLESp domain invivo is necessary to determine functional roles for this domain in DRI

function.

The antimorphic activity of the UAS::dr¡ôARID¡r¡ suggests a test for the role of the

proposed REKLESü domain. Abolition of a self-association domain would be expected to

relieve the antimorphism resulting from loss of DNA-binding. Thus a dri mutant transgene

lacking both the ARIDs3 region and the REKLESc domain would be expected to lack

antimorphic activity.
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Chapter 5: General discussion

Don't bite myfinger-lookwhere it's pointing. - Warren S. McCulloch

5.l lntroduction

This thesis describes the characterisation of the Drosophila dead ringer (dri) gene and

conserved domains within the DRI-like, eARID proteins. DRI has been shown to possess a

strongly conserved DNA-binding domain shared with a number of other proteins (Gregory et

aI. 1996; Herrscher et al. 1995; Kortschak et aL 1998) and to act as a transcription factor in

conjunction with the Groucho (GRO) corepressor to repress ventral expression of zerknüIlt

(Valentine et aI.1998). The previous failure to find conserved domains outside the eARID

DNA-binding domain raised the question of how the interactions of DRI with GRO and other

possible interactors may be mediated (Gregory et al. 1996; Herrscher et aI. 1995) .

Evolutionary analysis of DRI orthologues from vertebrate species was used to identify

conserved domains outside the eARID. The conserved domains in the DRI protein, including

the previously described DNA-binding domain, were characterised functionally in vitro.The

in vivo roles of conserved domains in DRI were partially characterised by replacement of

endogenous DRI with specifically mutated dri transgenes. Endogenous dri function was

removed by loss of function mutations in dri, identified through the analysis of the genomic

structure of dri and P-element insertions known to be located in the vicinity of dri (Kortschak

1993; Gregory et al. 1996).

5.2 Structure of the dri locus

The primary aims of characterising the dri locus were to examine the potential for

generation of mutant genomic transgenesis constructs and the identification of dri mutations.

The large size of the dri transcription unit and the uncertainty of the location of cis-regulatory

elements made specific mutation and reintroduction of genomic construct unfeasible due to
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technical constraints of Drosophila transgenesis and uncertainties in the distribution of

required regulatory elements. However, two non-complementing P-element insertions in the

vicinity of the dri transciption initiation site were identified (dri7 and driS). Expression of the

enhancer-trap reporter-gene from the P-elements has been shown to be coincident with the

endogenous dri expression pattern (Gregory 1996). Two homozygous lethal EMS-generated

alleles (dril and dri\ farling to complement the P-element insertions show loss of anti-DRI

antibody staining as determined by'Western analysis, and immunohistochemistry on

homozygous embryos and FLP-FRT generated somatic clones (T. Shandala, pers. comm.).

Further, the dri cDNA under the control of the G/JA UAS system is able to rescue the

transheterozygous lethality of dril over the ¿¡'¡PlGAlAl GAL4 expressing enhancer-trap

insertions. Thus, the driT and driS P-element insertions can be concluded to disrupt drl

function.

Genomic characterisation of the dri locus revealed that the structure of the drí gene is

complex. The transcription unit is broken into 12 exons and spans more than 20kb. The

complex structure of the transcription unit in conjunction with the observed complexity of the

drd expression pattern throughout development is suggestive of a complex regulatory system

involving a number of factors. One of these factors has been identified previously, namely the

Glass (GL) zinc-finger protein (Treisman and Rubin 1996). Enhancer-trap reporter-gene

expression from driS was shown to be g/-dependent in the eye. The complexity of dri

regulation is supported by the observation that IGAUI insertion lines targetedto dri by P-

element replacement using the driT P-element insertion show a variety of enhancer-trap

reporter-gene expression pattems, overlapping with the endogenous drl pattern (T. Shandala,

pers. comm.). Possible methods for determining factors involved in the regulation of dri

expression will be discussed below.
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5.3 A novel domain specifically associated with the eARID

A question was raised in the introduction of this thesis of how DRI mediates effector

function when bound to DNA. The domain model of transcription factor structure proposed

by Ptashne (198S) suggests that DRI-like proteins would possess a second domain, outside

the 9ARID, capable of interacting with other proteins and mediating functions necessary for

trans-regulation. To test this hypothesis against the counter hypothesis that the eARID is an

integrated DNA-binding and effector domain, orthologues of the known dri-like genes were

identified and the sequences of their protein products compared. In addition to the eARlD, a

second region of conservation was brought to light, named the REKLES motif. Extensive

searches of sequence databases failed to find the REKLES motif, in full or in part, associated

with any non-eARID protein, indicating that the REKLES domain is specifically associated

with the eARID. The specific association of the REKLES domain with the eARID suggests

that DRI-like (eARID) protein function is mediated through activities associated with the

REKLES domain, the eARID/REKLES domain complex acting as an integrated DNA-

binding and effector system in accordance with the model proposed by Ptashne (1988).

As no significant similarities were identified between the REKLES domains of the

known eARID proteins and any other published protein sequences, the function of the

REKLES domains could not be inferred on this basis. However, a region of the mouse Bright

protein corresponding to the REKLES domain in that protein has been shown to be required

for tetramerisation (Herrscher et al.1995), suggesting that the REKLES domain may be

responsible for self-association. The division of the DRI REKLES domain into two conserved

regions by the insertion of 237 amino acids is suggestive that the REKLES domain may

mediate more than one function. Investigations of functions of REKLES domain regions,

both in experiments described in chapter 4 of this thesis and work by others, will be discussed

below.
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5.4 Phylogeny of dri genes

The specific association of an effector domain with a DNA-binding domain in such a

small set of proteins as seen in the eARID proteins raises questioni about how such a domain

system arose evolutionarily. Phylogenetic analysis of the known eARID/REKLES domain

proteins suggests some partial answers to this question. Thus far no eARID proteins have

been identified in phyla outside the metazoan lineage while two ARID proteins have been

identified outside the metazoan lineages, the S. cerevisiae Swil and YM8010.06 proteins,

suggesting that the eARID/REKLES system is a specifically metazoan factor.

The evolution of the eARID appears to have resulted from the acquisition of flanking

regions (wings) conferring site specificity by the ARID, shown to be a non-site specific

DNA-binding domain (Huang et al. 1996, K. Itakura pers. comm.; Treisman et al. 1997,J.

Treisman, pers. comm.). If this is the case it is likely that the core of the eARID binds DNA

through the minor groove (Henscher et al. 1995), a surface presenting few cues for a protein

to identify a specific target, with the wings wrapping around the DNA helix to make contacts

with specific groups in the major groove (figure 5.lA). This is consistent with the

observations that the SWVSNF complex binds through the minor groove, possibly via the

Swil ARID (Quinn et al.1996), and that the DRI core ARID is unable to bind the NP

oligonucleotide (Gregory 1996). This proposition can be tested by the replacement of the core

ARID of an eARID protein with a heterologous core ARID from a non-eARID protein. The

prediction made by the flanking region hypothesis is that the chimeric eARID should bind

DNA with similar specificity to that of the original eARID. A further prediction of the

hypothesis is that specificity of binding by the eARID is defined by the wings. A test of this

would be to examine the binding specificities of the two D. rerioDri proteins as they diverge

in the amino-terminal wing. More specific tests would involved generation of specific

mutations in the wings, which should modify binding specificity of the eARID. A further test

for eARID wing function would be to examine the potential for co-occupancy of the NP site

by DRI and EN, as the flanking region hypothesis predicts that DRI binding would preclude

EN binding due to obstruction of the major groove by the eARID wings.



Figure 5.1 - Proposed models of eARID-DNA interaction and DRI domain structure'

A. Model of eARID DNA-binding conformation based on experiments

described in this thesis and evidence from other sources, outlined in the text.

The eARID is proposed to bind DNA through the interaction of the core

ARID with the minor groove of the DNA double helix in conjunction with

interactions of the eARlD-specific "wings" with the major groove which

provide site-specificity for eARID DNA-binding.

B. Proposed primary structure of domain organisation within the DRI

protein, showing the relative positions of the eARID (amino acids 263-399,

core287-369), and the REKLESC¡ (amino acids 463-541) and REKLESp

(amino acids 779-807) domains. Abolition of eARID DNA-binding activity

results in antimo¡phic activity in vivo. Deletion of the majority of the

REKLESp domain results in context dependent hypomorphism in vivo.The

in vivo activity of the REKLESd domain has not been examined in

Drosophila. However, deletion of regions of the REKLES., domain and the

REKLESp domain in the mouse homologue, Bright, abolishes tetramerisation

in vitro (Herrscher et al. 1995). This result, in conjunction with the

observation that deletion of the DRI REKLESp domain does not prevent DRI

self-association in vitro, stsggests that the REKLES.¡ domain mediates this

interaction.
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The acquisition of the mediatory function provided by the REKLES domain appears to

have coincided quite closely with the evolution of the eARID as the eARID and REKLES

domains do not exist independently, although this observation should be regarded with

caution as only six eARID/REKLES domain proteins are known. Thus a likely scenario is

that the evolution of sequence-specific binding enabled the acquisition of a mediatory

function. The converse scenario, that the REKLES domain preceded the evolution of the

eARID seems unlikely as the possession of transcriptional effector domains, as is proposed to

be the function of the REKLES domain, by a non-site specific DNA-binding protein would be

likely to be delèterious to the organism. The evolutionary origin of the REKLES domain is

less clear than that of the eARID as there is no apparent ancestral form of the REKLES

domain.

The use of comparative genomics as illustrated by the identification of a novel domain

in the eARID group of proteins suggests a method for identifying regulatory factors

controlling the complex dri locus. Comparison of sequences in the Drosophlla bw gene and

the vertebrate p-globin locus control region has been used to identify cis-regulatory elements

mediating interactions with trans-acting factors (Martin-Morris and Henikoff 1995; Shelton

et aI. 1997). Comparison of the upstream region of the dri locus with the upstream region of

drill showed no significant sequence conservation, probably due to the long period of

divergence between the two genes. However, identification of cis-elements controlling the

regulation of dri should be feasible by comparison of the D. melanogaster and D. virilis

sequences, as has been done with the bw gene (Martin-Morris and Henikoff 1995).

5.5 Functional characterisation of DRI domains in vivo

The identification of the conserved DNA-binding eARID in the DRI and Bright

transcription factors suggests that this domain is responsible for the targeting of DRI and

Bright proteins to the DNA enabling interactions with other proteins on the DNA or the

recruitment of other factors. However, the role of the ARID in vivo has been questioned by
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the observation that the Swil protein does not require the ARID for SV/VSNF function (C.

peterson, pers. comm.). To determine whether the ARID is required for DRI function, a

mutant form of the protein lacking a highly conserved region of the ARID was generated,

namely DRIôARID¡¡3. The eARID encoded by driõARID¡¡3 showed no detectable DNA-

binding activity in electrophoreric mobility shift assays under conditions in which the DRI

eARID exhibits DNA-binding activity, indicating that DRIôARID¡¡3 lacks ARlD-mediated

DNA binding activity. As no DNA-binding experiment was performed with full length

DRIôARID¡¡3 the presence of other DNA-binding domains cannot be ruled out.

As discussed above, sequence comparison of the six known eARID proteins identified

a novel conserved motif, the REKLES motif. Coincidence of the REKLES motif in the Bright

protein with the Bright tetramerisation domain, identified functionally (Henscher et al ' 1995),

suggests a role of self-association for the REKLES domain. The proposed self-association

activity of the REKLES domain was confirmed by Western analysis of the DRI REKLES

domain probed with radio-labelled full length DRI. However, deletion of the REKLESp

region, the most conserved region of the REKLES domain, did not abolish self-association,

indicating that this region is not required for self-association. However, work by others has

suggested that the REKLESp region is required for interaction of DRI with the GRO

corepressor (4. Courey, pers. comm.). The observation of REKlESp-independent self-

association and REKLES p-dependent GRO interaction supports the hypothesis stated above

that the REKLES domain is actually two domains, separated by a large insertion in

Drosophila DRI; the amino-terminal REKLES.¡ domain mediates self-interaction and the

REKLESp domain mediates GRO binding (figure 5.1B). Confirmation of this hypothesis will

require the generation of driôREKLES 6¡ mutants and analysis of in vitro self-association

activity.

Comparison of the D. rerio proteins indicated differences between Dril and Dri2 in

the REKLES6¡ domain. The function of the REKLES6¡ domain proposed here is to mediate

self-association. Thus differences between the two Dri REKLES6¡ domains may impart

specificity to ensure that the paralogues do not cross-associate.
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As DRI has been shown to self-associate, it rwas reasoned that expression of DRI

lacking DNA-binding activity might act antimorphically by poisoning the DNA-binding

activity of DRI complexes in which it is contained, in the same manner as the vertebrate Id

helix-loop-helix protein prevents MyoD DNA-binding (Norton et aI.1998). The observation

that splice variants of bright mRNA lacking the tetramerisation domain act antimorphically

(P. Tucker, pers. comm.) suggested that the REKLES domain deletions might also act

antimorphically. To test the possibility of antimorphic activity of the deletion constructs,

driôARIDg3 and driõREKLESp were expressed in the endogenous dripattern using the

¿r¡PtGAult3g enhancer-trap used to drive wild-type dri expression to give rescue (described

above). Expression of driõARID¡¡3 resulted in complete lethality, while driõREKLES p

expression showed no consistent reduction in viability. The failure to observe results

equivelent to those seen with Bright deletions may be due to the fact that the driôREKLESp

deletion construct does not lack the entire region covered by the deletions in Bright resulting

from the variant splicing of exons.

The lethality of driôARID¡¡3 when expressed in the endogenous dri pattern suggested

that the UAS::driôARID¡¡3 transgene acts antimorphically. To confirm this antimorphic

activity a non-essential model tissue was examined for enhancement of the driôARID¡¡3 by

reduction of endogenous dri levels. The adult wing is not essential for viability and larval

tissues giving rise to the wing express dri. Thus the wing was chosen as an appropriate tissue

for study. Expression of UAS::driôARID¡¡3 transgenes in imaginal wing-blade anlag resulted

in venation and sense organ defects. The severity of the defects correlated with the levels of

DRIõARIDH3 as assayed by western analysis. Consistent with the hypothesis that

UAS::driôARID¡13 transgenes act antimorphically, reduction in the dose of endogenous dri

resulted in an increase in the severity of wing defects.

The in vlvo expression of driôARID¡¡3 in the endogenous dri pattern and specifically

in the wing imaginal disks indicates that the core ARID is essential for DRI function and that

DRI lacking ARID function acts antimorphically.
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Expression of driõREKLES p in the endogenous drl pattern was found to be able to

rescue lethality caused by dri loss of function mutations, nearly to the same extent as the

wild-type transgene. However, the lethality caused by ectopic expression of wild-type dri, or

the expression of dri under the control of dri P[GAL4] enhancer-trap insertions was not

reiterated with driôREKLESp in the same systems, indicating that the DRIôREKLESp

product does not possess the complete set of DRI activities. The ability of

UAS::driôREKLESp to rescue drilethality indicates that REKLESp domain mediated

functions are not required during the stages of development rescued by the UAS transgenes,

that is, zygotic dri activity essential for viability. Thus, REKLES p domain deletion results in

a context-dependent hypomorphism with respect to dri function. Currently, REKLESp

domain mediated functions are only revealed in artificial situations involving ectopic

expression. However, the possibility that the REKLES p domain is responsible for mediating

the DRI-GRO interaction offers the possibility that replacement of maternal wild-type dri

with driôREKLES p will disrupt zerloúIlt (zen) expression, a target of dri regulation

(Valentine et al. 1998).

Groucho-related proteins form a family of transcriptional corepressors (Fisher and

Caudy 1998). These proteins function as non-DNA-binding repressors of transcription which

act by interacting with specific subsets of DNA-binding transcription factors, including DRI

in an interaction which has been proposed to mediate repression of the zen gene (Valentine e/

al. 1998). GRO mediated repression in the terminal regions of the Drosophila embryos has

been shown to be antagonised by the Torso (TOR) protein tyrosine kinase signalling pathway

(Paroush et at. 1997). However, the target of TOR kinase activity has not been identified.

With the suggestion that the REKLES p domain is responsible for DRI-GRO interaction and

the observation that the REKLES p domain possesses an invariant tyrosine residue, it is

tempting to speculate that the target of TOR kinase activity is the REKLESp domain of DRI

and that TOR-dependent phosphorylation of the invariant tyrosine results in disruption of the

DRI-GRO interaction. An interaction of DRI with GRO regulated by phosphorylation would

also explain the differential repression of zen within the ubiquitous expression domain of dri
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seen at the stage at which dri actsin zen regulation (Gregory et aL I996;Yalentine et al.

199S). The proposition that TOR phosphorylates DRI can be tested by immunoprecipitation

of DRI using anti-DRI antiserum and detection of phosphotyrosine with anti-phosphotyrosine

antibodies. Confirmation of the specificity of the TOR kinase activity for the REKLES p

domain will require the generation of epitope-tagged, wild-type and REKLES p domain

deletion constructs to enable the specific isolation of protein lacking the proposed target of

TOR activity.

One of the points raised in the introduction was the role that transcription factors may

play in chromatin regulation. The self-association activity demonstrated for DRI and Bright

suggests that they may act as protein bridges between homologous chromosomes in a similar

manner ro that observed withZ (Pinotta 1990). Indeed, given that Bright, and probably

DRI, forms a tetramer, and given the likely arrangement of subunits in a tetrameric complex,

the only way to allow all four eARID DNA-binding domains to be occupied would be to

invoke either DNA looping or associations between trqns-binding sites (figure 5.2).

5.6 dri mutants as tools for developmental systems analysis

The identification of the antimorphic driõARID1¡3 activity of transgenic expression

constructs suggests a potential route to investigation of dri function in development. dri

mutations have highly pleiotropic effects in embryonic development and drihas been shown

to influence a number of imaginal developmental processes (T. Shandala, R. D. Kortschak

and R. Saint, unpublished results; G. Rubin, pers. comm.). The high degree of pleiotropism

and the embryonic lethality of dri mutations have necessitated the use of random clonal

analysis to investigate the function of dri in specific tissues and in postembryonic

development. By using the antimorphic activity of UAS::driôARIDg3 expressed under the

control of tissue-specific GAL4-expressing enhancer-traps, the role of dri in these tissues can

be examined.
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5.7 Summary

Gene expression and the maintenance of genetic material in the eukaryotic nucleus are

regulated by a large array of interacting factors. At the simplest level, gene expression is

controlled by the action of DNA-binding transcription factors that modulate the recruitment

of RNA polymerases in a similar manner to that observed in prokaryotic systems. In

eukaryotes, however, additional layers of complexity exist which serve to modify the

accessibility of the DNA binding-sites to transcription factors. These higher order regulatory

systems presumably allow a greater degree of control of gene expression in the larger

genomes of eukaryotes and allow the genome to be efficiently packed within the nucleus. The

existence of layers of gene regulatory control systems suggests that a hierarchy of gene

regulatory systems acts in eukaryotes. However, this notion appears not to be the case as each

layer appears to effect the activity of other layers, resulting in an entangled network of

interactions leading to the appropriate regulation of gene expression. DNA-binding

transcription factors constitute core components of this network, mediating interactions

between the DNA, RNA polymerases and the higher order regulatory systems, through their

DNA-binding and effector domains.

A number of members of the ARID family of DNA-binding proteins appear to be

involved in aspects of chromatin regulation and control of gene expression. Members of a

subgroup of the ARID family, the metazoan specific eARID group, have been shown to

possess transcription factor activity. Evolutionary analysis of the eARID group of proteins

has been used to identify conserved domains outside the DNA-binding eARID which might

be involved in interactions with other factors. Two novel motifs were identified, the

REKLES' and REKLES p domains, which are proposed to mediate self-association and GRO

corepressor binding respectively. Analysis of the in vivo function of the REKLES p domain

showed that it is not required for rescue of zygotic dri function, but is required for some

aspects of dri activity in artificial systems. Further work will be required to confirm the

molecular activities of the REKLESü and REKLES p domains and to examine the roles of

these activities in vivo.Deletion of a highly conserved region of the eARID DNA-binding
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domain resulted in the generation of an antimorphic transgene, indicating an essential role for

the eARID in DRI function and suggesting that DRI acts as a multimer invivo-The

generation of the antimorphic UAS::driôARID6 transgene will provide an invaluable tool

for the examination of the developmental role of dri during post embryonic development and

the development of specific tissues in the embryo.



75

6. Methods and Materials

Do not infest your mind with beating on the strangeness of this business. - William

Shakespeare

6.1 Abbreviations
Azeo: optical absorbance at the wavelength 260nm

Aooo: optical absorbance at the wavelength 600nm

AED: after egg deposition

APS: ammonium persulphate

BCIG: 5-Bromo-4-chloro-3-indolyl ß-D-galactopyranoside

BCIP: 5-Bromo-4-chloro-3-indolyl phosphate

bisacrylamide : N,N'-methylene-bisacrylamide

bp: base pairs

CIP: calf intestinal alkaline phosphatase

DMSO : dimethylsulphoxide

DNA: deoxyribonucleic acid

DNaseI: deoxyribonuclease I
dNTP: deoxyribonucleoside triphosphate

DTE: dithioerythritol

DTT: dithiothreitol

EDTA: ethylenediaminetetraacetic acid

GST: glutathion-S-transferase

hpf: hours post fertilisation

IPTG: isopropyl ß-D-thiogalactopyranoside

kb: kilobase pairs

kDa: kilodaltons

NBT: 4-nitro blue tetrazolium chloride

PAGE: polyacrylamide gel electrophoresis

PEG: polyethylene glycol

PSB: phage storage buffer

rATP: ribo-adenosine triphosphate

RNA: ribonucleic acid

RNaseA: ribonuclease A

SDS: sodium dodecyl sulphate

TEMED: N,N,N',N-tetramethylenediamine

U: unit of enzyme activity

UV: ultraviolet light
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6.2 Materials

6.2.I Chemicals and Reagents

All chemicals were obtained from departmental stocks and were of analytical grade or the

highest purity available.

Most chemicals and reagents were obtained from a range of suppliers, the major sources of

the more important chemicals and reagents are listed below.

rATP, dNTPs, DTT, ethidium bromide and IPTG: Sigma

Acrylamide, chloroform and DMSO: BDH, Ltd.

Agarose (ultra pure), Ammonium persulphate, bisacrylamide and TEMED: Bio-Rad

BCIG, BCIP, NBT and glycogen: Boehringer Mannheim

Agarose (molecular biology grade): Promega

Urea: Merck

Phenol: Wako pure chemical industries, Ltd.

6.2.2 Enzymes

Enzymes were obtained from the following sources:

Restriction endonucleases: Pharmacia, New England Biolabs and Boehringer Mannheim.

T4 DNA Ligase: Boehringer Mannheim

Calf Intestinal Alkaline Phosphatase: Boehringer Mannheim

Ribonuclease A: Sigma

Proteinase K: Boehringer Mannheim

Lysozyme: Sigma.
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6.2.3 Kits

DIG RNA labelling kit:Boehringer Mannheim

Gene Clean kit: Bio 101

HiTrap Protein G Column: Pharmacia

Megaprime DNA radiolabelling kit: Amersham

Qiagen DNA prep kit: Qiagen

QIAprep Spin: Qiagen

QlAquick Gel Extraction kit: Qiagen

QuikChangeru Site-Directed Mutagenesis Kit: Stratagene

Sequenase double stranded DNA sequencing kit: USB

TNTrM Coupled Reticulocyte Lysate System: Promega

6.2.4 Radionucleotides

a-32p-dATP (specific activity,3000Ci/mmole; concentration, l0mCi/ml): Amersham

6.2.5 Antibiotics

Ampicillin and kanamycin were obtained from Sigma.

6.2.6 Molecular weight standards

phage À (c1857 indl Sam7, New England Biolabs) DNA restricted with BsrEtr and,SalI was

used as DNA molecular weight standards. Prestained molecular weight markers (Gibco BRL

and BioRad) were used as protein molecular weight standards.
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6.2.7 Oligonucleotides

Vector complementary oligonucleotides:

P-element primer: 5' ccA ccc GAc cAc

KS primer: 5' ccA Gcr ccÀ cGG

SK primer: 5' Tcr AGÀ Acr AGT

T3 primer: 5' ATT AAc ccr cAc

T7 primer: 5' AAT Acc Acr cAc

CTT

TAT

GGA

TAA

TAT

dead ringer complementary oligonucleotides:

18.7kb: 5 I ccA ÀTT cAT ccc ccr ATT cAc ATT TcA G 3'

check: 5' TTc ccA crc ccc cAc AÀc rc 3'

COneXOn 3': 5, Ccc cAT CCT ATG AGC GCC CCT TGA AAA AC 3'

conexon 5': 5' ccA ATT ccr ATG TcG TTA TGT TGT Gc 3'

Dril 5': 5' AAA GGc cAc AGc GTT GT 3'

dTi37: 5. GAC AGC TCT ATG ÀÄA TC 3'

dri4l: 5' TAG Tcr ccc rcr GTG AcA 3'

dri48: 5' cAA ccA cAT ccc GAT GÀc G 3'

dri5' genomic: 5' TTA crc crc cAc ACG crc AcA 3'

dri5'genomic2: 5' ccr ccc ATA AcG Gcr rrr cAA 3'

dri5' genomic3: 5' Tcr rAA Gcc cAc rcr ccr GTT 3'

dri53: 5' AGG ccA AGA AGG AGc AGG 3'

dri54: 5' TTc rcA ATc Gcc GAG TcG 3'

driA: 5' cAT crc crc crr GAc cA 3'

driB: 5' TGc rcc ccc cAG GTG TG 3'

driCR: 5' TGT cAT ccr ccr ccA cG 3'

driD: 5' cAc cAc cAc cAT cAG GC 3'

driE2R: 5' ccc ATc ccc ccl crA cAc AGc 3'

driE3R: 5' cAA ccc Acc Acc AGA TG 3'

driE4: 5' crc Acc ccc AGc rcc GTc 3'

driE4R: 5' cAc ccA Gcr ccc ccr GAG 3'

driE: 5' cAA TGT ccc Gcr GTC Ac 3'

driF: 5' cAc AAc cAA AGG AAT Acc 3'

dTiRT: 5' CGA GTG CGA GAA AÂA GAA T 3.

driRTR: 5' ATT crr rrr crc GcA crc G 3'

exon 1 5" 5' ccA ATT crr rcA ccr GGA TAc rrc rAc r 3'

EXON I 3' 5, CGG GAT CCC TTA AGC GCA CTC TCC TGT TT 3'

Gl: 5' TCc AGG Tcc GGc rGT G 3'

inside: 5' ccr ccA Tcc ATT ATT crc cr 3'

ä19 J

cG 3'

TC 3'

AG 3'

AG 3'



intron 1 3'end:

intron 5 5'end:

RT-PCR 5':

RT-PCR 3':

Ahelix3 tester:

ARID box 5'

ARID box 3'

REKLES box 5'

REKLES box 3'

5. CGG

5. GGÀ

5' GGA

5' CGG

5' GCT

5' CGG

5. GGA

5' CGG

5' GGA

GAT

ATT

ATT

GAT

GTG

GAT

ATT

GAT

ATT

ccT

CTÀ

CGT

ccr
GCA

ccG

CGT

ccc

CAT

TAC

cAc

TAT

TGT

GGA

CAG

CAT

TAC

ccT

ACC

cAc

ATT

crc
GAT

CAG

CGG

GAG

TCC

AÀÀ

TTT

GAC

TTT

CAA

A.A,T

CAT

ATG

CTG

ACT

ccA

ATT

ccA

3'

GGA

CTG

cAc

ACC

ACC

cAc

CGT

TTC

CAT

AAT

CAT

GCC

TAG

TTA

CAG

ATT

CGG

TCG

ccc

GTC

cAc

GNA ÀRG

RCA YTC

TNT TY[^I

ARR TAY

CAT T 3'

ÀcT c 3'

c 3'

TG 3'

TGG A 3'

GTT GTG 3'

AAC CAG 3'

ACG G 3'
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cc 3'

GC 3'

GAG 3'

GCC 3',

Mutagenic oligonucleotides :

Ahelix3+: 5' ccc ccr

Ahelix3-: 5' ccr ccA

ÂREKLESB+: s' ccc cAÀ

ÂREKLES P-: s ' crc ccr

Degenerate oli gonucleotides :

ARID 5' outside: 5' ccc

ARID 3'outside: 5' ccA

ARID 5' inside: s' ccc

ARID 3'inside: s' ccA

TGG

GGG

ccG

CTG

TGG

CAG

CAG

îGA

ATG

GTG

CTG

CAG

GGC

GAT

GTG

GAC

TGC

cAc

TCA

CTG

ccr
CAA

cÀG

CGG

ccA

GCC

AGC

TTC

TGC

AAC

ccG

AAT

ACC

ATC

CTG

CAG

TYY T 3'

NGG 3'

TYA TG 3'

ATR TA 3'

GAT

ATT

GAT

ATT

ccA

CYK

ccG

CGR

ARM

YTC

AYY

TAN

ART

RTA

SNT

TTC

DNLI cDNA complementary oligonucleotides:

HeLaA: 5' ccc rrc crc ccc TcA

HeLaB: 5' ccc cAc cAA cGG cAG

HeLaC: 5' cAc ccr ccc GAc ccA

HeLaD: 5' ccc ccc rrc rcA cAc

HeLaE: 5, TGT GAT GGG GAT GGC

HeLaF: 5' ccc ccc ccc ccc ccr

HeLaG: 5' cAc ccA Tcc ccA TcA

Danio rerio complementary oligonucleotides:

GGî

CAA

ATA

TCG

TGA

TTG

CAG

TCA 3'

cÀc 3'

CAT 3'

TAG 3'

GTC 3'

TTG 3'

TCC 3'

CAG 3'

cAc 3'

CAG 3'

AAG 3'

GTC 3'

CAC 3'

ATC 3'

Dr ARID#I lower:

Dr ARID#I upper:

Dr ARID#2lower:

Dr ARID#2 upper:

Dr ARID#3 lower:

Dr ARID#3 upper:

Dr#l (1014+):

5'

5'

5'

5'

5',

5'

5'

GCC

TCA

ccG

GGG

CTG

GA.A,

GCA

cTc

AAC

ATA

cGc

AGC

cAc

ACT

CGT

GAG

CAG

luu

CTC

L ¡I\'

cAc

GGA

CA.A,

GTG

GAC

UåT

\J\Jf\

TCC

TGC

ccc

CTG

CAT

CCT

TCG

CTT

AGA

CGG

cTc

GTA

GCC

TTT
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Dr#l (586+):

Dr#l (637-):

Dr#l (814-):

Dr#1.6-7+:

Dr#1.6-7-:

Dr#2 (1317+):

Dr#2 (1362-):

Dr#2 (386-):

Dr#2 (703+):

Dr#Z (2055+):

Dr#2 (-x+):

Dr#2 (85-):

Dr#2 (1724+):

Dr#2 (1724-):

Dr#2.6-l-:

Dr#2 (3296+):

Dr#2.(3296-):

Dr#2.(27r9-):

Dr#2.(3616-):

4112.3 (355+):

2tILl (418+):

5' ACA

5' GCT

5, CTC

5' ccr
5, AAG

5, GGA

5' ATF

5. GTC

5. GAÀ

5' TCT

5' CA.A

5' CAT

5' GCT

5. TGT

5' CCC

5' CTC

5' GAT

5' AAT

5' GGC

5' TCG

5' GCT

ccc

GCA

CGG

GAA

GCT

CTT

ccG

ATC

ccT

GGC

GCT

cTc

AÀÀ

GTG

TCT

CTG

ATG

CTG

AAG

GCÀ

cTc

TGT

TTG

cGc

ccT

TTA

GTC

TTG

CAG

ccc

TTT

AAÀ

ATC

AGG

GTC

CTG

AÀA

TGA

ACC

ACT

AGA

ATT

TCC

TGG

TTC

(J\-L

cGc

TCT

ACC

GTT

cAc

TGC

CTG

AGC

AGG

ccT

CGG

CGA

GGT

ccT

ACA

CTA

TCA

ACC

GCG

AGA

cAc

TCA

CAG

TCC

ccA

cTc

TGT

GAG

AGC

GAC

ccr
TTA

ATG

CTG

TTT

ccA

cAc

TCA

TTA

GAA

cTc

crc
cAc

CAT

ACÀ

ATC

CAT

CTÀ

ATG

GTC

cAc

TTT

CTA

ACA

AAG

CTA

ACÀ

CAA

CGA

GTC 3'

GTC 3'

CAG 3'

CAT 3'

TCG 3'

TTC 3'

GAC 3'

TCC 3'

cAc 3'

TTA 3'

G.A,G 3'

cTc 3'

ACA 3'

AGC 3'

TCG 3'

CTA 3'

TTC 3'

ACC 3'

TAA 3'

CAT 3'

GCC 3'

6.2.8 Clones and cloning vectors

Cloned DNA sequences:

pGEXdriQl0 (derived from lambda Q10), pBluescriptiri (derived from bk60), pdriQ4

(derived from lambda S4) and pdri2T (derived from À2T) were obtained from Stephen L

Gregory (Gregory 1996).

Cloning vectors:

pBluescript KS+ was obtained from Briony Patterson.

6.2.9 Libraries

D ro s o phil a me lano g as te r llbr ary :

The Drosophila melanogaster Canton-Special genomic library in EMBL3 SP6Æ7 was

obtained from Clontech, Palo Alto, California.
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Danio rerio libraries:

The total embryonic random primed polyA+ RNA derivedD. rerio library in l, ZAP was

obtained from José Campos-Ortega.

Developmentally staged (gastrula 6-9 hour, neurula 9-16 hour, post-somitogenesis 20-28 and

adult), poly A+ RNA derived D. rerio cDNA libraries in ì,,2ÃP were obtained from David J.

Grunwald.

Homo sapiens libary:

The HeLa derived cDNA library in tyZAP was obtained from Clontech, Palo Alto, California'

6.2.10 Buffers and solutions

All solutions \ryere prepared with distilled and deionised water and sterilized by autoclaving,

except heat labile reagents, which were filter sterilized.

Agarose gel loading buffer: 5OVo (v/v) glycerol

10mM EDTA

0.2Vo (wlv) xylene cyanol

O.4Vo (wlv) bromophenol blue

10x AmpliTaqtt reaction buffer: as supplied by Perkin-Elmer

10x injection buffer: 50mM KCI

lmM POa pH 6.8

l0x larval fixation buffer: lM HEPES

O.5M EGTA

0.17o Nonidet P40

10x ligation buffer: 660mM Tris-HCl pH7.9

10mM rATP

l00mM MgCl2

50mM DTE

NE buffers: 1,2,3,4 and SølI: as supplied by New England Biolabs

5OVo deionized formamide

5x SSC

0.57o blotto (skim milk powder)

100mg/ml sonicated/denatured salmon sperm DNA

nitrocellulose pre-hybe mix:
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NTMTL buffer:

nylon pre-hybe mix:

PBS:

PBST

phenoVchloroform:

TAE:

TBE:

TBST:

TEN

100mM NaCl

100mM Tris-HCl PH 9.5

50mM MgCl2

O.l%oTween-20

0.O249levamisole

gOVo nitrocellulose Pre-hYbe mix

17o SDS

7.5mM Na2[IPOa

2.5mM NaH2POa

145mM NaCl

lx PBS

O.l%oTween-Z0

507o phenol

487o chloroform

27o isoamyl alcohol

stored under TE in the dark

40mM Tris-acetate

20mM sodium acetate

lmM EDTA pH 8.2.

100mM Tris-borate PH 8.3

2.5mM EDTA

50 mM Tris-HCl pH 7.5

150 mM NaCl

O.OSVo Tween-2O

l0mM Tris-HCl pH7.4

I mM EDTA

10mM Tris-HCl p}J7.5

100pM EDTA

150mM NaCl

l50mM NaCl

15mM sodium citrate

TE

SSC:
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STET: 100mM NaCl

10mM Tris-HCl PH 8.0

lmM EDTA

5VoTr\ton X-100

zebrafish prehybe solution: 50Vo formamide (deionised)

5x SSC

2Vo Blocking reagent (Boehringer Mannheim)

0.IToTween-2Ù

0.5Vo CHAPS (Sigma)

50pg/ml yeast RNA

5mM EDTA

5Opg/ml heparin

6.2.I1 Bacterial strains

Escherichia coliLB3g2 was obtained from Stanley S. Robert. E. coli DH5ü cells were

obtained from Julianne Camerotto. E'. coti XLI-Blue and SOLR strains were obtained from

Sharon Orford.

6.2.12 Bacterial media

i. Liquid media:

Ampicillin or kanamycin (50pg/ml) was added from a sterile stock solution after the media

had been autoclaved.

L-broth: NaCl (10g), bactotryptone (10g) and yeast extract (5g). Water was

added to 1 litre and the pH was adjusted to 7.0 before autoclaving.

SOC: NaCl (0.5g), bactotryptone (20g) and yeast extract (5g). Water was

added to I litre and the pH was adjusted to 7.0 before autoclaving, then

20ml of lM glucose was added

NaCl (5g) and bactotryptone (10g).Water was added to 1 litre and the

pH was adjusted to 7.0 before autoclaving.

Tryptone broth:
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ii. Solid media:

L-agar plates: contained L-broth with 1 .57o (w/v) bactoagar. Plates were also

available with ampicillin (50pg/ml) or kanamycin (50ttg/ml).

T-agar plates: contained L-broth with l.5Vo (w/v) bactoagar

6.2.13 Fly strains

Unless otherwise stated, the following fly strains were obtained from the Indiana,

Bloomington or Umeå stock centres according to availability. Information about the stocks

used is available on FlyBase (http://flybase.bio'indiana.edu/)'

wl I l8 (nominated wild-type)

/ dri1t-

[cvo
/ drist-

[cvo

ry

ry
t(2)0s0e6

PÍGAU-Antp.P 1.Al

Hs-GAU

;rycvo

lvnr8,#,W#
wlr18,#

TGAU-vs.Ml

w ; + ; P lw+mc -GAU-ninaE.GMRll2

yw ; + ; Ply+mW'ns=GawBl7lB

The following fly strains were obtained from various laboratories:

P. Whitington

PIGAIA-atol

(w ; Getlus'PM)

(r'*;GAIIGMR'PF)

(y, ; *; GAIltTtB)
GAL4sev

cvo ;ry

(ø,ue*n'rt¡

(CeUt",insertion on the 3rd chromosome)

(GAL4oto, insertions on X, 2nd ¿n¿ 3rd

chromosomes)
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L. Jan and J. N. Jan:
+

cvo
+

; PÍGAUlr09-88

cyo '
PÍGArAltrc-e

TM6b, HU

PIGAIAlt0g-rt

HGAIAlr09-29

TcAJllrÙg-43

PÍGAIÁ)IO9-5

PIGAr]1109-82

GAU tt2-10
TM6b, HU

GAIA t12-27
TM6b, HU

P[GArA]t12-32

HGAIAW2-64

(insertion on 3rd chromosome)

(insertion on 3rd chromosome)

(insertion on 3rd chromosome)

(insertion on 2nd chromosome)

(insertion on 3rd chromosome)

(insertion on 3rd chromosome)

(insertion on 3rd chromosome)

(EMS induced)

(EMS induced)

(EMS induced)

(EMS induced)

(PÍw+ GAIAI insertion)

(Plw+ GAUI insertion)

(Plw+ GAØlinsertion)

The following fly strains were obtained from T. Shandala:

wt,B r ar,@

wrr,,#
wrrr8,#,
wttIB,#,
wtItB,#
,,,r,B . dri89vv 'cyo
w,t8r#

Stocks were routinely cultured and maintained at 18'C or 25'C in vials or half pint plastic

bottles containing Fl medium.
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6.2.t4 Fly media

Fortified (Ft) Drosophilameditm contained I%o(wlv) agar, 18.7570 compressed yeast, 107o

treacle, 107o cornmeal (polenta) and 2.5Vo tegosept mix (IÙVo para-hydroxybenzoate in

ethanol) and l.5Vo acid mix (47Vo propionic acid/4.77o otthophosphoric acid).

6.3 Methods

Generally established molecular biological techniques were carried out according to protocols

published previously (Ausubel et at. 1994; Sambrook et al. 1989) .

6.3.1 Restriction endonuclease digestion

DNA was dissolved in H2O and 1/1Oth volume of the appropriate l0x NE buffer was added.

For complete digestion 3-5 units of enzyme were added per pg of DNA and incubated at37"C

for at least I hour.

6.3.2 Agarose gel electrophoresis

Molten agarose in TAE was poured onto glass slides, with plastic combs to form well slots,

and used as horizontal gels. The gels were submerged in TAE, in an electrophoresis tank and

DNA samples containing a suitable amount of loading buffer were loaded into the gel slots.

70V-90V were applied until the dye had migrated the required distance. The DNA was

visualized, after staining the gel with ethidium bromide, by illumination with short wave UV

for non-preparative gels, or long wave UV for preparative gels.

Typical agarose percentages used to separate DNA fragments were:

Agarose concentration (7o wlv) DNA size (kb)

0.8 10-50

r.o-t.z 0.4-15

2.0 0.1-0.5

6.3.3Isolation of DNA restriction fragments from agarose gels

DNA was isolated from agarose gels by staining the gel with ethidium bromide and excising

the band of DNA under long wave UV light. DNA was isolated from the gel slice by one of

two methods depending on requirements.
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Fragments to be used for radiolabelled probes were extracted by placing the slice in a 0.5m1

microfuge tube with a pierced bottom containing a plug of siliconized glass wool. The tube

was then placed inside a 1.5m1 microfuge tube and centrifuged at 35009 in a microfuge for 10

minutes, to collect the eluate. The eluted DNA was precipitated with 1/1Oth volume of 5M

KOAc pH 5.5 and2.5 volumes of ethanol and resuspended in the desired volume of water.

Fragments to be cloned were extracted using a Gene Clean or QlAquick Gel Extraction kits

following the suppliers' protocols.

6.3.4 Dephosphorylation of vector DNA

After the vector DNA was linearizedby restriction enzyme digestion, 2 units of CIP were

added to the restriction endonuclease digestion mix and incubated at37"C for I hour.

6.3.5 Ligation of restriction fragments to vector DNA

DNA fragments to be ligated were placed in a mix containing 1/l0th volume of 10x ligation

buffer and lU of T4 DNA ligase in a total volume of 10-20pI. The reaction was placed at

18'C overnight.

6.3.6 Transformation procedure for plasmid recombinants

A 500m1 flask of L-broth was innoculated with 5ml of an overnight culture of E. coli XLl-

Blue cells and grown to an A699 of 0.5-1. The culture was then chilled in an ice slurry for 15

to 30 minutes and the cells harvested by centrifugation at 40009 for 15 minutes. The cells

were then resuspended in 500m1 of ice-cold HzO, pelleted, resuspended in 250m1 of ice-cold

HzO,pelleted, resuspended in 1Oml of ice-cold I07o glycerol, repelleted and finally

resuspended in 1.5m1 of ice-cold l\Vo glycerol. The competent cells were then snap frozen

and stored as 45pl aliquots at -80"C. For transformation, cells were thawed at RT, added to a

porlion of ligation reaction mixture and incubated on ice for at least 30 seconds. Cells were

then transferred to an ice-cold 2mm electroporation cuvette and electroporated in a Bio-Rad

Gene Pulser at 2500V. The cuvette was immediately washed out with lml of SOC, and the

suspension incubated at37"C for 30 minutes. Cells were then pelleted by centrifugation in a

bench centrifuge for 5 minutes at 7009. 800pI of the supernatant was removed, and the cells

gently resuspended in the remaining SOC. Half of the cell suspension was plated onto L-agar

plates supplemented with 50pg/ml ampicillin and incubated at 37'C overnight. If selection for
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B-galactosidase activity (blue/white colour selection) was required, 10pl of lÙVo IPTG and

10pl of 207oBCIG were added prior to plating.

6.3.7 PCR amplification of DNA

All PCR amplifications were performed using a Corbett Research capillary thermal cycler.

i. standard PCR

lpl of lng/pl simple template or l pglpl complex template (genomic DNA or library) was

added to lgpl of PCR mixture containing each primer at lng/pl for standard PCR or 5Ong/pl

for degenerate PCR, each dNTP at 2.5pM, lx AmpliTaqrM reaction buffer, 1-4mM Mg2+ und

0.lU of Taq thermostable DNA polymerase. The capillary PCR tube was heat sealed and then

themally cycled through 30-40 cycles using the appropriate annealing temperature and

extension time after an initial2 minute denaturation step.

ii. high fidelity PCR

lprl of lng/pl template was added to 19pl of PCR mixture containing each primer at lng/pl,

each dNTP at2.5¡tMr,Ix Pfu reaction buffer X-YmM Mg2+ and lU of Pfu thermostable DNA

polymerase. The capillary PCR tube was heat sealed and then themally cycled as described

for the standard PCR protocol.

6.3.8 Isolation of plasmid DNA

i. rapid small scale preparation

2ml of an overnight culture supplemented with the appropriate antibiotics, and incubated

overnight at3J"C, with shaking. Cells were harvested by centrifugation at 35009 in a

microcentifuge for 2 minutes. The bacterial pellet was then resuspended in 200p1 of STET,

followed by addition of 10pl of 10mg/ml lysozyme. The suspension was heated at 100'C for

50 seconds and centrifuged at 150009 in a microcentrifuge for l5 minutes. The pellet was

removed with a sterile toothpick. Plasmid DNA was then precipitated from the supernatant

with 240p1 of isopropanol, followed by two washings in ice cold 807o ethanol, dried and

resuspended in 20pl H2O.
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ii. large scale preparation

A single colony was used to innoculate 50ml of L-broth supplemented with the appropriate

antibiotics, which was then incubated overnight at3l"C with shaking. Cells were harvested

by centrifugation at 50009 for 5 minutes and the bacterial pellet resuspended in 2ml of TES.

Cells were lysed by the addition of 2ml of freshly prepared 0.2M NaOtVlToSDS and

incubation at RT for 5 minutes after gentle mixing. Bacterial debris was precipitated by

addition of 2ml of ice-cold 5M KOAc pH 5.5 and incubation on ice for 10 minutes followed

by centrifugation at 150009 for 15 minutes. 5pl of lOmg/ml RNaseA was added to the

supernatant, which was then incubated at37"C for 30 minutes. The mixture was extracted

with an equal volume of phenoVchloroform and the aqueous phase separated by

centrifugation at S000g for 2 minutes. DNA was precipitated from the supernatant by addition

of 1/10th volume of 5M KOAc pH 5.5 and 2.5 volumes of ethanol, and centrifugation at

2TOOOgfor 15 minutes. The DNA pellet was washedinlOVo ethanol, dried and resuspended

in 200¡rl HzO.

iii. preparation of ultrapure DNA

Ultrapure DNA was prepared using the Qiagen Midi-prep DNA preparation kit according to

the manufacturer's protocol.

6.3.9Isolation of l, phage DNA

i. rapid small scale preparation

A single plaque plug was added to 500p1 of an overnight culture of phage host cells in TB,

with 10pl of lM MgSOa. The mixture was incubated at37"C for 30min and then added to

10ml of TB and incubated at37"C until the culture cleared. 500p1 of chloroforrn was added to

the lysate and the lysate was mixed by shaking. 10pl of l0mg/ml RNaseA and 10¡rl of

1Omg/ml DNaseI were added and the lysate incubated at37"C for 30min and then centrifuged

at 120009 for 15min. 500mg of PEG69g0 and 440mg of NaCl were added to the supematant

which was then incubated at 0'C for at least 2hrs. Phage were then pelleted by centrifugation

at 120009 for 15min. The phage pellet was resuspended in 500p1 of PSB. The phage

suspension was then chlorofom extracted with 500p1 of chloroform. If neccesary, a portion of

the phage suspension (l00pt) was retained as a high titre stock. 20pl of 0.5M EDTA, 1Opl of

l07o SDS and 5pl of 5mg/ml proteinase K were added and the mix incubated at 65'C for

30min. The mixture was then phenol/chloroform extracted and the DNA precipitated with

l/10 volume 5M KOAc pH 5.5 and2 volumes of ethanol and then centrifuged at 150009 for



90

15 minutes in a microcentrifuge. The pellet was washed with cold707o ethanol, dried and

resuspended in 50pl of H2O.

ii. large scale preparation

A 50-100m1culture of phage host cells in TB supplemented with 1OmM MgSOa was infected

with phage at an m.o.i. of 0.01 when the culture reached an OD669 of 0.4. The culture was

incubated at37"C until the culture cleared. lml of chloroform was added to the lysate and the

lysate was mixed by shaking. RNaseA and DNaseI were added to a final concentration of

lOpg/ml and the lysate incubated at37'C for 30min and then centrifuged at 120009 for l5

minutes. PEG6gg0 was added to a final cencentration of 57o and NaCl was added to a final

concentration of 0.75M and the lysate incubated at 0"C for at least 2hrs. Phage were then

pelleted by centrifugation at 120009 for 15 minutes. The phage pellet was resuspended in

500p1 of PSB. The phage suspension was then chlorofom extracted with 500p1 of chloroform.

20plof 0.5MEDTA, 10plof l0ToSDSand5plof 5mg/mlproteinaseKwereaddedandthe

mixture incubated at 65'C for 30min. The mixture was then phenol/chloroform extracted and

the DNA precipitated with 50pl of 5M KOAc pH 5.5 and lml of ethanol and then centrifuged

at 150009 for 15 minutes in a microcentrifuge. The pellet was washed with coldTo%o ethanol,

dried and resuspended in 100-200p1 of H2O.

6.3.10 Isolation of Drosophila melanogaster genomic DNA

20 adult female flies were collected and frozen at -ZO"C. The frozen flies were kept on ice to

prevent thawing, and homogenised in 100p1 of ice-cold 0.lM Tris-HCl pH 9.0,0.lM EDTA

in a microfuge tube. 100pI of prewarmed2Vo SDS was then added and the mixture incubated

at 65'C for 60 minutes. After cooling to room temperature,42 ¡tl of 5M KOAc, pH 5.5, was

added and the mixture incubated on ice for 30 minutes. Cell debris was pelleted by

centrifugation at 150009 for 10 minutes in a microcentrifuge. The supernatant was then

placed on ice for a further 10 minutes and the centrifugation repeated. The supernatant was

phenol/chloroform extracted twice, incubated with lpl of lmg/ml RNaseA at37"C for 10

minutes, and then reextracted with phenol/chloroform. The DNA was then precipitated with

100p1 of isopropanol and pelleted by centrifugation at 150009 for 10 minutes in a

microcentrifuge. The DNA pellet was washed twice withTOTo ethanol, dried and resuspended

in 20pl H2O.
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6.3.L1 Determination of DNA concentration

The concentration of the DNA sample was estimated by comparing it to bands of known

concentration on an agarose gel or by determining the A269 of the DNA solution and

calculating the DNA concentration using the extinction coefficient (e) of 0.02pVng.

6.3 .12 Radiolabelling of DNA fragments

DNA restriction fragments were labelled with a-32P-dATP using the Amersham Megaprime

kit according to the suppliers protocol, small PCR product were labelled using the specific

primers used in the PCR. Radio-labelled DNA was separated from unincorporated nucleotides

by spin-column chromatography. Chromatography columns were prepared using a 0.5m1

microfuge tube with a pierced at the bottom with a 2l gtage needle, placed inside a 1.5m1

microfuge tube. A drop of acid-washed glass beads, suspended in TE, was placed in the

bottom of the 0.5m1 tube and 500p1 of a slurry of Pharmacia Sepharose CL6B in TE, added to

the top of the glass beads. The tubes were centrifuged at 5009 for 3 minutes in a bench

centrifuge. The labelling reaction mix loaded onto the column and centrifuged as above. 50pl

of H2O was added to the column and centrifugation repeated to elute remaining labelled

DNA.

6.3.13 Hybridisation of radio-labelled DNA probe to nylon or nitrocellulose

filters

Filters were prehybridised in the appropriate pre-hybe mix for at least 4 hours at42'C.

Radiolabelled probe was added to the filterþre-hybe mix. The filters were hybridised for at

least 16 hours at 42'C. Probe was removed and the filters washed twice in 2x SSC/0.17o SDS

for at least l5 minutes at room temperature and twice in 2x SSC/O.17o SDS for at least 15

minutes at 65'C. Filter bound probe was then detected by either autoradiography at -80"C

with an intensifier screen, or by Phosphorimager detection using a Fujix BAS 1000

phosphorimager.

6.3.14 Southern blot transfer

DNA was electrophoresed as described above. After agarose gel electrophoresis the gel was

soaked in 0.25M HCI for 7 minutes, rinsed in H2O, and then soaked in l.5M NaCl/0.5M

NaOH for 7 minutes twice. After rinsing in H2O, the gel was neutralized in 1.5M NaCl, 1.0M
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Tris-HCl pH 8.0 for l5 to 20 minutes before transferring the gel to the transfer apparatus. The

transfer apparatus consisted of a sheet of 3MM paper soaked in 20x SSC and placed on a

glass plate. The glass plate was suspended over a bath of 20x SSC with the ends of the 3MM

paper submerged in the SSC bath to create a wick. A sheet of plastic film was placed over the

paper with a window removed over the gel. A sheet of nitrocellulose filter, was placed in

direct contact with the gel and subsequently covered with three sheet of 2OxSSC saturated

3MM paper and a 5cm thick wad of paper towels. A weighted glass plate was used to provide

limited pressure to the paper towels for at least 4 hours. The DNA was then crosslinked to the

filter by UV irradiation, using a Stratagene Stratalinker. The filter was then prehybridised and

hybridised, and any bound radio-labelled probe detected, as described for Southern analysis.

6.3.15 À library screening

Genomic phage libraries were plated at a density of 50000 plaques/140mm plate for the first

round of screening. Filters were lifted in duplicate from plates by placing a nylon filter

(Plaque Screen, DuPont) on the plate until the filter had wet. The phage DNA was denatured

by placing the filters, plaque side up, on Whatmann 3MM soaked in 1.5M NaCl/0.5M NaOH

for 5 minutes. The filters were then neutralized on 3MM soaked in 1.5M NaCl/l.OM Tris-HCl

pH 8.0. After UV crosslinking, the filters were washed in 2x SSC and debris scraped off with

a glass spreader. Filters were probed with radio-labeled probe and washed according to

2.3.14. Plaques corresponding to bound probe were picked by pulling plugs of agar from the

plate with a pasteur pipette and eluting the phage from the agar in 500p1 of PSB. Phage

picked from the first round of screening were screen twice again: plating at a density of 1000-

2000 plaques per 70mm plate for the second round screen and at a density of 100-200 plaques

per 70mm plate for the third round screen.

6.3.15 },"ZAP insert excision

Excising inserts from î, ZAP library clones was performed according to the protocol provided

by Stratagene.

6.3.16 Site directed mutagenesis

Site directed muatgenesis was performed according to the protocol provided with the

QuikChangerM Site-Directed Mutagenesis Kit by Stratagene, with the exception that
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electrocompetent E coliXLl-Blue cell were transformed with I pl of mutagenesis reaction by

electroporation.

6.3.L7 DNA sequencing

i. Sequencing reactions

All sequences were obtained from at least one reaction in each direction. Ambiguities

between clones were resolved by sequencing both clones in both directions over the

ambiguity. DNA was sequenced using the ABI PrismrM Dye Teminator Cycle Sequencing

Ready Reaction Kit (Perkin-Elmer), essentially as descibed in the manufacturer's protocol

with the modication of using half the descibed amount of reaction mix. Reactions were cycled

through 25 cycles 96'C for 10 seconds, 50"C for 5 seconds and 60"C for 4 minutes with a

temperature ramp setting of 2 in a Corbett Research capillary thermal cycler. Extension

products were purified by ethanol precipitation with 2¡t"L of 3M NaOAc pH 4.6 and 50 pL

95Vo ethanol and chilling for l0 minutes on ice. The precipitate was pelleted by centrifugation

at 150009 for 30 minutes, then washed with 250¡tL of 70Vo ethanol and dried in a vacuum

centrifuge.

ii. Electrophoresis of reactions

Electrophoresis of sequencing reactions was performed on an ABI 373 or ABI 377 automated

sequencing machine.

6.3.18 Expression and extraction of bacterial fusion protein

GST-fusion proteins were expressed and crude lysates extracted essentially as described by

(Smith, 1988). Specifically, an overnight culture of cells carrying the expression construct

was diluted 100 fold into LB medium containing ampicillin and incubated at 37'C for 1-3

hours. Protein expression was induced by adding IPTG to a final concentration of 1mM and

incubating for a further 3 hours. Cells were pelleted by centrifugation at 35009 for 10

minutes, and then resuspended in 1/100 volume of PBS. Cells were lysed by incubation with

5Opg/ml lysozyme for 15 minutes, followed by sonication 3 times for 30 seconds on ice

ensuring samples remained cold. The insoluble and soluble fractions were seperated by

centrifugation at 35009 for 10 minutes. The insuble fraction was solublised in PBS + 1%

Triton X-100.
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6.3.19 Protein gel electrophoresis and western blotting

All SDS-PAGE of protein samples and subsequent western transfer to nitrocellulose

membrane, Coomassie blue staining of gels and Ponceau S or India ink staining of blots was

performed exactly as described by (Harlow and Lane 1988).

Nitrocellulose blots were washed thoroughly with PBST and then blocked for I hour in PBST

57o Blotto. Primary and secondary antibody incubations were carried out overnight at 4oC

and for 45 minutes at room temperature respectively, with the appropriate dilutions of

antibody in the described blocking solution. The secondary antibodies were almost always

horseradish peroxidase conjugated (Jackson) and therefore detection was either by the

Enhanced Chemiluminescence method (Amersham) or by colorimetric detection using nickel

enhanced DAB staining (Harlow and Lane 1988).

6.3.20 Generation of anti-DRI antiserum

DRI protein was separated by SDS-PAGE protein was visualised by staining the gel with

Coomassie prepared in water (Harlow and Lane 1988), and the appropriate gel slice excised.

The slice was homogenised in an equal volume of PBS by passage through gradually

narïower needles. The gel slurry was mixed with adjuvant and administered to rats.

Approximately 1Opg of antigen was given to each rat at each injection. Unfortunately, no pre-

immune serum was harvested. As a pre-immune control, serum from rats of the same strain

and from the same animal house was used. Serum was tested on nitrocellulose strips

containing the DRI antigen, to determine antibody activity. Antiserum was intially purified by

Protein-G chromatography using HiTrap Protein-G (Pharmacia) as described in the

manufacturer's instructions. Antiserum to be used for western analysis was affinity purified

by incubation in PBS with nitrocellulose strips bound with GST-DRI. Strips were washed

extensively with PBS and bound antibody was eluted by treatment with 1M glycine-HCl

pH2.6 for 5 minutes followed by neutralisation with lM Tris pH7.

6.3.21 Gel Retardations

Electrophoretic Mobility Shift Assays were performed by incubating 0.1ng of 32P end-

labelled double-stranded hexamer of the consensus Engrailed binding site

TCAATTAAATGA (NPo) with 10-100ng of fusion protein in 20pl of a buffer containing

lomM Tris pH7.5, lmM EDTA, 100mM KCl,0.lmM dithiothreitol, 5Vo glycercl,5Opg/ml

BSA and l pg of salmon sperm DNA as non-specific competitor. Specific competitor
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oligonucleotide was added as indicated, using 100ng of NP6. Binding reactions were

incubated for 20 minutes at25"C, followed by electrophoresis on a 4Vo polyacrylamide lÙVo

glycerol gel in 0.5x TBE buffer.

6.3.22 In vitro expression of 3ss-labelled proteins by reticulocyte lysate

The TNTrM Coupled Reticulocyte Lysate System (Promega) was used according to the

manufacturer's instructions. Unincorperated 35S-methionine was removed by size exclusion

chromatography using 500¡rl of SephadexG-Zí equilibrated in TEN in a lml syringe. The

was loaded with the reaction and centrifuged at 15009 for 5 minutes, the column was eluted

by washing twice with 50pl of TEN, centrifuging at 15009 for 5 minutes each time. To

determine 35S incorporation 5¡rl of the eluate was analysed by SDS-PAGE and

autoradiographed.

6.3.23 Direct protein-binding to proteins immobilised on nitrocellulose

membranes

Nitrocellulose blots of the desired proteins were prepared by standard western blotting

descibed above. The filter was washed thoroughly in TBST and then treated with HBBZ

(20mM HEPES-KOH pH 7.6, 5mM KCl, 5mM MgCl2,lmM ZnCl2, 10mM B-

mercaptoethanol) containing 6M guanidine-HCl for 30 minutes at4'C. To renature the

membrane-bound protein, the filter was serially washed with HBBZ containing half the

previous concentration of guanidine-HCl for 30 minute periods at 4"C until the guanidine-

HCI concentration reached 0.75M. The filter was then washed extensively in TIBBZ alone at

4'C, followed by HBBZ5Vo Blotto. 35S-methionine-labelled invitro translated ligand from

one TNTrM Coupled Reticulocyte Lysate System reaction (Promega) was added to the

membrane in approximately 3mL of }JBBZ,IIVo Blotto and allowed to bind at 4'C overnight.

The membrane was washed at room temperature 3 times for l0 minutes in PBS/0.2VoTr\ton

X-100 and then dried completely. Bound ligand was detected by phosphorimaging using a

Fujix BAS 1000 phosphorimager.

6.3.24 Analytical preparation of protein extract from Drosophila

Approximately 100 dechorionated embryos or 5-10 pairs of imaginal disks were homogenised

and boiled in 100pL of sample buffer.
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6.3.25 Immunohistochemical analysis of larval protein expression

i. Fixation of larval tissues

Larval disks were dissected in lx PBS and kept briefly on ice. Dissected disks were then

fixed for 30 minutes at room temperature in lx larval fixation buffer with gentle mixing.

After fixation the disks were washed 3 times briefly in lx PBT and then washed for I hour in

TOVo ethanolÆBT with gentle mixing. At this point disks may have been stored at -20"C for

up to 6 months.

ii. Immunostaining of fixed larval tissues

Fixed disks were washed twice for 5 minutes in ethanol and then rehydated with a series of 5

minute washes with 807o ethanolÆBT,50Vo ethanol/PBT and 20Vo ethanol/PBT followed by

3 brief washes in lx PBT and one t hour wash in lx PBT. Washed disks were blocked in

either 57o Blotto or 5Vo goat serum for 2 hours at room temperature. Blocked disks were

incubated with primary antibody at a dilution of ll5-1120 for monoclonal antisera or 1/100-

1/500 for polyclonal antisera overnight at 4"C. Unbound antibody was removed by 3 brief

washes followed by 4 washes of 20 minutes in 1x PBT. Disks were incubated with secondary

and tertiary antibodies either overnight at4"C or for 2 hours at room temperature and then

washed as above. Stained tissue was further disected and mounted in 807o glycerol/PBT

iii. Imaging of fluorescently labelled tissues

Fluorescently labelled disks were imaged using either a Bio-Rad MRC 1000laser scanning

confocal microscope connected to a Nikon microscope with a 40x water-immersion objective

or an Olympus AX70 epifluorescence microscope with a 40x dry objective and a

Photometrics CH250/A CCD camera controlled by a Photometrics CE200A Camera

Electronics Unit and a Macintosh 6404V running Photometrics software.

6.3.26 Production of digoxygenin labelled RNA probes

Clones carrying cDNA inserts to be labelled were digested with a restriction enzyme cleaving

only at the 5' end of the cDNA for antisense probe or the 3' end for sense probe. T7 or T3

RNA polymerase was used to incorporate DIG-11-dUTP into the RNA product of an invitro

run-off translation reaction using a DIG RNA labelling kit (Boehringer Mannheim) according

to the manufacturers protocol.
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6.3.27 In situ hybridisation to D. rerio mRNA

i. fixation of embryos

Zebrafish embryos were fixed (with or without chorions) in PBS+47o formaldehyde overnight

at 4"C. Embryos were manually dechorionated in PBT in a dish under sterile conditions.

Embryos were rinsed once in methanol and then stored at -20"C for at least one hour in fresh

methanol. After treatment with methanol, embryos were rehydrated by serial 5 minute washes

of 75Vo methanoV25To PBS, 5O7o methanoV1}Vo PBS and 25Vo methanoll7íVo PBS follwed

by four 5 minute washes in PBS. Embryos were treated with lOpg/ml proteinase K in lml of

PBT for a period depending on the stage of the embryos: 0-4 hpf, no treatment;. 4-8 hpf, I

minute treatment; 8-16 hpf, 3 minute tretment; 16-24 hpf, 5 minute treatment; and 48+ hpf,

10min treatment. After treatment with proteinase K, the embryos were fixed fot 20 minutes in

PBS+4Vo formaldehyde and then washed four times for 5 minutes in PBT.

ii. hybridisation of probe to embryos

To prepare for hybridisation, embryos were rinsed with lml- zebrafish prehybe solution and

then incubate at least one hour at70"C in 1ml of fresh zebrafish prehybe solution with gentle

agitation. 200-300ng of probe, produced as described above, was added to the prehybridised

embryos and mixed gently but completely by inversion, avoiding direct contact of the

concentrated probe with the embryos. Probe was allowed to hybridise overnight at 70"C with

gently agitation. After hybridisation embryos were rinsed three times with 1 mL of

prewarmed prehybridisation solution and then washed twice for 15 minutes in

prehybridisation solution, once for 30 minutes in 50Vo prehybridisation solution+SÙVo 2x

SSC,. once for 15 minutes. in 2x SSC+0.17o CHAPS, twice for 30 minutes in 0.2x

SSC+g.17o CHAPS with all washes at 70"C and preceeded by one rinse in the solution to be

used in the wash. Finally, embryos were washed twice 10 minutes and once for 5 minutes in

PBT at room temperature and then rinsed once and washed for 2-3 hours in PBT+17o BSA at

40c.

iii. antibody detection of bound probe and staining

Hybridised embryos were incubated with PBT+lVo BSA at 4oC for at least I hour and then

with anti-DIG Fab fragments conjugated to alkaline phosphatase diluted 1 :4000 in PBT+ l7o

BSA overnight at 4oC with gentle agitation. Embryos were rinsed three times and then

washed five times for t hour in PBT+0.17o BSA at room temperature with gentle agitation.

Embryos were then rinsed once and washed 3 times for 5 minutes in freshly made NTMTL

buffer at room temperature The NTMTL was replaced with 1 mL of NTNTL+(340ng/ml

NBT, IT5nglmlBCIP) and the embryos incubated in the dark at room temperature with

gentle agitation for variable time depending on the rapidity of staining.
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iv. post-fixation and storage

After staining embryos were rinsed once and washed once in NTMTL for 10 minutes and the

rinsed once and washed once in PBT for 10 minutes. Embryos were then fixed in PBT+4%I

formaldehyde for 30 minutes to ovemight at 4'C. Fixative solution was replaced with I mL

SOVo glycerol and the embryos placed at 4'C. 'When the embryos had sunk to the bottom of

the glycerol, indicating they had equilibrated with the glycerol, they were stored at -20'C or

-80"C until used.

6.3.28 Fluorescent in situ hybridisation to human chromosomes

A DNA fragment labelled with biotin-l4-dATP by nick-translation was hybridized in situ to

metaphases from two normal males at a final concentration of l0ng/pl as described by Callen

er aL(1990) .

6.3.29 P-element mediated transformation of Drosophila

i. micro-injection of embryos

High purity DNA for injection was prepared using the Qiagen DNA preparation kit described

above. The construct DNA at 700ng/pl and the transposase activity plasmid, pn25.lwc(M-

3), at 300ng/pl were combined in injection buffer. u/l1l8 embryos, staged between 30 and 45

minutes AED at 18"C, were aligned on a strip of non-toxic rubber cement (Earth), in a

humidified room to prevent excessive desiccation, and then covered with a drop of light

paraffin oil. The posterior end of each embryo was then micro-injected with the above DNA

mixture and the embryos were left at l8"C in a humidified chamber to hatch and crawl into a

yeast paste encircling them.

ii. screening for transformants

Adults that developed from injected embryos were individually crossed ¡s Ìlllll8 virgins or

males allowing transformed lines to be identified amongst the progeny by the w+ eye colour

marker. Eye colours obtained varied from pale yellow to strong orange but were consistent

within each sex for each independent event.

iii. generating stably transformed lines

Independent transformants were crossed to the doubly balanced stock,

,rtt8;+/CyO;Df(3R)roxB3nM6b, Hu.Male transformant flies carrying the CyO and TM6b

chromosomes were selected and back crossed to wrll8 virgins in the next generation. The

progeny of this cross were scored to determine whether the P-element insert was segregating
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from either the second chromosome by the absence of w+ Cy progeny, or the third

chromosome by the absence of w+ Hu progeny. P-element insertions on the X chromosome

were identified by the absence of w+ male progeny. Any lines not segregating with one of

these three chromosomes were assigned to the fourth chromosome and discarded as long as at

least three other insertion events not on the fourth chromosome were identified. Once the

chromosome of insertion was determined, stable lines were generated by homozygosing the

P-element insert, or if this was lethal, maintaining the insertion over a balancer chromosome

such as CyO or TM6b.

6.4 Regulatory considerations

All manipulations involving recombinant DNA were carried out in accordance with the

regulations and approval of the Genetic Manipulation Advisory Committee and the

University Council of the University of Adelaide. All manipulations involving animals were

carried out in accordance with the regulations and approval of the Animal Ethics Committee

and the University Council of the University of Adelaide.
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If we shadows have offended,

Think but this - and all is mended -
That you have but slumber'd here

While these visions did appear.

And this weak and idle theme,

No more yielding but a dream,

Gentles, do not reprehend;

If you pardon, we will mend.

And, as I'm an honest Puck,

If we have unearned luck

Now to 'scape the serpent's tongue,

We will make amends ere long;

Else the Puck a liar call:

So, good night unto you all.

Give me your hands, if we be friends,

And Robin shall restore amends.

- Shakespeare, "A Midsummer Night's Dream"




